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ABSTRACT 

 The L-type VGCC subtypes, including subtypes Cav1.1-1.4, have been shown to play 

critical roles in various cellular activities, including muscle contraction, hormone secretion, and 

neurotransmitter release. Recent research indicates the potential involvement of Cav1.3 in various 

neurological and psychiatric disorders, such as the early onset of Parkinson’s disease and substance 

abuse disorders. Non-selective L-VGCC subtype blockers such as dihydropyridines (DHPs) are 

used to treat hypertension and angina because they potently inhibit Cav1.2, but no selective Cav1.3 

inhibitors have been developed yet. We resolved the molecular determinants to differentiate Cav1.2 

and Cav1.3 in response to DHP nifedipine. Nifedipine IC50 for Cav1.2 and Cav1.3 are 22nM and 

289nM determined by whole-cell patch-clamp. We found that this 12-fold difference in potency 

was largely accounted for by amino acid sequence divergence within the DHP binding pocket 

originally mapped in Cav1.2. Specifically, we identified two significant amino acids, 

Cav1.3/M1030 to Cav1.2/V1036 in the transmembrane IIIS5 and Cav1.3/S1100 Cav1.2/A1106 in 

the extracellular IIIS-3P loop, to differentiate the subtype affinity to nifedipine. We generated a 

Cav1.3 mutant channel containing both the M/V switch in IIIS5 and the IIIS5-3P loop of Cav1.2, 

which was blocked by nifedipine with an IC50 of 42nM. Furthermore, we found that switching 

amino acids at positions F1052, Q1089, D1092, N1094, and S100 within the Cav1.3 IIIS-3P loop 

to the corresponding amino acids in Cav1.2, reduced the EC50 of the L-type channel agonist FPL 

64176 from 854nM to 133nM, essentially close to that of Cav1.2 at 103nM.  

 Developing L-VGCC subtype-selective inhibitors based on existing small molecules has 

been challenging. Therefore, we asked if the intracellular loops of Cav1.2 and Cav1.3, which are 

highly divergent, could be targeted for selective modulation of these two subtypes. First, we found 

that the Cav1.3/II-III loop fused to eGFP decreased glucose-activated action potential (GSAP) 

frequency by ~80% in the pancreatic β-cell. Next, we expressed Cav1.3/β3/α2δ1 in tsA-201 cells 

and found that overexpression of the Cav1.3 II-III loop selectively shifts Cav1.3 inactivation by -

15mV, but not Cav1.2. To refine the significant residues in the Cav1.3 II-III loop, we created GFP 

fusions with the N and C-terminal (NT and CT) half of the Cav1.3/II-III loop co-expressed with 

α21 and β3 and found that both could shift the inactivation of Cav1.3 to hyperpolarizing potentials. 

We introduced several synthetic peptides, and peptide P3-1 from CT induced a -16mV shift in V1/2 

inactivation with an EC50 of 231nM. P3-1 contains a protein kinase G (PKG) phosphorylation site 
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(RRISE) required for PKG inhibition of Cav1.3 current but not conserved in Cav1.2. We found that 

the shift in V1/2 inactivation induced by co-expression of Cav1.3 with the Cav1.3/II-III loop/GFP 

requires the presence of a Cavβ subunit, and Cavβ3 also exhibits selectivity over other β subunits. 

Significantly, P3-1 shifts the Cav1.2 inactivation to a more positive voltage when co-expressed 

with either Cavβ2a or Cavβ3, demonstrating the ability of P3-1 to differentiate Cav1.2 and Cav1.3 in 

a Cavβ-dependent manner. 

 Failure of pancreatic β-cells to secrete enough insulin to maintain glucose homeostasis is 

a hallmark of Type 2 diabetes. VGCCs play critical roles in β-cell function. However, the 

consequences of the dysregulation of the endoplasmic reticulum (ER) Ca2+ channel ryanodine 

receptor-2 (RyR2) in pancreatic β-cells are not fully understood. Therefore, we characterized the 

electrical activity in INS-1 in which RyR2 has been deleted via CRISPR/Cas9 gene editing. We 

observed a decreased level of IP3 receptor binding protein (IRBIT) in RyR2KO INS-1 cells and 

generated IRBITKO INS-1 cells. VGCC current density in RyR2KO doubled compared to controls 

and was also elevated in IRBITKO compared to control cells. All HVA Ca2+ channels were 

upregulated, determined by fractional current blocked by nifedipine. We also found that GSAP 

frequency is doubled by RyR2 deletion due to failure to activate apamin sensitive SK (small 

conductance calcium-activated potassium) channels. Additionally, we examined the role of 

increased plasma membrane PIP2 levels in the upregulation of Cav current density with a PIP2 

phosphatase, pseudojanin, which rapidly translocates to the plasma membrane upon rapamycin 

binding. Activation of phosphatase, but not a phosphatase dead variant in INS-1 cell lines inhibited 

a higher percentage of current in RyR2KO compared to the controls, suggesting that an increase in 

plasma membrane PIP2 content may be responsible for the increased current density in RyR2KO 

cells. 
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 INTRODUCTION 

1.1 Calcium 

 Calcium is a ubiquitous chemical element with the symbol Ca. It is the third most 

abundant metal on earth and the most abundant mineral in the body. It is the principal constituent 

of bones and teeth and a dietary supplement and medicine in daily life. The recommended 

dietary allowance (RDA) for calcium is 1000-1200 mg/day for adults (Linus Pauling Institute 

2021). An adequate calcium intake is crucial for maintaining a healthy skeleton, in which we can 

find 99% of the calcium in our body.  

 Besides the indispensable role in body structure, its vital roles in the physiological and 

biochemical processes in the body have been studied, and the list keeps going on. It acts as 

electrolytes to modulate homeostasis, as cofactors in enzymes, and as a second messenger to 

regulate signal transduction pathways such as neurons and muscles (Rajagopal and Ponnusamy 

2017) (Figure 1.1). Researchers have done extensive studies over the past decades considering 

the fundamental role of calcium in the human body. However, the more we study the multiple 

roles of Ca2+, the more questions there are to answer. Regarding the fluctuating environmental 

risks we are exposed to, we will keep exploring the hidden stories of calcium.  

1.2 Calcium channel and transporter overview 

1.2.1 Calcium channel 

 The divalent Ca2+ requires calcium channels or other transporters with Ca2+ conductance 

to mobilize and carry out its essential functions. By definition, calcium channels are ion channels 

that show selective permeability to Ca2+. Two major types of calcium channels were identified 

based on activation: voltage-gated calcium channel activated by membrane potential change and 

ligand-gated calcium channel activated by ligand binding (Nature portfolio 2021). 
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Figure 1.1.  Involvement of Ca2+ in critical developmental processes and physiological function. 

(Rajagopal and Ponnusamy 2017) 

1.2.2 Voltage-gated calcium channels regulating Ca2+ influx 

 Voltage-gated calcium (Cav) channels (VGCCs) are ubiquitously expressed in prokaryotes 

and eukaryotes (Anderson and Greenberg 2001). Cav channels are distributed in both excitable and 

non-excitable cells in the mammalian body (Yang and Berggren 2005). They are located in the 

plasma membrane and function as Ca2+ -conducting pores, undergoing conformational switches 

upon plasma membrane potential change. The channels change from an inactivated and 

impermeable state to an activated and highly permeable pore. This specific permeability allows 

Ca2+ influx, facilitates electrical signaling, and induces Ca2+ -dependent protein-protein 

interactions and enzymatic responses (Catterall 2000). Vital functions in excitable cells require the 

VGCCs involved in various cellular processes, including excitation-transcription coupling during 

developmental stages, apoptosis, exocytosis, and endocytosis (Wheeler et al., 2012), excitation-

contraction coupling in muscle tissues (Bannister and Beam, 2013), and transmitter release and 

hormone secretion for proper endocrine and neuronal function (Catterall et al., 2013).  

 In the early stage of VGCC discovery, two types of Cav currents were identified from 

fertilized starfish eggs (Hagiwara et al., 1975) with distinct voltage-dependent activation and 
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inactivation properties. They were firstly termed channel I (low-voltage activated (LVA)) and 

channel II (high-voltage activated (HVA)). Researchers have devoted extensive effort to creating 

a well-accepted nomenclature based on their biophysical and pharmacological properties as the 

technology and methodology developed. L-, P/Q-, N- and R-type Cav currents have high thresholds 

for activation and are referred to as HVA Ca2+ currents, and T-type Cav currents are referred to as 

LVA Ca2+ currents (Tsien et al., 1988).  

 As for the auxiliary subunits, researchers used Greek letter-based nomenclature to describe 

Cav channel subunits as α1 (approximately 170 kDA), β (approximately 150 kDa), γ 

(approximately 32 kDa) and α2δ subunits (α2 approximately 150 kDa and δ approximately 17-25 

kDa) (Curtis et al., 1984; Takahashi et al., 1987), corresponding to the alphabetic system as 

CACNA1, CACNAB, CACNG, and CACNA2D. Later on, a more comprehensive nomenclature 

of Cav channels based on sequence analysis won popularity (Ertel et al., 2000). Three families of 

Cav, Cav1, Cav2, and Cav3 were identified and will be introduced in the subsequent chapters. 

 

Table 1.1.  Physiological types of Cav channels (Refs. Varadi et al., 1999; Yang and Berggren 

2006; Zamponi et al., 2015; Dolphin 2018). 
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1.2.2.1 L-type VGCCs 

 L-type voltage-gated calcium channels (L-VGCCs) were designated “L” due to their long-

lasting inward currents during depolarization, and they have high unitary Ba2+ conductance (Tsien 

et al., 1988). The Cav1 channel family consists of four pore-forming α1 subunit isoforms Cav1.1 to 

Cav1.4, predominantly distributed in skeletal muscles, cardiac cells, neuron and endocrine cells, 

and retina, respectively (Yang and Berggren 2006, Table 1.1). Besides the pore-forming α1 subunit, 

the auxiliary subunits β and α2δ subunits are co-expressed to maintain Cav1 function (Figure 1.2). 

Unlike Cav1.1 and Cav1.4, which are exclusively expressed in skeletal muscles and retina, Cav1.2 

and Cav1.3 are widely expressed in neuronal and endocrine cells and cardiac cells with electric 

excitability (Koschak et al., 2001). Their relative abundance associated with a physiological and 

pathological difference will be compared and discussed in Chapter 1.7.  

 Ca2+ influx through L-VGCCs regulates numerous physiological functions, including 

developmental progression, cardiac pacemaking, hormone release, muscle contraction, neuronal 

firing, plasticity, and sensory function (Catterall 2000), corresponding to the earlier mentioned 

tissue distribution (Table 1.1).  

 

 

Figure 1.2.  A subunit composition of voltage-gated calcium channels (VGCCs). Cav channel 

subunits co-express on the membrane: pore-forming subunit α1 (purple) with four homologous 

transmembrane domains (I to IV), auxiliary subunit β (orange), γ (yellow), α2δ (green/ blue). The 

Blue arrow indicates the Ca2+ influx (represented in red). 



 

 

28 

1.2.2.2 P/Q-type VGCCs 

 Cav2.1 channel, one of the three members in Cav2 channel family, mediates P/Q-type Cav 

currents. P-type Cav currents were first identified using ω-agatoxin IVA (ω-Aga IVA) in neuronal 

Purkinje cells in the cerebellum (Llinas et al., 1989), and Q-type Cav currents were reported in 

cerebellar granule cells and also blocked by a higher concentration of ω-Aga IVA (Randall and 

Tsien 1995).  These two types of Cav2.1 channels can be discriminated by their voltage-dependent 

inactivation rate and sensitivity to ω-Aga IVA (Randall and Tsien 1995). However, they are now 

combined as P/Q-type Cav currents because the same pore-forming subunit Cav2.1 conducts both 

currents (Yang and Berggren 2005; Catterall 2000) and are coupled to neurotransmitter release. 

1.2.2.3 N-type VGCCs 

 Cav2.2 channel conducts N-type Cav currents, very similar to those of P/Q type currents. 

N-type Cav currents display smaller unitary Ba2+ conductance, a lower activation threshold, and 

faster inactivation kinetics compared to L-type Cav currents. Inactivation rates in Cav2.2 are still 

slower than those of T-type Cav currents (Tsien et al., 1988). Cav2.2 channels were initially 

discovered in neurons and are selectively antagonized by the peptide blocker ω-conotoxin GVIA 

(ω-CTX GVIA) but not Cav1 blockers. Cav2.2 channels, similar to Cav2.1, trigger neurotransmitter 

release by mediating Ca2+
 influx into the active zone.  

1.2.2.4 R-type VGCCs 

 Cav2.3 channels were also discovered in cerebellar granule cells. They are termed R-type, 

representing the current resistance to all existing VGCC blockers in the early discovery stage 

(Randall and Tsien 1995). Later, a novel toxin SNX-482 was discovered to have a higher affinity 

for Cav2.3 channels than other Cav channels (Newcomb et al., 1998). R-type currents have a faster 

inactivation rate than other HVA calcium channels and play essential roles in generating Ca2+ -

dependent action potentials and neurotransmitter release (Yang and Berggren 2005; Catterall 

2000).  
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1.2.2.5 T-type VGCCs 

 Cav3 channels display a low threshold for activation and comprise three members, Cav3.1, 

Cav3.2, and Cav3.3, according to the pore-forming subunits (Yang and Berggren 2005; Catterall 

2000; Rizzuto and Pozzan 2003). Cav3 currents are also termed T-type Cav currents because they 

are characterized by transient currents due to rapid inactivation and a tiny unitary Ba2+ conductance 

(Tsien et al., 1988). Cav3 channels are found in a wide range of cell types, including endocrine 

cells, muscle cells, neurons, sperm cells, and even non-excitable cells (Yunker et al., 2003). Cav3 

channels are believed to be only comprised the α1 subunit because α1 expression shows the same 

activity as natural T-type VGCCs (Perez-Reyes et al., 2003). T-type currents support repetitive 

firing in excitable cells and mediate steady Ca2+ influx in non-excitable cells (Tsien et al., 1988; 

Catterall 2000; Yang and Berggren 2005; Yunker et al., 2003). 

1.2.3 Ligand-gated calcium channels regulating intracellular Ca2+ homeostasis 

 Among all the emerging repertoire of Ca2+ signaling proteins in the cytoplasmic 

compartments, there are two major classes of Ca2+ calcium interacting macromolecules on the 

endoplasmic/sarcoplasmic reticulum (ER/SR) membrane: Ca2+ releasing channels from Ca2+ 

stores into the cytosol and Ca2+ pumps moving cytosolic Ca2+ back into the ER/SR. Ryanodine 

receptors (RyRs) and 1,4,5-trisphosphate receptors (IP3Rs) are the two prominent families of Ca2+ 

release channels to regulate cytoplasmic Ca2+ homeostasis (Seo et al., 2014; Cremer et al., 2020). 

Another ligand-gated calcium channel located in the plasma membrane is responsible for store-

operated calcium entry (SOCE) (Putney et al., 2017) (Figure 1.3).  

1.2.3.1 Ryanodine receptors 

 Ryanodine receptors (RyRs) are intracellular ion channels for regulating the release of 

stored Ca2+ from ER/SR and were first identified by isolation of the enormous cytoplasmic “foot” 

structure (Inui et al., 1987). Its characterization was facilitated by recognizing the interaction with 

a poisonous plant alkaloid ryanodine, used as an insecticide. RyR is the largest ion channel known 

to date, with a tetrameric arrangement of ~560 kDa subunits totaled to ~2.2 MDa (Williams et al., 

2018). Three different variants (RyR1-3) have been identified. RyR1 is predominantly found in 

the skeletal muscle (Inui et al., 1987; Marks et al., 1989; Takeshima et al., 1989). RyR2 makes up 
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the primary form in cardiac muscle (Brillantes et al., 1989; Nakai et al., 1990; Otsu et al., 1990), 

but is found in the brain and associated with cognitive function (Liu et al., 2012), and appears to 

be involved in insulin secretion from pancreatic β cells (Santulli et al., 2015). RyR3 was initially 

thought to be restricted to brain and smooth muscle but was later shown to be widely distributed 

throughout the body (Hakamata et al., 1992; Nakashima et al., 1997; Zhang et al., 2011).  

 RyR1 is found to interact with Cav1.1 on specialized invaginations of the sarcolemma 

(transverse tubules) to rapidly release Ca2+ in skeletal muscle cells (Rios and Brum 1987; Nelson 

et al., 2013). RyR2 is activated by Ca2+ influx through Cav1.2 following cardiac muscle 

depolarization, termed as Ca2+-induced Ca2+ release (Fabiato and Fabiato 1975). The open 

probability (Po) of RyR is extremely low at ~100-200nM cytosolic Ca2+ and increases at sub-

micromolar levels, reaching a maximal Po at ~10μM, and goes lower when concentration increases 

more (Bezprozavanny et al., 1991). A variety of functional ligands, proteins, and small molecules, 

including ions (primarily Ca2+ and Mg2+), calmodulin, L-VGCCs, and caffeine, can activate RyRs 

(See Santulli et al., 2017 for review). Structural studies supported two Ca2+ binding sites with 

different affinities (activation and inhibition) (des Georges et al., 2016). Additionally, because of 

the high concentration in skeletal muscle, ATP (adenosine triphosphate) is consistently bound and 

activating RyR, with Ca2+ and ATP having synergistic effects on RyR gating (Kushmerick et al., 

1992).  

 Due to the gigantic size of the channel, the solution of the RyR structure has been 

challenging. In the 1980s, cryo-electron microscopy (cryo-EM) was intensively used to obtain 

low-resolution information. As the technology advanced over the years, many strategies to gain 

structural information were pursued (See Stantulli et al., 2008 and Williams et al., 2018 for review). 

In the mid-2010s, high-resolution cryo-EM structures of RyR1 (Efremov et al., 2015; Yan et al., 

2015; Zalk et al., 2015; des Georges et al., 2016; Wei et al., 2016; Bai et al., 2016; Clarke and 

Hendrickson 2016) and RyR2 (Peng et al., 2016) have been published, providing new insights on 

their dynamic mechanism of channel activation and gating.  

 A wide range of factors can modulate RyR dynamics and gating. Calstabin1 and Calstabin2 

(FKBP12 and FKBP12.6), the Ca2+ channel-binding and -stabilizing proteins, preferentially bind 

to RyR1/2 and stabilize the closed state the channels, preventing Ca2+ leakage coupled gating 

(Santulli and Marks 2015). They are proposed to bind to the N-terminus of Bsol (bridging α-

solenoid repeats), rigidify the interface, and stabilize the link between the pore and cytoplasmic 
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region (des Georges et al., 2016; Zalk et al., 2015; Yan et al., 2015). A cryo-EM study further 

supported these findings (Peng et al., 2016). Additionally, they are the targets for the 

immunosuppressant drugs rapamycin (sirolimus) and FK506 (tacrolimus) (Lombardi et al., 2017a 

& b). Several post-translational modifications also regulate RyR function, including 

phosphorylation, oxidation, and nitrosylation (See Santulli et al., 2018 for review). RyRs can act 

as both signal amplifiers and integrators via coupled gating with adjacent channels upon activation.  

 RyR1 channelopathies are associated with malignant hyperthermia (MH) and central core 

disease (CCD) (Quane et al., 1993), and mutations in RyR2 have been implicated in cardiac 

arrhythmias (Lehnart et al., 2004, 2008; Vest et al., 2005). Downregulation of RyR2 or cGMP 

equivalently inhibits unfolded protein response and ER stress, leading to early-onset cone 

protection and rescuing the cGMP/PKG signaling-induced cone degeneration in cyclic nucleotide-

gated channel deficiency (Yang et al., 2020). Several studies have revealed RyR function and 

autophagy regulation by RyR-interacting proteins, and a role for RyRs in neurodegenerative 

diseases has been proposed (Vervliet 2018). 

1.2.3.2 IP3 receptors 

 IP3Rs (inositol 1,4,5-trisphosphate receptors, also called InsP3Rs) are closely related to 

RyRs, found in most cell types, and activated by the second messenger IP3 and Ca2+ (Harnick et 

al., 1995; Yuan et al., 2016; Santulli et al., 2017). They also mediate Ca2+ release from intracellular 

stores, mainly ER (Berridge 1993) and Golgi apparatus (Pizzo et al., 2011; Wong et al., 2013; 

Rodrigues-Prados et al., 2015), and nuclear envelope and nucleoplasmic reticulum (Echevarrría et 

al. 2003). Both Cav channels and intracellular IP3R share the standard function to regulate 

intracellular Ca2+ supply (Catterall 2000; Taylor et al., 2004). Intracellular Ca2+ signaling is 

established with a time course and spatial arrangement by the Cav-regulated Ca2+ influx and IP3-

mediated efflux from intracellular stores. (Berridge et al., 2000, 2003). 

 The IP3R is comprised of ~2,700 amino acid residues (human type 1: 2,695; 2: 2,701; 

3:2,671) (Yamamato-Hino et al., 2994; Yamada et al., 1994). Each IP3R subunit has an IP3 binding 

site in the N-terminus, a modulatory domain in the middle, and six membrane-spanning helices in 

the C-terminus. The Ca2+ conducting pore only accounts for a tiny portion in IP3R. However, its 

large cytoplasmic region harbors a variety of recognition sites for proteins and small molecules 

besides IP3 and Ca2+, including calmodulin, nucleotides, protein kinases (PKA, PKB, and PKC), 
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phosphatases, apoptotic proteins, G-protein coupled receptors (GPCRs), and transient receptor 

potential (TRP) channels (Taylor et al., 2004). Several IP3R antagonists were identified to study 

the channel physiology and pathology, including heparin, caffeine, and xestospongin. However, 

they all lack specificities as some of them also activate RyRs (Saleem et al., 2014; Prole and Taylor 

2019).   

 IP3Rs and RyRs share about 40% homology in the core regions, implying a common region 

for Ca2+ release channels, but IP3R does not express much of the cytoplasmic shell or the large 

Bsol. C-terminal and activation domains are conserved between these two intracellular channels, 

suggesting a very similar calcium activation mechanism, and the C-terminal is further extended 

and linked to the N-terminal domain and IP3 binding site in IP3R (Fan et al., 2015; Baker et al., 

2021). IP3R mutations have been shown to be associated with diseases including heart disease, 

ataxia, exocrine secretion defects, taste perception malfunction, cancers, and neurodegenerative 

diseases (Seo et al., 2014). 

1.2.3.3 Store-operated channels 

 Store-operated channels, Orai1, Orai2, and Orai3, are another type of ligand-gated calcium 

channel located in the plasma membrane and provide calcium signaling into the cytoplasm (Putney 

et al., 2016). Depleting Ca2+ stores primarily in ER activates a biphasic signaling mechanism, 

including releasing Ca2+ from ER and Ca2+ entry from the plasma membrane. Store-operated Ca2+ 

entry (SOCE) is activated when less Ca2+ binds to the luminal Ca2+ -binding sites of stromal 

interaction molecule 1 (STIM1), which is a dimeric protein anchored in ER membranes (Liou et 

al., 2005; Gudlur et al., 2019). A small cluster of mobilized STIM1 directly binds to the Orai1 

channel at membrane contact sites (MCS) and induces the Ca2+ entry from the plasma membrane 

(Shen et al., 2021). 

  Even though the SOCE mechanism by Orai1-STIM1 interaction is better documented now, 

IP3R and TRP channels were thought to tightly associate with this pathway during the early studies 

(Streb et al., 1983). The exploration of SOCE was initiated when a plant toxin, thapsigargin, 

induced intracellular Ca2+ release independent from IP3R activation (Jackson et al., 1988). TRP 

channel activation, phospholipase C (PLC) coupling, IP3 formation, and Ca2+ -induced Ca2+ release 

from IP3R was originally proposed to explain this thapsigargin activity (Putney et al., 2005). 

Interestingly, the canonical TRP (TRPC) channels are involved in SOCE, interacting with STIM1 
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together with Orai1 in different mechanisms, also contributing to cytoplasmic Ca2+ hemostasis 

(Lopez et al., 2020).  

 

 

Figure 1.3.  Calcium channels regulating cytosolic Ca2+ homeostasis. Voltage-gated calcium 

channels are activated by membrane potential depolarization. Ca2+ influx through VGCCs 

activates the ligand-gated calcium channels, such as RyR and IP3R, to induce calcium-induced 

calcium release (CICR). Both RyR and IP3R release Ca2+ from primarily the endoplasmic 

reticulum and other organelles (not shown) to elevate the cytosolic Ca2+ concentration. Depleting 

Ca2+ stores from ER induces STIM1 activation and direct interaction with Orai1 and TRPC to 

induce more Ca2+ entry across the plasma membrane (SOCE). 

 

1.3 L-VGCC subunits 

 The skeletal muscle Cav channel Cav1.1 was first extensively studied and identified as a 

hetero-multimer composed of a pore-forming α1 subunit and regulatory β and α2δ subunits (Jones 

1998; Catterall 2000). Subsequently, other subtypes of pore-forming and auxiliary subunits were 
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purified, screened, and characterized (Catterall 2000; Ertel et al., 2000). In the subsequent sections, 

we will talk about the structure of L-VGCC subunits specifically, briefly introduce the properties 

of auxiliary subunits, and focus on biophysiological and pharmacological properties in Chapters 

1.4 and 1.5.  

1.3.1 Pore-forming α1 subunit 

 To date, four Cav1 subunits have been identified (Table 1.1). Cavα1 is the largest subunit 

and spans at least 250 kb and contains up to 50 exon-intron boundaries, with at least ten alternative 

splicing sites in intron transcripts (Lipscombe et al., 2002). The variety of Cavα1 isoforms explain 

the diverse VGCC-mediated signaling pathways.  

 The α1 subunit comprises four homologous domains from DI to DIV, each containing six 

transmembrane helices from S1 to S6 (segment 1 to segment 6) (Tanabe et al., 1987). The Ca2+ 

selectivity filter comprises four conserved glutamic acids (EEEE locus) located in the 

transmembrane region of every pore-lining (P-) loop between S5 and S6 in every domain (Yang 

et al., 1993). Three intracellular linkers (I-II, II-III, and III-IV loop) and N- and C-termini are all 

located on the cytoplasmic face of the plasma membrane (Figure 1.4). Voltage sensors allow these 

four homologous repeat structures to form a Ca2+ -conducting pore and modulate activation and 

inactivation gates. The large, intracellular carboxy tail contains an EF-hand and an IQ calmodulin-

binding motif, critical for accelerating the inactivation rate in Ca2+ relative to Ba2+ (i.e., Ca2+-

dependent inactivation, CDI) (Peterson et al., 1999; Zuhlke et al., 1999). We will expand this 

section in section 1.4 and section 1.5.  
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Figure 1.4.  Subunit structure of L-type voltage-gated calcium channels. (A) L-type calcium 

channel contains up to 5 different subunits: α1 (purple, 170–240 kDa), α2 (green, 150kDa), δ 

(blue, 17-25 kDa), β (orange, 50-78 kDa), and γ (yellow, 32 kDa) subunits. The α2, δ, and β 

subunits are noncovalently bound to the α1 subunit and modulate trafficking, expression, and 

biophysical properties of the α1 subunit. The α2 is in the extracellular space, and δ and γ subunits 

are in the transmembrane and β subunits in the cytosolic space. The structure of nifedipine, the 

prototypical L-type selective blocker, is shown; Red segments: Intracellular II-III loop and 

transmembrane & extracellular IIIS5-3P loop. (B) Cavγ spans the plasma membrane with four 

homologous transmembrane and intracellular N- and C- termini. (C) Cavβ is entirely cytosolic 

with four homologous helices. (D) Cavα2δ is a dimer consisting of an extracellular Cavα2 

polypeptide and a transmembrane Cavδ polypeptide linked via a disulfide bond. (E) Structural 

motifs within the Cavβ subunit. (F) Structural motifs within Cavα2δ subunit. (Yang and Berggren 

2005; Dolphin 2018).
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1.3.2 Auxiliary β subunit 

 Cavβ subunits were first isolated from the purified Cav1.1 complex (Ruth et al., 1989), and 

four distinct Cavβ subunit genes (Cavβ1-4) have been identified so far (Dolphin 2003b; Buraei and 

Yang 2010). Numerous alternative splices of these Cavβ subunit gene structures have been 

observed and studied, and exon-intron organization is essential in different protein-protein 

interactions (Yang and Berggren 2005). Cavβ are cytoplasmic proteins binding to the intracellular 

I-II loop of Cav1 and Cav2 α1 subunits with high affinity, and a binding motif with 18 amino acids 

in I-II linker is termed the α-interaction domain (AID) (Pragnell et al., 1994).  

 Cavβ subunits can be divided into five domains (D1-5). D2 and D4 domains are highly 

conserved, but N-terminal D1, middle D3, and C-terminal D5 domains are highly variable 

(Dolphin 2003a). Cavβ subunits contain a conserved Src homology 3 (SH3) domain and a 

guanylate kinase (GK) domain (Hanlon et al., 1999) linked by a flexible loop comprised of HOOK 

domain and fifth β strand (Richards et al., 2007) (Figure 1.4.C & E). Several studies have solved 

the crystal structures of different β subunit subtypes (Chen et al., 2004; Opatowsky et al., 2004; 

Van Petegem et al., 2004). They showed that β-interaction domain (BID) peptide locates in a 

groove in the GK-like domain (Van Petergem et al., 2004), and AID was predicted to locate at the 

carboxy end of IS6 of Cav channels (Opatowsky et al., 2004). In addition to the BID, the C-terminal 

region also directly associate with the Cavα1 subunit (Walker and De Waard 1998).  

 Cavβ subunits exert two significant functions, enhancing Cavα1 subunit trafficking to the 

plasma membrane and regulating Cav channel biophysical properties through interaction with the 

Cavα1 subunit (Arikkath and Campbell 2003). All of the Cavβ subunits were examined and found 

to increase the channel open probability, leading to increased current magnitude through individual 

channels and increased macroscopic current density (Matsuyama et al., 1999; Meir et al., 2000; 

Neely et al., 2004) but might also exert opposite effects. Interestingly, co-expression of the Cavβ2 

subunit slows inactivation while the Cavβ3 subunit makes the inactivation faster (Arikkath and 

Campbell 2003; Hullin et al., 1992). More importantly, Cavβ may protect Cavα1 from endoplasmic 

reticulum-associated proteasomal degradation and promote forward trafficking of the channels to 

the plasma membrane (Zamponi et al., 2015).  

 Cavβ subunit carries several potential PKA and PKC phosphorylation sites within SH3 and 

GK domains. S182 and T205 in Cavβ1a subunits have been identified as critical for PKA and PKC 

phosphorylation, respectively (Ruth et al., 1989; De Jongh et al., 1989). S478 and S479 
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phosphorylated by PKA in Cavβ2a were shown to regulate the activity of truncated Cav1.2 channels 

(Bunemann et al., 1999).  

 Cavβ subunit pathology has been implicated in multiple diseases, including epilepsy, 

cardiac dysfunction (Yang and Berggren 2010), and diabetes (Lee et al., 2018). The interruption 

of α1 and β interactions has been proposed as a potential therapeutic strategy (Young et al., 1998). 

Considering the mobility of Cavβ subunits within the plasma membrane, scientists also reported 

the calcium channel-independent function of Cavβ. A nonconventional β4 function is in the nucleus, 

contributing to the ataxic phenotype in activity-dependent gene regulation (Etemad et al., 2014).  

1.3.3 Auxiliary α2δ subunit 

 The role of Cavα2δ has been well-established, especially by Dolphin’s group (Dolphin 2016; 

Dolphin 2018). Cavα2δ is a single polypeptide encoded by one gene (Ellis et al., 1988; De Jongh 

et al., 1990). Four isoforms (Cavα2δ1-4) were isolated (Klugbauer et al., 1999; Qin et al., 2002) and 

have a similar structure (Figure 1.4D). A signal sequence at the N-terminus directs the protein into 

extracellular space. Following the signal sequence, the Cavα2 subunit is completely extracellular, 

including a Von Willebrand Factor-A (VWA) domain which contains a strong motif, the metal 

ion-dependent adhesion site (MIDAS) (Whittaker and Hynes 2002) necessary for protein-protein 

interactions (Figure 1.4.F). The transmembrane Cavδ polypeptide is connected to a hydrophobic 

C-terminal (Ellis et al., 1988). The two polypeptides, Cavα2 and Cavδ, connect via a disulfide bond 

and contain multiple glycosylation sites and cysteine residues (Calderon-Rivera et al., 2012).  

 Cavα2δ positively modulates Cavα1 in its trafficking, expression, and voltage-dependent 

kinetic properties (Dolphin 2018). However, there is debate on the combinational effect of 

Cavα1/Cavβ/Cavα2δ expression in different tissues. Cavα2δ has become a novel therapeutic target 

for various diseases such as neuropathic pain, epilepsies, night blindness, neuropsychiatric 

disorders, and cardiac and endocrine dysfunction because of its vital role in correct VGCC function 

(Dolphin 2018). One example in pancreatic β-cell activity shows the genetic deletion of dominant 

subtype α2δ-1 in mouse pancreatic islets resulting in glucose intolerance and diabetes, without 

affecting insulin sensitivity, by reducing Cav current through all high voltage-gated Ca2+ channels 

(HVCC) isoforms in a sex-dependent manner (Mastrolia et al., 2017).   
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Table 1.2.  Distribution and mutational effects of known auxiliary subunits α2δ and β (Refs. 

Varadi et al., 1999; Taylor et al., 2014; Hofmann et al., 2013). 

 

1.3.4 Auxiliary γ subunit 

 The Cavγ subunits have the smallest size and showed the most minor effect on regulating 

Cavα1 subunits. Eight isoforms (Cavγ1-8) were identified, and they all comprise a conserved four-

transmembrane domain with intracellular N and C terminals (Buraei and Yang 2010) (Figure 1.4B). 

A conserved N-glycosylation site (GLWXXC) forms a disulfide bridge with cysteine residues in 

the first extracellular loop (Arikkath and Campbell 2003; Kang and Campbell 2003). The C-

terminal in most Cavγ subtypes (except Cavγ1 and Cavγ6) carries a PDZ-like domain (Chu et al., 

2001). In contrast to Cavβ and Cavα2δ, the Cavγ subunits inhibit Cav channel current by generating 

a positive shift in voltage-dependent activation and a negative shift in inactivation. Moreover, Cavγ 

shows no effect on Cav channel trafficking (Arikkath and Campbell 2003). Interestingly, the 

discovery of Cavγ2 mutation in stargazer mouse phenotype (Letts et al., 1998) inducing epilepsy 

and cerebellum and inner ear defects revealed Cavγs regulation of other proteins. Subunits 

Cavγ2,3,4,8 are referred to as transmembrane AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazole 

propionic acid receptor) receptor regulatory proteins (TARPs) because Cavγ regulates AMPA 

receptor trafficking, localization, and biophysical properties (Buraei and Yang 2010). 
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1.4 L-VGCC biophysical properties 

 In the previous section, we discussed the five subunits in L-VGCCs, and the largest pore-

forming α1 subunit contributes the most to the biophysical properties of the voltage-gated channels. 

This section will focus on essential amino acid motifs in α1 subunits associated with channel gating.  

1.4.1 Ca2+ selectivity filter 

 Calcium channels have an exceptional selectivity for conductance over other ions, and 

selectivity is mediated by the Ca2+ selectivity filter. The Ca2+ selectivity filter contains four 

conserved glutamic acid residues (Table 1.3), and this EEEE locus is located in the four 

extracellular Pore-lining (P-) loops between transmembrane helices S5 and S6 of HVA Ca2+ 

channels (Sather et al., 2003; Stephens et al., 2015). The Ba2+ conductance of L-VGCCs is higher 

than that of Ca2+ because Ba2+ binds less tightly to the pore Glu residues and flows with higher 

mobility (Almers and McCleskey, 1984). Identification of these essential amino acids was based 

on testing single point mutations. In the LVA Ca2+ channel, the lower Ca2+ affinity can be 

explained by two glutamic acid residues replaced by aspartic acid residues (Perez-Reyes et al., 

1998; Talavera et al., 2001). In HVA Ca2+ channels, the Ba2+/Ca2+ permeation can be reduced 

when one or multiple glutamic residues are substituted by alanine, glutamine, or aspartic acid 

residues (Mikala et al., 1993; Tang et al., 1993; Chen and Tsien 1997; Kim et al., 1993;). These 

observations strongly support the necessity of this EEEE locus to filter Ca2+ influx.  

 The early discovery of the ion permeation mechanism believed that Ca2+ interacting sites 

display different affinities (Varadi et al., 1999). Among four glutamic acid residues, two are 

deprotonated, and two are not. The higher-affinity site is preoccupied with a Ca2+ and locates at 

the cytoplasmic site. When the lower-affinity site is bound with incoming Ca2+, the Ca2+ at higher-

affinity sites are driven away into the cell by cationic repulsive forces (Hess and Tsien 1984; 

Almers and McCleskey 1984). Moreover, two main factors determine Cav channel selectivity for 

Ca2+: the size of the selectivity filter and dynamic interactions with Ca2+ (Yang et al., 1993). In 

this case, Ca2+ presence largely excludes monovalent cations interactions with the filter.  

 A more recent study converted the homo-tetrameric bacterial NavAb channel into a CavAb 

channel with high calcium selectivity by adding negatively charged aspartic acids. This new 

channel revealed two high-affinity sites and one low-affinity site coordinating Ca2+ movements 
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(Tang et al., 2013). Interestingly, another novel Ca2+ selectivity filter with essential glycine 

residues was found in native prokaryotes and conserved in eukaryotic VGCC subdomains 

(Shimomura et al., 2020).  

 

Table 1.3.  Ca2+ selectivity filter sequence containing conserved glutamic acid residues (shaded) 

in four homologous domains of three L-type Cavs (Cav1.1-1.3: Skeletal: Cav1.1; Cardiac: Cav1.2; 

Brain: Cav1.3) isolated from different tissues. 

 

1.4.2 Voltage-sensing domain 

 Besides Ca2+ permeability, the ability to sense the membrane potential change caused by 

ion flux is vital for VGCCs in excitable cells. The voltage sensors, a string of negatively charged 

residues in each homologous domain, have been the object of intense study to understand how 

VGCCs sense the membrane potential change (Hill 1978 & 2021). The voltage sensors are highly 

conserved in S4 segments, which contain positively charged amino acids such as arginine or lysine, 

reappearing at every third or fourth position among all documented voltage-gated ion channels 

(Table 1.4) (Payandeh et al., 2011; Shen et al., 2017; Wang et al., 2017; Hering et al., 2018; Hill 

2021). The L-VGCC voltage sensors were confirmed to locate in Cav1.1 S4 segments due to the 

recently revealed Cryo-EM structure (Wu et al., 2016). 

 Even though the voltage sensors only take up a short region in S4, the voltage-sensing 

domains (VSDs), S4 carrying positive chares and S1-S3 carrying countercharges, can induce the 
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movement of their own domains and neighboring domains because of the intercrossed assembly 

of four homologous domains (Yan et al., 2017). The four intracellular loops connecting S4 and S5 

surround the pore at the intracellular side so that a hydrophobic interaction can form between S4 

of one domain and S5 of the neighboring domain (Demers-Giroux et al., 2013). 

 A novel dynamic model of Cav1.1 VSDs provides a mechanism underlying specific ion-

pair formation in characterizing the biophysiological properties (Fernández-Quintero et al., 2021). 

The structurally similar VSDs showed divergent functions by controlling gate-opening speed in 

different orders. A rate-limiting step was first observed when disrupting molecular interactions by 

ionic pairs in the first activated VSD, followed by a faster process for subsequent VSDs. Voltage 

sensors in individual voltage-gated channels provide fine-tuning and pass on various signaling. 

The underlying mechanism to complete the story of every single channel is still under exploration. 

 

 

Table 1.4.  S4 segment sequence containing conserved arginine and lysine residues (shaded) for 

voltage sensing in four homologous domains of three L-type Cavs (Cav1.1-1.3). 
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Figure 1.5.  Model of Cavα1 subunits with essential structural elements. (A) The 2D and 3D 

transmembrane representations of a single homologous domain with labeled voltage sensors in 

S4, counter charges in S3, intracellular S4-S5 linker, a calcium selectivity filter in P-loop 

between S5 and S6, and a hydrophobic pore-lining part in lower S6. S5 helix in domain II is 

shown in 3D representation to show the relative localization of voltage-sensing domain and 

adjacent S5. (B) The topic and bottom view of the four opposing domains in a clock-wise 

assembly. The top view includes the Ca2+ selectivity filter, and the bottom view shows the 

support of the S4-S5 linker at the pore lining. (Ref. Hering et al., 2018; Tikhonov and Zhorov 

2020; Fernandez-Quintero et al., 2021).



 

 

43 

1.4.3 Voltage-gated activation 

1.4.3.1 Molecular mechanism of the activation gate 

 The involvement of four VSDs in voltage-gated channel gating and modulation has been 

extensively studied. Each VSD contributes differentially to the gating kinetics (Flucher 2016; 

Fernández-Quintero et al., 2021). The detailed molecular mechanism is better explained in voltage-

gated sodium and potassium channels than calcium channels, but a popular sliding-helix model 

with the conformational change of S6 has been proposed for all the voltage-gated channels (Sackin 

et al., 2006; Zhao et al., 2004; Catterall 2010 & 2020). Before activation, the pore-lining S6 helices 

are induced to bend and diverge from the neighboring S6 helices by VSD movements from the 

closed state, allowing the ions to flow through into the intracellular space (Xie et al., 2005).  

 However, the specific residues responsible for the activation gate vary among different 

structures (Lenaeus et al., 2017; Zubcevic et al., 2014). The conserved glycine residue in S6, often 

found in potassium channels to provide flexibility (Jacob et al., 1999; Magidovich et al., 2004; 

Ding et al., 2005), does not alter current kinetics or shift voltage-dependent activation of Cav1.2. 

In contrast, a unique amino acid, I781 in IIS6, with adjacent residues, L779, A780, and A782, 

regulates the Cav1.2 channel activation gate (Hohaus et al., 2005). Corresponding mutations in 

Cav2.3 determine the essential gating motifs, suggesting a similar mechanism for most HVA 

channels (Raybaud et al., 2007; Zhao et al., 2004). 

 In addition to the pore-lining of S6 segments, the other helices also play essential roles in 

supporting the sliding-helix model. The ion-pair interactions between the external gating charges 

in VSD and negative countercharges in S1-S3 facilitate S4 translocation through the lipid bilayer 

(Groome and Bayless-Edwards 2020). The roles of S1-S3 have been well-examined in voltage-

gated potassium (Kuang et al., 2015) and sodium channels (Yarov-Yarovoy et al., 2012). Studies 

of L-VGCC subtype Cav1.2 and Cav1.3 (Pantazis et al., 2014; Coste de Bagneaux et al., 2018; 

Tuluc et al., 2016 a & b), and a dynamic simulation of Cryo-EM Cav1.1 (Fernández-Quintero et 

al., 2021) revealed the supporting interactions of S1-S3 in response to S4 movements.  
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1.4.3.2 Four states of VGCC activation 

 Voltage sensors have two states, resting and activated, and the activation pores have two 

states, open and closed. In this case, a 4-state cycle (Figure 1.6) was proposed for the VGCC 

activation (Beyl et al., 2009). Unlike the previous 2-state models based on the shaker potassium 

channel model (Yang et al., 1995 & 1996; Zagotta et al., 1994a & 1994b), this 4-state cycle 

includes an additional deactivated state and expands one open state into two transitional states of 

activation and opening.   

 When the VGCC is in the hyperpolarized membrane potential, both the resting voltage 

sensor and closed channel pore make the channel stay in the non-activated state R (resting). Once 

the depolarization activates the voltage sensor, the pore has not fully opened due to S6 guarding 

at the activation gate, keeping the channel in a transient state A (activation) with a voltage-

dependent rate constants x(V) and y(V). When the voltage sensors finally mobilize all four S6 at 

the pore, the channel starts to open, resulting in a transient state O (open). The transition between 

the state A and O is more frequently reversed and is represented by the voltage-dependent rate 

constants α and β. When the channel is opened for a sufficient period to permit Ca2+ influx, the 

hypopolarization moves the voltage sensor back into the resting mode. Opened pore with resting 

voltage sensors results in the channel in a deactivated state D (deactivation). The transition 

between state D and state O is modeled with voltage-independent u(V) and w(V). The cycle 

restarts when state D transits back to state R with the voltage-dependent constants δ and γ.  

 Even though this model can explain the functional property of VGCC activation, it is 

simplified and excludes multi-exponential and asymmetrical information (Hering et al., 2018). A 

more complicated model for potassium channels with 16 individual states considered the 

asymmetrical voltage-sensors and pore-lining S6 with sequential transitions (Pathak et al., 2005). 

In conclusion, both VSD and adjacent helices (especially S2, S3 for countercharges and S6 for 

pore-opening) with correct charges are required to stabilize the open state of the channel.  
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Figure 1.6.  The four-states during Cav activation with double locking mechanism. This 

simplified 4-state model explains the gating functions of most Cavs. Three (out of four) 

homologous domains are shown to reveal the vertical inner-lining of the channel. The 

homologous domain is shown in purple. Each contains a voltage sensor domain with an S4 

segment (labeled with four positive charges) and a pore-lining domain in orange (or brown in the 

back) with S6 guarding the intracellular gating and a Ca2+ selectivity filter near the extracellular 

side. The voltage sensor has two states: activated (up) and resting (down). Pore opening has two 

states: Open or close. All combinational states result in four channel-activation states 

summarized in the table. α, β, γ, and δ are rate constants to measure voltage-independent pore 

opening and closing. Rate constants x, y, u, and w measure voltage-dependent voltage-sensing 

activation. Annotation refers to Figure 1.5 (Ref. Beyl et al., 2009; Hering et al., 2018).
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1.4.4 Voltage-dependent inactivation 

 Inactivation of VGCCs is both voltage and Ca2+ dependent. Voltage-dependent inactivation 

(VDI) is observed when Ba2+ is the permeant ion, but Ca2+ -dependent inactivation (CDI) is not 

(See section 1.4.5). VDI displays a reduced current magnitude and Ca2+ permeability and happens 

in response to prolonged single or repetitive depolarization (Hofmann et al., 2014). VDI is an 

intrinsic Cav property, divided into fast and slow VDI based on their inactivation kinetics, and 

other auxiliary subunits also play a role in modulating this property (Hering et al., 2000). Voltage 

sensor-dependent rearrangement of S6 potentially changes the conformation of VGCCs, and 

numerous studies made point mutations on S6 and neighboring helices to modulate VDI by causing 

an asymmetrical collapse of the pore (Depil et al., 2011; Hohaus et al., 2005). S6 defects in Cav1.2 

are associated with Timothy syndrome (Splawski et al., 2004 & 2005), and mutations in Cav1.3 

S6 are associated with autism spectrum disorders and epilepsy (Pinggera et al., 2015 & 2017 & 

2018). The intracellular loops connecting the homologous domains also contain significant VDI 

determinants (Stuhmer et al., 1989; Bezprozvanny et al., 1995; Zhong et al., 1999; Degtiar et al., 

2000; Hering et al., 2000). A mutation in segment IS4 in Cav1.2 (Andranovits et al., 2017) shifted 

the voltage-dependent inactivation to a more negative state than mutations in other domains. These 

observations further support the role of VSD movement in stabilizing the inactivation state of 

VGCCs.  

1.4.5 Calcium-dependent inactivation 

 Ca2+ -dependent inactivation (CDI or Ca2+/calmodulin-dependent inactivation) is a crucial 

negative feedback mechanism to tune the Ca2+ entry kinetics and avoid Ca2+ overload (Peterson et 

al., 1999; Pitt et al., 2001; Alseikhan et al., 2002; Ghosh et al., 2017). The ubiquitous calcium-

modulated protein, calmodulin (CaM), mediates this process by binding to the IQ domain of the 

C-terminus of Cav channels (Zühlke et al., 1999; Peterson et al., 1999). Under basal calcium 

conditions, Ca2+-free CaM (apo-calmodulin, apoCaM) pre-binds to the IQ domain of the C-

terminus and enhances channel openings (Adams et al., 2014). Once the level of cytoplasmic level 

of Ca2+ increases, the bound CaM relocates onto the intracellular permeation path, inducing C-

terminus movement by interacting with Ca2+/CaM binding sites (Bazzazi et al., 2013; Johny et al., 

2013) (Figure 1.7). This C-terminus conformational change in response to calmodulin fluctuations 
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modulates Ca2+ homeostasis, antagonizes drastic channel opening, and induces CDI. Like VDI, 

CDI serves as an essential protective process to prevent excessive Ca2+ entry during repetitive or 

prolonged depolarization. Disruption of this process in the cardiac myocytes is associated with 

lethal cardiac arrhythmias (Splawski et al., 2004, 2005). 

 However, this stereotypic behavior is not observed among all L-VGCC. Cav1.3 CDI varies 

in neuronal tissues, and Cav1.2 has divergent basal strength of CDI (Liu et al., 2010). Endogenous 

Cav1.4 in retina displays minimal CDI (Griessmeier et al., 2009; Haeseleer et al., 2016), and Cav1.3 

in inner hair cells lack CDI (Yang et al., 2016). Researchers found that the alternative splicing of 

distal C-terminus in Cav1.3 and Cav1.4 might explain why these two subtypes intrinsically 

diminish CDI (Wahl-Schott et al., 2006). Mutations of Cav1.2/Iso1624 in the IQ motif disrupt the 

CaM binding and disables CDI in Xenopus oocytes (Zühlke et al., 1999 & 2000), but standard CDI 

and disturbed VDI are observed in HEK cells (Barrett et al., 2008). This mutation is also lethal 

during embryonic development (Poomvanicha et al., 2011), accompanied by dilated 

cardiomyopathy (DCM). Additionally, a conserved aspartate in domain II at the pore was found 

to modulate CDI (Abderemane-Ali et al., 2019). The most recent study found the CDI- inhibiting 

region with a lower affinity in binding to Cav1.2 IQ domain than Cav1.3 IQ domain, resulting in a 

more significant CDI decrease in Cav1.3 (Sang et al., 2021).  

 

 

 



 

 

48 

 

Figure 1.7.  Model of calcium/calmodulin-dependent inactivation in the voltage-gated calcium 

channels. An amino (N) and a carboxy (C) tail are added to this model to show intracellular 

interaction. The C-terminus contains ~160 a.a, including an IQ domain spanning ~30 a.a and a 

dual vestigial EF-hand that spans ~100a.a. Three states during CDI were hypothesized: (1) 

Intracellular Ca2+ level is low and Free apoCaM is not bound to Ca2+; (2) apoCaM pre-binds to 

IQ domain and acts as Ca2+ sensors; (3) Excessive Ca2+ influx induces the bound CaM to 

associate with the N-terminal, thus blocking the pore (Ref. Bazzazi et al., 2013). 

 

1.4.6 Phosphorylation sites in Cavα1 

 L-VGCCs are involved in the signaling cascade of plasma membrane protein 

phosphorylation, and they also carry various phosphorylation sites. Phosphorylation of L-VGCCs 

increases the Ca2+ permeability and increases the channel activity (Yamakage and Namiki 2002). 

Early In silico simulations predicted the phosphorylation of Cav1.1 by protein kinase A (PKA), C 

(PKC), G (PKG), calcium/calmodulin-dependent kinase II (CaMKII), and casein kinase II (Jahn 

et al., 1988; Curtis et al., 1985; Sieber et al., 1987). A wide range of both in vitro and in vivo 

experiments determined multiple serine residues for PKA phosphorylation in Cav1.1 (Rohrkasten 

et al., 1988a & b; Rotman et al., 1992), Cav1.2 (Rotman et al., 1995; De Jongh et al., 1996; Leach 

et al., 1996; Weiss et al., 2012), Cav1.3 (Ramadan et al., 2009) and Cav1.4 (Sang et al., 2016). 

Several threonine residues for PKC phosphorylation were also identified in Cav1.2 (Kamp et al., 

2000; McHugh et al., 2000) and Cav1.3 (Baroudi et al., 2006; Qu et al., 2005; Marshall et al., 2011). 
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Moreover, the cGMP-PKG pathway modulates Cav1.3 regulation of insulin secretion (Sandoval et 

al., 2017). Moreover, GPCRs can form signaling complexes with VGCCs (Altier 2012) and 

effectively modulate Cav1.2 and Cav1.3 in membrane micro-domains (Albillos et al., 1996; 

Carabelli et al., 1996; Hernández-Guijo et al., 1999; Hernández et al., 2011; Roberts-Crowley and 

Rittenhouse 2018). GPCR pathways, cAMP/PKA and NO/cGMP/PKG, regulate channel gating of 

Cav1.2 and Cav1.3 in a competitive manner (Carbone et al., 2001; Carabelli et al., 2001, 2002; 

Cesetti et al., 2003; Marcantoni et al., 2007, 2008, 2009; Mahapatra et al., 2012). 

1.4.7 C-terminal functions 

 Besides the role in Ca2+/calmodulin-dependent inactivation, the carboxy tail of CaV 

channels exhibits numerous functions. Multiple phosphorylation sites of Cav channels exist on the 

C-terminal tail of VGCCs, and several studies revealed the role of C-terminus cleavage involved 

in phosphorylation. An A-kinase anchoring protein (AKAP15) associates with the distal VGCC 

C-terminus, initiates the anchoring of cyclic AMP-dependent protein kinase (PKA) and increases 

Ca2+ current (McDonald et al., 1994; Hulme et al., 2003). 

1.4.7.1 Proteolytic cleavage of C-terminus 

Alternative splicing has been implied to modulate L-type CaV biophysical and 

pharmacological properties. We will briefly discuss the proteolytic cleavage of different L-type 

Cav channels and the functional roles of alternative splicing variants. 

In skeletal muscle calcium channel Cav1.1, the cleavage site was identified at alanine 1664 

(Sculptoreanu et al., 1993; Johnson et al., 1994, 1997; Hulme et al., 2005). The cleaved Cav1.1 

channel has a higher Ca2+ conductance, suggesting profound effects of C-terminus cleavage on 

electrical activities.  

In cardiac myocytes and neurons, proteolytical cleavage of Cav1.2 C-terminus happens at 

serine 1928 and facilitates phosphorylation by PKA in the distal C-terminus (Hell et al., 1993; De 

Jongh et al., 1994 &1996; Gerhardstein et al., 2000). Deletion of the distal C-terminus increases 

Cav1.2 channel activity like Cav1.1 (Wei et al., 1994). The C-terminus peptides mimicking the 

cleavage can directly bind to and weakly inhibit the truncated Cav1.2 (Gao et al., 2001; Hulme et 

al., 2006). The Cav1.2 C-terminal fragment may remain noncovalently associated with the channel 
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(Hulme et a., 2006) or may translocate from the cytoplasm to the nucleus (Gomez-Ospina et al., 

2006).  

 Some evidence shows the C-terminal proteolytical processing in neuronal Cav1.3 (Singh et 

al., 2008; Bock et al., 2011). However, Cav1.3 was distinguished from Cav1.2 as going through a 

specific post-translational proteolytic cleavage step (Hell et al., 1993). Both Cav1.3 and Cav1.4 

channels exhibit inhibitory C-terminus alternative splicing variants (Sang et al., 2021). Alternative 

splicing of Cav1.3 α1 subunit yields a long (Cav1.342) and a short form (Cav1.342A), expressed in 

multiple rodent and human models and suggesting an intramolecular protein-protein interaction 

resulting in substantial gating differences and channel activity tuning. Cav1.342A showed enhanced 

CDI, a hyperpolarized activation than Cav1.342, perhaps fine-tuning Cav1.3 for its role in 

modulating neuronal firing and SA node pacemaking (Catterall et al., 2005; Singh et al., 2008).  

 Cav1.4 is predominately expressed in rod photoreceptors and retina bipolar synapses. Its 

channelopathies have been associated with night blindness (especially human congenital stationary 

night blindness type-2, CSNB2) (Strom et al., 1998; Bech-Hansen et al., 1998; Boycott et al., 2000). 

Electrophysiology studies also showed Cav1.4 mediating neurotransmitter release at the synapse 

(Miyake et al., 1986). The distal C-terminus of Cav1.4 can control activation, VDI, and CDI (Singh 

et al., 2006; Striessnig et al., 2010). However, Cav1.4 displays the absence of CDI and slow VDI 

due to the autoinhibitory domain (Koschak et al., 2003; McRory et al., 2004; Baumann et al., 2004). 

A later study proposed that alternative splicing variants of Cav1.4 C-terminus and cytoplasmic 

Ca2+ protein buffering can explain the different CDI and VDI of native Cav1.4 channels and 

heterologous expression system (Tan et al., 2012).  

  A cross-channel cleavage and inhibitory interactions are proposed to occur, as the cleaved 

Cav1.2 C-terminal tail could regulate other channels or proteins within myocytes and neurons. C-

terminal truncated versions of Cav2.1 (Kubodera et al., 2003) and Cav2.2 (Westenbroek et al., 1992) 

were detected in neurons. Similar to Cav1.2, the cleaved C-terminal tail of Cav2.1 was found in the 

nucleus of Purkinje cells of the cerebellum (Kordasiewicz et al., 2006). This observation suggests 

a common feature of VGCC C-terminal cleavage, and this process potentially produces 

transcriptional regulators in other calcium channel families. 
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1.4.7.2 Transcription Factor 

Calcium influx through L-VGCCs activates a variety of transcription factors, including 

CREB, MEF, and NFAT (Sheng et al., 1990; Mao et al., 1999; Graef et al., 1999), which regulate 

gene expression, including c-fos and BDNF (Morgan & Curran, 1986, Murphy et al., 1991, Zafra 

et al., 1990). Calcium influx may trigger increases in nuclear Ca2+ concentrations and activates 

CaMKIV (a nuclear calcium-dependent enzyme), modulating the activity of transcription factors 

and cofactors (Hardingham et al., 2001). Besides CaMKIV, calcium can activate calcium-

dependent signaling proteins adjacent to the channel pore and amplify the nuclear signal 

(Deisseroth et al., 1998, Dolmetsch et al., 2001). The C-terminal of Cav1.2 was reported to encode 

a transcription factor, translocating to the nucleus upon cleavage to regulate transcription (Gomez-

Ospina et al., 2006). These studies failed to find a transcription regulatory effect of Cav1.3 or 

Cav2.1 C-terminus in cortical neurons when fused with Gal4 to recruit proteins to DNA. However, 

other types of neurons may exhibit the C-terminal domain repressing neuron transcriptional signals 

or regulating chromatin structures (Gomez-Ospina et al., 2006). 

1.5 L-VGCC pharmacological properties 

1.5.1 L-VGCCs in cardiovascular disease 

 The most well-known L-VGCC modulators were developed to treat cardiovascular disease 

well before the subunit composition, or structures of L-VGCC were known. Cardiovascular 

disease ranks as the top cause of death in the United States (CDC High Blood Pressure, 2020). 

Thirty percent of American adults are estimated to suffer from hypertension, a precursor to most 

cardiovascular diseases (Bendyopadhyay et al., 2017). Ca2+ influx via L-VGCC subtype Cav1.2 in 

cardiac and vascular smooth muscle cells initiates contractions and contributes to the cardiac action 

potentials (Bers and Perez-Reye, 1999). Three distinct chemical classes of small-molecule drugs 

with FDA approval showed a potent block of Cav1.2: 1,4-dihydropyridines (DHPs), 

phenylalkyamines (PAAs), and benzothiazepines (BZPs) (Hockerman et al., 1997b). All three 

classes treat hypertension and angina pectoris by inducing vasodilation and reducing vascular 

resistance (Fleckenstein and Fleckenstien-Grun, 1980). In addition, phenylalkylamines and 

benzothiazepines are also used to treat supraventricular arrhythmia.  
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1.5.2 Dihydropyridines 

 1,4-dihydropyridines (DHPs) have a flattened boat-like six-membered ring structure with 

a stern (NH group), a bowsprit (aromatic moiety), and the port and starboards (substituents). The 

relative localization of aromatic moiety and substituents are critical for the modulation of VGCCs 

(Tikhonov and Zhorov 2009). A variety of DHPs has been identified as agonists or antagonists 

(Figure 1.8). Ca2+ bindings in the selectivity filter Glu residues and adjacent Phe residues are 

proposed to enhance DHP affinity (Peterson and Catterall 1995). L-type channel “agonists” 

prolong the activated, open conformation of the channel before transitioning to the inactivated 

states. On the other hand, L-type channel blockers bind to the closed state of the channel and 

prevent it from opening (Josephson and Sperelakis 1990; Affolter and Corondado 1985; Bechem 

and Schramm 1987; Peterson and Catterall 1995). Multiple generations of DHP have been 

developed for decades, and many are still commercially available (Acosta and Santa Cruz 2018). 

 Numerous early studies including in vitro, in vivo and in silico modulations of L-VGCCs 

suggested a binding site within IIIS6, IVS6, and IIIS5-3P loop (the extracellular pore-loop 

connecting S5 and S6 in domain III) (Hockerman et al., 1997c; Peterson et al., 1996; Sanguinetti 

and Kass, 1984; Janis et al., 1984; Mitterdorfer et al., 1996; Yamaguchi et al., 2000 & 2003). 

However, the precise binding mechanism was not fully understood. The crystal structures of the 

engineered bacterial homotetrameric CavAb channel revealed the DHP binding sites at the subunit 

interface, but this channel did not have a high amino acid identity with eukaryotic VGCCs (Tang 

et al., 2016). In the same year, the Cryo-EM structure of rabbit Cav1.1 (rCav1.1) was solved at 

3.6Å (Wu et al., 2015 & 2016) and remains the only available eukaryotic VGCCs. A recent study 

determined the Cryo-EM structure of Cav1.1 complex with DHP antagonist nifedipine or agonist 

Bay K 8644 at around 3Å (Zhao et al., 2019; Gao et al., 2020), confirming the role of previously 

identified L-type residues T935, Q939, and S1011 in drug binding (Figure 1.10). A couple of 

structural Cav1.2 models were simulated to understand the DHP binding interactions based on 

previously identified residues (Tikihonov and Zhorov 2009; Xu et al., 2016; Saddala et al., 2017; 

Ozer et al., 2017; Schaller et al., 2018; Mosa et al., 2021). These well-developed models shared 

consensus binding motifs with the results of the cryo-EM structural basis of rabbit Cav1.1 but not 

in other subtypes and species. Moreover, DHP drugs selectivity inhibit Cav1.2 in the vasculature 

at therapeutic doses, causing reflex tachycardia and sympathetic and renin-angiotensin system 

stimulation (Bandyopadhyay et al., 2017). Developing selective Cav1-subtype channel blockers 
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based on DHP derivatives might be challenging because of their high affinities to Cav1.2 and side 

effects in cardiovascular systems. 

 

 

Figure 1.8.  Examples of dihydropyridines. (A) Antagonistic DHPs. (B) Agonistic DHPs. 
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1.5.3 Phenylalkylamines 

 Like dihydropyridines, phenylalkylamines (PAAs) are widely used to treat cardiovascular 

disease. However, unlike DHPs, PAAs bind to Cav channels through a different route and show 

different chronic effects (Catterall and Swanson 2015; Lund-Johansen et al., 1987). The clinically 

relevant PAA member is verapamil. Verapamil does not have high selectivity for L-type channels, 

as it also blocks voltage-gated K+ channels (Wang et al., 2008). 

 Verapamil blocks Cav1.2 with high potency in both primary cardiac myocytes (Lee and 

Tsien 1983) and heterologous expression systems (Johnson et al., 1996), with no selectivity among 

Cav1.2, Cav2.1, and Cav2.3 (Cai et al., 1997). Verapamil, methoxy-verapamil, and desmothoxy-

verapamil block Cav1.2 via different routes. Verapamil and methoxy-verapamil block Cav1.2 only 

from the cytoplasmic side, but desmothoxy-verapamil blocks Cav1.2 from both sides (Berjukov et 

al., 1996). Transmembrane IIIS6 and IVS6 in L-VGCCs exhibit specific amino acids for 

desmothoxy-verapamil to block the closed channels (Hockerman et al., 1995, 1997a; Döring et al., 

1996). PAAs exhibit the property of frequency-dependent block to antagonize Cav1.2 during high-

frequency depolarizations (Lee and Tsien 1983), explaining the higher drug affinity for the 

inactivated state of the channel (Johnson et al., 1996; Nawrath and Wegener, 1997). PAA binding 

sites were proposed to be conserved and later proved, making two Glu/Gln mutations at Cav1.2 

selectivity filter in domain III and IV, resulting in a reduced affinity (Hockerman et al., 1995 & 

1997a). Additional mutations in domain III and the C-terminal displayed altered verapamil 

sensitivity in Cav1.2 (Dilmac et al., 2004). With the help of the cryo-EM structure of Cav1.1, two 

verapamil binding sites with different affinities were revealed, and verapamil shows direct 

blocking of the Ca2+ permeation path (Zhao et al., 2019). Verapamil inhibits DHP binding 

allosterically, confirmed by affinity assays and structural building (Gould et al., 1983; Ferry et al., 

1995; Hockerman et al., 1997b; Zhao et al., 2019).  

1.5.4 Benzothiazepines 

 The benzothiazepine (BZT) class has one clinically approved compound, diltiazem. An 

extracellular route was proposed in the early studies (Hering et al., 1993; Seydl et al., 1993). 

However, the molecular modeling of Cav1.2 implicated a III-V fenestration with favorable energy 

(Tikhonov and Zhorov 2008). The binding sites in VGCCs are also located in domain III and 
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domain IV, especially the selectivity filter Glu resides and adjacent Phe residues (Hockerman et 

al., 2000; Dilmac et al., 2003), overlapping with several identified amino acids in DHP and PAA 

binding. Three conserved amino acids in L-type VGCCs support the higher diltiazem sensitivity 

over other VGCCs (Hering et al., 1996). Previous studies have shown overlapping binding sites 

between PAAs and BZTs (Kraus et al., 1996; Hockerman et al., 2000). Some labs believed that no 

competition between verapamil and diltiazem is reported even though they both function as a pore 

blocker (Porzig and Becker 1988; Catterall et al., 2015) or simple competitive behavior (Murphy 

et al., 1983). However, diltiazem inhibits verapamil in a non-competitive mechanism (Ferry et al., 

1984; Glossmann and Striessnig 1990; Brauns et al., 1997). Like verapamil, diltiazem displays 

frequency-dependent block, with weaker effects (Lee and Tsien 1983; Lund-Johansen 1987). The 

cryo-EM structure also confirmed these critical amino acids with M1057 in IIIS6 positioning 

inward, opposite from nifedipine binding (Zhao et al., 2019). Even though the rCav1.1 structure 

showed that diltiazem is not compatible with simultaneous binding of nifedipine because of M1057 

(Zhao et al., 2019), (+)-cis-diltiazem stimulates DHP binding while (-)-cis-diltiazem shows no 

effect in Cav1.2 affinity assays (Ferry et al., 1984).  

 

 

Figure 1.9.  Examples of phenylalkylamines (verapamil, methoxy-verapamil, and desmothoxy-

verapamil) and benzothiazepine (diltiazem). 
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Figure 1.10.  Binding pockets of Cryo-EM Cav1.1 (green) (Zhao et al., 2019) with nifedipine 

(pink residues), verapamil (yellow residues), and diltiazem (blue residues), and hydrated calcium 

is colored in red. Schematic of binding motifs of dihydropyridines (DHP; grey) (IIIS5: 

Mitterdorfer et al., 1996; III/IVS6: Peterson et al., 1997; IIIS5-IIIP loop: Yamaguchi et al., 2000 

& 2003), phenylalkylamines (PAA; blue) (Hockerman et al., 1995 & 1997; Dilmac et al., 2004), 

and benzothiazepines (BZT; red) (Hockerman et al., 2000; Dilmac et al., 2003) share overlapped 

regions in voltage-gated calcium channels. Individual molecular determinants and combinational 

binding motifs are labeled with different colors. Calcium in the permeation path is labeled with 

red circles. (Additional Ref. Lacinová 2005; Wu et al., 2016; Wang et al., 2018; Mosa et al., 

2021).
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1.5.5 Peptide toxins 

 Several toxin peptides isolated from distinct snails and snake venoms exhibit selectivity 

for blocking for L-VGCCs over other VGCCs (Shroeder et al., 2013).  

 ω-conotoxin TxVII is a cone snail (C. textile) toxin with 26 a.a., from the ω-conotoxin 

family, sharing a four-loop backbone with six cysteines forming three disulfide bonds (Fainzilber 

et al., 1996). The negative charges and hydrophobic patches explained the selectivity of TxVII for 

L-VGCCs over N- and P/Q-type VGCCS, which are blocked by ω-CTX GVIA and ω-Aga IVA, 

respectively (Kim et al., 1994; Sato et al., 1994; Lew et al., 1995; Nasadi et al., 1995). However, 

this toxin reversibly inhibits snail L-type currents but not in rats, suggesting a species-specific 

binding (Sasaki et al., 1999). DW13.3 is from Filistata hibernalis (spider) venom with 74 a.a, 

reversibly blocking Cav1.2 with higher efficacy than all three Cav2 channels (Sutton et al., 1998). 

A snake peptide toxin, S4C8 from Aspidelaps scutatus (shield-nosed cobras) with 63 a.a also 

blocks L-type currents (Jouber et al., 1988).  

 Four L-type specific mamba toxins were identified. Calciseptine (CaS) is from 

Dendroaspis polyepis polyepis venom (black mamba) with 60 a.a., blocking Cav1.2 more than  

Cav1.3, while ineffective on Cav1.1 (de Weille et al., 1991; Yasuda et al., 1993; Garcia et al., 2001). 

FS2 is also from black mamba with 60 a.a., competitively bind to rat synaptosomal membrane 

with a higher affinity than CaS (Strydom 1977; Yasuda et al., 1994; Kini et al., 1998a). FS2 and 

CaS differ in 2 residues and have a similar blocking effect (Spedding et al., 1980; Watanabe et al., 

1995). A Dendroaspis augusticeps (Green mamba) toxin C10S2C2 was first isolated from the 

venom (Joubert and Strydom 1978) with 63 a.a. and shown to block L-type currents (Lee et al., 

1985). Calcicludine (CaC) is another green mamba venom peptide with 60 a.a, irreversibly 

inhibiting L-VGCC with an IC50 of 90nM and non-altered voltage-dependent biophysical 

properties (Stotz et al., 2000). CaC reaches its plateau of 60% block at the maximum concentration 

in a tissue- and species-dependent manner, suggesting a partial pore blockage or channel gating. 

Interestingly, CaC shares homology with protease inhibitors, including bovine pancreatic trypsin 

inhibitor (BPTI) (Schweitz et al., 1994; Gilquin et al., 1999). Moreover, CaC shares three prolines 

and a tryptophan in the N-terminus with ω-conotoxin TxVII (Fainzilber et al., 1996; Kobayashi et 

al., 2000), FS2, and CaS (Kini et al., 1998b).  
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1.5.6 Non-classified modulators 

In addition to the three classes of compounds and toxin peptides, several small molecules 

were reported to bind with VGCCs. Besides the prominent L-VGCC antagonists mentioned earlier, 

there is a group of DHP agonists such as (-) -(S)-Bay K (Schramm et al., 1983), 202-791 (Hof et 

al., 1985) (Figure 1.8.B), CGP 28392 (Erne et al., 1984), RS 30026 (Patmore et al., 1990), and 

other compounds that have been studied for their potentiation effect on Ca2+ channel activity. A 

non-dihydropyridine, benzoyl pyrrole derivative FPL 64176 also has an agonistic effect on L-type 

Ca2+ channels. It has a higher potency compared to (-)-Bay K 8644 (McKechnie et al., 1994), and 

is suspected to act on or near the extracellular face of the L-type channel. FPL was first established 

to increase current amplitude only after the drug was applied outside the cell, even though the drug 

was present in the patch pipette throughout the measurement (Rampa and Lacerda, 1991). FPL 

also slows current activation and inactivation as well as prolonging tail current during whole-cell 

patch-clamp recordings of smooth muscle cell Ca2+ current in a reversible manner (Rampe and 

Dage RC, 1992). Although FPL imposes a high potentiation, its effects can be blocked by further 

addition of the DHP agonist (-)-Bay K 8644. In contrast, FPL cannot exert an effect on (-)-Bay K 

8644 action. Besides the DHP agonist, potentiation induced by FPL in the contractile responses of 

smooth muscle cells can be noncompetitively antagonized by the Ca2+ antagonists, DHP, PAA, 

and BZT (Zheng et al., 1991). It was reported that negative allosteric interactions among these 

three majors Ca2+ antagonists and FPL 64176 occur at specific sites or conformations in the Ca2+ 

channel. To understand the mechanism of FPL-induced kinetics change, a group detected the 

dissociation between effects of FPL on ionic currents and gating currents (McDonough et al., 

2005). Inward ionic currents were enhanced ~5-fold for a voltage step from -90mV to +10mV, and 

there was no discernible effect on the fundamental movements of the gating charge that drive 

channel gating. It was proposed that FPL affects the coupling of charge movement to the opening 

and closing of the pore and potentially causes an inactivated state to become conducting without 

otherwise affecting gating transitions.  

Interestingly, FPL is selective for potentiating L-type as it was reported to inhibit N-type 

neuronal calcium currents (Liu et al., 2003), that both FPL and (+)-202-791 similarly affect the 

whole-cell L-type currents in sympathetic neurons in PC12 cells but inhibit the majority of the 

whole-cell current in HEK cells expressing a recombinant N-type Ca2+ channel. Besides voltage-

gated channels, FPL stimulated both [3H] ryanodine binding and RyR activity at higher than 1μM 
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Ca2+ concentration (Wasserstrom et al., 2002). It was proposed that the primary effect of FPL is to 

reduce the sensitivity of inactivation to Ca2+.   

1.6 Ca2+ activity and insulin secretion in pancreatic β cells 

1.6.1 Diabetes and pathology 

 Diabetes mellitus is a chronic progressive disorder associated with the inability to produce 

or utilize sufficient insulin to maintain a homeostatic blood glucose level. Long-term deficits in 

proper insulin functions lead to chronic hyperglycemia, facilitate the development of glucose 

intolerance and insulin resistance, and impair the ability to respond to blood glucose fluctuations 

(Back et al., 2012; Natarajan et al., 2012). Besides pancreatic dysfunction, diabetic complications 

resulting from uncontrolled hyperglycemia include neuropathy, nephropathy, retinopathy, and 

cardiomyopathy (Al Kury et al., 2020).  

1.6.1.1 Type I diabetes 

 Type 1 diabetes mellitus (T1DM or T1D), also known as juvenile, childhood-onset, or 

insulin-dependent diabetes, is a chronic autoimmune disease that ultimately leads to the selective 

destruction of pancreatic β-cells. Approximately 1.6 million Americans are diagnosed with T1D 

(DiMeglio et al., 2018). Unlike the development of T2D, T1D has a strong autoimmune and 

inflammatory component. Several autoantibodies which direct against β-cells antigens in the 

pathogenesis of T1D were identified, such as islet cell autoantibodies (ICA) and antibodies to 

insulin (IAA) (Taplin and Barker 2008). A perplexing association between environmental factors 

and microbiome, genome, metabolism, and immune systems all contribute to the development of 

T1D (DiMeglio et al., 2018, and see Rewers et al., 2016 for review).  

1.6.1.2 Type II diabetes 

 90% of diabetic patients have type 2 diabetes mellitus (T2DM or T2D) (Santos-Longhurst 

2020). T2DM is a metabolic disorder opposed to T1DM, and it results from insufficient insulin 

secretion or insulin resistance in the insulin-sensitive tissues (Perry et al., 2014; Frayn et al., 2001; 

DeFronzo et al., 2009). Simple lifestyles have been suggested to reduce the risks of T2DM, 
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including a healthy diet, physical activity, and maintaining an appropriate body mass. However, it 

is clear that genetics plays a role in the pathogenesis of T2D. The role of epigenetics in T2D is an 

area of intense research.  

 T2D is fundamentally a condition in which insulin supply does not meet insulin demand. 

Normally, the β-cell has a broad capacity to compensate for the considerable variations in insulin 

demand (Seino et al., 2005; Kahn et al., 2006). Plasma NEFA elevation and increased lipolysis 

have been proposed to correlate with reduced GSIS and progression of obesity and T2DM (Stein 

et al., 1997). However, T2DM development is a complicated process and not simply explained by 

insulin secretion defects.   

 ER stress has become a vital regulator of transcriptional and translational response in 

T2DM. Proper protein folding in ER is essential for protein function and cell survival, and 

misfolding is very sensitive to environmental factors (Malhi et al., 2014; Sun et al., 2015). 

Disruption of protein folding and ER stress initiation have been implicated in various diseases, 

including Alzheimer's disease (Pereira et al., 2013), chronic kidney disease (Maekawa et al., 2017), 

hepatocellular carcinoma (HCC) (Shuda et al., 2003), and β cell dysfunction (Eizirik et al., 2008; 

Berry et al., 2018). VEGF-B (vascular endothelial growth factor B) is upregulated in T2D patients 

(Hagberg et al., 2012; Mehlem et al., 2016). The most recent study found that VEGF-B can 

modulate Ca2+ and cAMP levels by involving signaling proteins in β-cell dysfunction. (Jia et al., 

2021). 

1.6.2 Pancreatic islets, β cells, and insulin 

 The pancreatic islets are endocrine micro-organs localized in the exocrine parenchyma of 

the pancreas, exposed to the systemic glucose concentration in the blood flow. Pancreatic islets 

express mainly four endocrine cells: glucagon-releasing α-cells, insulin-secreting β-cells, 

somatostatin-releasing δ cells, and pancreatic polypeptide (PP)-secreting cells (F cells) (Figure 

1.11). Among these four cell types, β-cells play the most important roles, making up 50% of cells 

in human islets and 75% in mouse islets (Cabrera et al., 2006). A mouse islet is about 60 μm in 

diameter and carries around 80 β-cells (Adriaenssens et al., 2016), and a human islet is about 130 

μm in diameter and carries around 200 β-cells (Hellman and Angervall 2009).  

 The pancreatic β-cells have an average diameter of 13~18 μm and contain ~10,000 

secretory granules with 8~9 fg insulin each, corresponding to an intragranular insulin 
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concentration of ~199 mM (Huang et al., 1995; Göpel et al., 1999; Olofsson et al., 2002). Insulin 

is complexed with Zn2+ (Zn2-insulin6), carried by β-cell secretory vesicles, and released in response 

to glucose stimulation (Rorsman and Ashcroft 2018).  

 

 

Figure 1.11.  Schematic of an islet of Langerhans containing α- β- δ- and F cells. α-cells secret 

glucagon, stimulating β-cell and δ-cell activity. β-cells secrete insulin, inhibiting α-cells. δ-cells 

secrete somatostatin, inhibiting α-cells and β-cells. F cells secret polypeptides. The exocrine 

pancreas contains acinar cells and duct cells (Ref. Ross and Wilson 2021; Encyclopedia 

Britannica, Inc 2010) 

1.6.3 Glucose uptake and metabolism 

 Various molecules can initiate insulin secretion, including glucose, leucine, stimulative 

substances for endogenous nutrient metabolism, and antidiabetic drugs. In addition, the effect of 

these secretagogues can be amplified by potentiators that have a little direct stimulatory effect. 

These potentiators require a threshold level of glucose, and some examples include amino acids, 

free fatty acids, incretin hormones such as glucagon-like peptide-1, and neurotransmitters (Jensen 

et al., 2008). Incretin hormones are released from the small intestines as glucose is absorbed into 

the bloodstream after a meal, establishing synergistic effects with initiators when plasma glucose 

increases (Vollmer et al., 2008).  

 Glucose-stimulated insulin secretion (GSIS) is the primary mechanism to prevent 

hyperglycemia. Impairment or loss of GSIS is the result of β-cell failure in type-2 diabetes (T2D). 
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GSIS is also proposed to follow a biphasic time course: Steep plasma glucose increase leads to 

initial transient response, referred to as the first-phase secretion, followed by a slower and gradual 

secretion upregulation referred to as the second phase release (Nesher and Cerasi 2002). 

1.6.3.1 Glucose uptake 

 Facilitated diffusion glucose transporters (GLUTs; encoded by the SLC2A genes) transport 

glucose into the β-cells (Figure 1.12). GLUT2 (SLC2A2) is required in rodent islet while it is 

dispensable in human β cells since all low Km glucose transporters GLUT1/2/3 (SLC2A1/2/3) are 

expressed. In diabetic rodents, significantly reduced GLUT2 is associated with impaired GSIS 

(Thoren et al., 1990; Orci et al., 1990). GLUT1 has a lower affinity than GLUT2 and constitutes 

the primary glucose transporters in human β-cells (Heimberg et al., 1995; McCulloch et al., 2011), 

supporting the observation of higher glucose sensitivity in human islets than mouse islets. GLUT2 

loss-of-function mutations cause transient neonatal diabetes mellitus, suggesting an essential role 

of a functional GLU2 and a compensatory role of other protein expressions during development 

(Sansbury et al., 2012). Interestingly, Na+-dependent glucose transporters SGLT (encoded by 

SLC5A genes) were also found in human β-cells but at much lower levels than GLUT1. SGLT 

transporters are not expressed in mouse islets (Benner et al., 2014; Blodgett et al., 2015). All three 

GLUT transporters efficiently take up glucose. Thus, the rate-limiting step in GSIS is not glucose 

uptake but rather phosphorylation of glucose by glucokinase.  

1.6.3.2 Glucose metabolism 

 Once the glucose is successfully transported into the β-cells, glucokinase (GCK) catalyzes 

the phosphorylation of glucose and initiates glucose metabolism (Bonner et al., 2015) (Figure 1.12). 

GLUT2 and GCK accelerate glucose metabolism in response to glucose concentration (Ashcroft 

et al., 1970). In β-cells, the predominant fate of glucose is metabolism via the Krebs cycle and 

glycolysis (Schuit et al., 1997). Upregulating β-cell glucose metabolism results in increased 

glycolytic ATP production, mitochondrial glucose oxidation, and active shuttling of reducing 

equivalents to the mitochondrial electron transport chain (ETC) from the cytosol. The close 

coupling between glycolysis and mitochondrial oxidation supports accelerated glycolysis in the 

presence of lowered ATP (Jensen et al., 2008). Mitochondrial calcium signaling is crucial for 
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pancreatic β-cell function in the metabolism-secretion coupling, including modulating 

mitochondrial structure, function, and signal transduction (See Weiser et al., 2021 for review).  

1.6.4 KATP modulation in GSIS 

 Glucose metabolism leads to increased ATP/ADP ratio and inhibition of ATP-sensitive K+ 

(KATP) channels. This process leads to the later stages of GSIS, including depolarizing plasma 

membrane, activating VGCCs and Ca2+ influx, and stimulating insulin granule exocytosis (Figure 

1.12). 

1.6.4.1 KATP channel-dependent pathway 

 The KATP channel contains four binding sites for ATP, with the occupation of only one 

binding site by ATP required for channel inhibition (Markworth et al., 2000). Identifying KATP 

channel subunits, sulfonylurea receptor 1 (SUR1), and inward rectifying the K+ channel (Kir6.2) 

has provided better insights into understanding KATP channel involvement in GSIS. KATP channel 

is an octameric complex of four pore-forming Kir6.2s and four regulatory SUR1 subunits (Inagaki 

et al., 1995). Kir6.2 is inhibited by ATP/ADP binding while SUR1 regulates the activity of Kir6.2 

pore, including sensitivity to sulfonylurea inhibition, K+ channel opener diazoxide, and ADP 

stimulation. KATP channel requires both subunits to correctly traffic to the plasma membrane, and 

each Kir6.2 subunit requires a SUR1 partner to traffic and vice versa (Zerangue et al., 1999). 

 Plenty of evidence has shown that GSIS depends on the KATP channel pathway, but this 

mechanism does not fully describe all the observations within the β-cell activity, including the 

biphasic time course. First phase secretion is explained by the KATP channel-dependent pathway, 

releasing a low level of granules from a readily releasable pool (RRP) (Ashcroft et al., 1984; Cook 

et al., 1984). Second phase secretion is better supported by a KATP channel-independent pathway 

including amplifying signals, and both readily releasable granules and newly recruited granules 

from the intracellular storage pool are secreted in this phase (Henquin et al., 2003).  
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1.6.4.2 KATP channel-independent pathway 

 Experiments that demonstrated insulin secretion while KATP channels were maintained in 

the open state with diazoxide challenged the obligate role of the KATP channel (Gembal et al., 

1992). Interestingly, islets from SUR1 knockout mice either have normal glucose homeostasis 

(Shiota et al., 2002) or increased insulin secretion in response to 15mM glucose (Nenquin et al., 

2004). On the other hand, homozygous Kir6.2 knockout mice showed reduced GSIS, whereas 

heterozygous mice exhibited increased insulin secretion (Remedi et al., 2006). Moreover, the KATP 

channel has been shown to interact with numerous proteins, such as actin (Brady et al., 1996), 

EPAC2 (exchange protein directly activated by cAMP; Shibasaki et al., 2004), 14-3-3 proteins 

(Heusser et al., 2006), and syntaxin (Ng et al., 2007). Altogether these results suggest that insulin 

secretion may proceed along with an ATP-independent pathway.  

1.6.4.3 KATP modulation 

 One important lipid regulator for the KATP channel is phosphatidylinositol 4,5-bisphosphate 

(PIP2), stimulating channel opening and reducing its ATP sensitivity (Shyng et al., 1998). 

Purinergic P2Y receptor-mediated activation of phospholipase C decreased the PIP2 in the plasma 

membrane, leading to decreased whole-cell KATP currents. PIP2 is proposed to bind closely to and 

modulate the ATP binding site. PIP2 binding stabilizes the open state of the KATP channel, 

increasing the open probability and reducing sensitivity to block by ATP (Nichols et al., 2006). It 

is also believed that the rundown of channel current occurring upon membrane rupture during 

patch-clamp recording is explained by PIP2 hydrolysis (Suh and Hille 2008; Harraz et al., 2020). 

 Many electrophysiological studies of the KATP channel in conjunction with membrane 

potential measurements agree that glucose and sulfonylurea drugs such as tolbutamide inhibit KATP 

channel activity at concentrations below those required to stimulate insulin secretion. Glucose-

induced block of the KATP channel is also in line with glucose-induced intracellular ATP increase. 

KATP channel block leads to membrane depolarization and stimulates action potentials (APs) 

related to insulin secretion. KATP channel activity is enhanced by activation of plasmalemma 

(PMCA) and Sarco/endoplasmic reticulum (sER) Ca2+-ATPases (SERCA), lowering the 

intracellular ATP concentration and influencing the burst duration (Gandasi et al., 2014).
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Figure 1.12.  Ion channels involved in glucose-stimulated insulin secretion in human β-cells and 

the corresponding electrical activity in the current-clamp recording. GLUT1 and GLUT2 (green) 

take up the extracellular glucose, inducing the mitochondrial glucose metabolism, producing 

ATP, increasing ATP/ADP ratio, and closing KATP channels (Kir6.2 and SUR1). Inwardly 

rectifying Kir5.1 and 7.1 channels have a small contribution to resting conductance. KATP 

channel closure leads to membrane resistance increase, allowing T-type Cavs to open 

spontaneously, inducing ① the initial depolarization. Further depolarization activates L-type 

Cavs (purple) and Nav (grey), leading to the ② upstroke of the action potential. ③ The peak of 

the action potential, P/Q Cavs are open, and Ca2+ influx triggers insulin exocytosis. BK (large 

Ca2+-activated high-conductance K+) channels are activated and explain ④ action potential 

repolarization. Interspike membrane potential is regulated by TALK-1/TASK-1, SK (small Ca2+-

activated high-conductance K+) channels, and delayed rectifying voltage-gated K+ channels. SK 

channels mediate ⑤ the afterhyperpolarization (AHP). The numbers 1-10 highlight the different 

phases of β-cell electrical activity: ⑥ the plateau/ interspike potential; ⑦ the progressive 

reduction of actional potential amplitude and potential during electric activity; ⑧ the silent 

interval between two bursts of action potentials that eventually results in the initiation of a new 

burst of action potentials and insulin secretion at high glucose concentration; ⑨ burst 

termination. Glucose-induced insulin secretion is more significant at high glucose than at low 

glucose despite the reduction of action potential magnitude because glucose exerts an amplifying 

effect on insulin secretion in addition to triggering electrical activity.  
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Figure 1.12 continued 
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1.6.5 L-VGCC modulation in GSIS 

 Inward currents elicited by either KATP or other background channels depolarize the 

membrane above a threshold level and initiate regenerative bursts of APs. A variety of voltage-

dependent currents are shown to contribute to APs, varying among species and depending on 

experimental methodology, including voltage-gated Ca2+ channels, voltage-gated Na+ channels, 

voltage-gated K+ channels, large-conductance Ca2+-activated K+ (BK) channels, small-

conductance Ca2+-activated K+ (SK) channels, and hyperpolarization-activated cation channels 

(HCN). Voltage-gated calcium channels (VGCCs) are the main channels conducting Ca2+ entry, 

attributing to the increase of cytoplasmic Ca2+ concentration (Jacobson and Philipson 2007).  

 In mouse β-cells, L-type VGCCs are predominately expressed along with a smaller amount 

of N-type and P/Q-type VGCCs. As for human β-cells, L, P/Q, and T-type VGCCs were found but 

not N-type. Moreover, the L-VGCC subtype Cav1.2 has a higher transcript level than Cav1.3 and 

Cav1.1. VGCC subtype-selective inhibitors and knockouts suggest that Cav1.2 is the principal 

channel in mouse β-cells and essential for first-phase insulin secretion, possibly due to the direct 

interaction with release-competent secretory granules (Schulla et al., 2003). In human β-cells, 

Cav1.3 transcript is more prevalent than Cav1.2 (See section 1.7.3 Braun et al., 2008; Reinbothe et 

al., 2012). 

 Interestingly, glucose metabolism regulates L-VGCCs. Glucose and glucose metabolite 

glyceraldehyde increase current and activity in β-cells and RINm4F cells by a Ca2+-dependent 

PKC (Velasco et al., 1988; Smith et al., 1989). This process could be reversed by mannoheptulose 

(glucose phosphorylation blocker) and oligomycin (mitochondrial ATP production inhibitors) 

(Smith et al., 1989). L-VGCC activity is also regulated by protein phosphorylation such as PKA 

and PKC. Elevated cAMP induced by forskolin almost doubles Ca2+ current, and it is amplified 

by okadaic acid, which inhibits serine-threonine protein phosphatase (PP) type 1, 2A, and 3 

(Ammälä et al., 1993, 1994), suggesting the activation of L-VGCCs by PKA. IP6, the dominant 

inositol phosphate in insulin-secreting cells, inhibits PP1, PP2A, and PP3 and increases the Ca2+ 

current (Larsson et al., 1997). The PKC activator, PMA (Phorbol 12-myristate 13-acetate), blocks 

the okadaic acid-induced Cav channel activity, suggesting that these PPs dephosphorylate at PKA 

sites but not PKC sites in mouse pancreatic β-cells. This observation was drastically more intense 

in RINm5F cells than primary mouse β-cells (Ammälä et al., 1994; Haby et al., 1994). 
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 L-VGCC auxiliary subunits were also found to associate with β-cell current activity. 

Interestingly, different from the results in a heterozygous expression system, Cavβ3 is not required 

for expression of β-cell Cav channels but forms a Cavβ3 subunit-intracellular Ca2+ store network, 

and there was no compensatory increase of expression of other β subunits (Berggren et al., 2004). 

Cavβ3-knockouts do not affect the gating nor activity of Cav channels. Disruption of Cavα2δ 

expression in β-cells reduces Ca2+ current amplitude in half and substantially reduces insulin 

secretion (Mastrolia et al., 2017). This result is consistent with the role of Cavα2δ in neurons 

(Hoppa et al., 2012) and suggests that Cavα2δ subunits are critical for coupling VGCC to insulin 

secretion. 

1.6.6 β-cell electric activity 

1.6.6.1 modulators of β-cell electric activity 

 As mentioned earlier, a variety of GSIS modulators have been identified. Except for 

initiators, sulfonylureas, and non-esterified fatty acids (NEFA, also called free fatty acids FFA), 

no modulators can initiate insulin secretion directly but amplify β-cell electrical activity and insulin 

secretion when plasma glucose concentration increases. Modulators like hormones and 

neurotransmitters have to interact with intracellular or membrane receptors to initiate the 

regulatory pathway.   

 Ionotropic and metabotropic receptors were identified in different signaling pathways. 

Ionotropic receptors contain ion channels to regulate ion flux, while metabotropic receptors 

comprise mostly G protein-coupled receptors (GPCR), indirectly regulating ion flux by activating 

G proteins or second messengers like Ca2+. Among the hormones and neurotransmitters, several 

insulin potentiators were identified, such as acetylcholine (Ach), glucagon-like peptide 1 (GLP-1), 

gastric inhibitory peptide (GIP), and opioids (Irwin et al., 2013).  Inhibitory insulin regulators 

include paracrine hormone somatostatin, the neurotransmitter epinephrine, and the peptides 

galanin, ghrelin, and leptin. The potentiators also reduce the hyperpolarizing background KATP 

conductance and activate a depolarizing TRPM channel (TRPM2 or TRPM4) current. On an 

additional note, nicotinic acid dinucleotide phosphate (NAADP) activates TRPM2 channels and 

increases glucose response and potentially background current (Masgrau et al., 2003; Sumoza-

Toledo et al., 2011; Yoshida et al., 2014).  
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 Besides the GSIS modulators mentioned above, various autocrine regulators are found in 

the β-cell secretory granules and are co-released with insulin in response to glucose, modulating 

β-cell electrical activity. These regulators include islet amyloid polypeptide (IAPP or amylin), 

ATP/ADP, zinc, the neurotransmitter GABA, glutamate, and glycine (Henquin et al., 2021).  

1.6.6.2 β-cell action potential upstrokes 

 The measured resting membrane potentials for β-cells in humans at -65mV and -75mV for 

mouse β-cells due to high resting KATP channel activity when cytoplasmic ATP/ADP ratio is low 

and minor effects of Kir5.1 and Kir7.1 (Riz et al., 2015). -55mV is the approximate threshold 

target to open VGCCs in mouse β-cells (Figure 1.12) (Göpel et al., 1999; Barnett et al., 1995; 

Braun et al., 2009).  

 The initial depolarization and upstroke of the APs are associated with regenerative 

activation of L-VGCCs, as assessed by studies with Ca2+ channel antagonists. Inorganic Ca2+ 

channel blockers (such as Co2+) block VGCCs, hyperpolarizing the membrane potentials and 

suppressing the electrical activity (Ribalet et al., 1979). However, sustained blocking results in 

paradoxical membrane depolarization, correlating with resting β-cell K+ conductance reduction 

and KATP channel inhibition (Göpel et al., 2004). Organic L-VGCC blockers like verapamil and 

nifedipine transiently suppress the electric activity but do not diminish the low-amplitude action 

potential activity (Vasseur et al., 1987).  

 Voltage-gated Na+ channels contribute to action potential firing in a smaller proportion of 

β-cells by spreading depolarization to neighboring cells lacking Na+ channels via gap junctions 

(Rocheleau et al., 2006; Zhang et al., 2014). Other L-VGCC-independent action potentials imply 

the opening of P/Q- and N-type Ca2+ channels at -20mV and above.   

1.6.6.3 β-cell action potential repolarization 

 Rapid CDI in VGCCs underlies action potential repolarization, along with VDI of Na+ 

channels and activation of delayed rectifying Kv2.1 and BK channels (Figure 1.12) (Houamed et 

al., 2010). Kv2.1 channels only contribute to the late phase of repolarization because of their slow 

opening, with maximal activation occurring after membrane potential returns to the plateau (Smith 

et al., 1990; Jacobson et al., 2007; Houamed et al., 2010). BK channels, the large-conductance 
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Ca2+ -activated K+ channels, are activated during the upstroke of the action potential, and blocking 

BK channels increases action potential amplitude (Henquin et al., 1990; Houamed et al., 2010). 

Kv2.1 and BK channels together modulate the AP downstroke velocity.   

1.6.6.4 β-cell action potential plateau 

 Following the action potential repolarization, the membrane potential returns to a level 

around -50 ~ -40 mV, depending upon species (Figure 1.12). This plateau potential is potentially 

influenced by delayed rectifying K+ channels, two-pore K+ channels, and small-conductance (SK) 

Ca2+ -activated K+ channels. Kv2.1 and Kv11.1/11.2 have slow activation and deactivation, 

maintaining K+ conductance after repolarization, contributing to the interval of successive action 

potentials (Ashcroft et al., 1989; Kang et al., 2006; Düfer et al., 2009). These delayed rectifying 

K+ channels also help reactivate VGCCs (Rorsman et al., 2011). The outwardly rectifying two-

pore K+ channels TASK-1 and TALK-1 stabilize membrane potentials when the membrane 

potential is above -40mV in a voltage-independent manner (Vierra et al., 2015; Dadi et al., 2015). 

SK3 and SK4 channels are activated by Ca2+ accumulation during action potential firing, 

underlying the brief after-hyperpolarization, and regulating AP frequency.  

1.6.6.5 β-cell action potential bursts 

 Apamin, a blocker of SK (SK1-3) channels, stimulates action potential firing in both human 

and mouse β-cells and reduces actional potential amplitudes (Jacobson et al., 2010). Another SK 

channel blocker, NS8693, depolarizes the membrane potential by 10mV, increasing the firing 

frequency and insulin secretion in human β-cells in the presence of 10mM glucose (Jacobson et 

al., 2010). Blocking the TASK-1 channel is also found to increase action potential firing (Dadi et 

al., 2015; Vierra et al., 2015). Compared to mouse β-cells, human β-cells tend to have more 

negative action potentials with shorter silent intervals lacking well-defined plateau potentials. 

 Often time, a progressive decrease in both action potential amplitude and frequency are 

recorded during experiments, and cumulative VDI of Na+ channels and VDI/CDI of Ca2+ channels 

can explain this unique observation (Plant et al., 1988; Rorsman et al., 2011; Satin et al., 1989; 

Zhou et al., 1995). 
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1.6.6.6 β-cell action potential burst termination 

 Termination of the continuous firing is associated with the activation of Kslow (KATP and 

SK3/4) channels. Ca2+ influx activates Kslow by stimulating Ca2+ -ATPases SERCA, utilizing ATP, 

reducing ATP/ADP ratio in the cytoplasm, terminating the bursts, and repolarizing the membrane 

potential to -70mV (Detimary et al., 1998; Tarasov et al., 2012). Increased KATP channel activity 

during repolarization and the regenerative closure of VGCCs after dropping below the threshold 

accounts for the rapid final repolarization to the interburst membrane potential (Rorsman et al., 

2011).  

 Interestingly, a long silent plateau potential below the threshold is often observed between 

two intense bursts of action potentials. During this period, intracellular Ca2+ is reduced, and 

ATP/ADP ratio keeps climbing up, resulting in a time-dependent decrease in Kslow activity. 

Reactivation of voltage-gated Na+ and Ca2+ channels initiates a pacemaker depolarization and 

induces a new burst of action potentials. In human β-cells, T-type VGCC is also activated when 

SK current is sufficiently reduced (Zhou et al., 1995).    

 Fascinatingly, this termination is less likely to be found when glucose concentration 

reaches around 20~30mM. Instead, continuous action potential firing exists to replace the 

oscillatory electrical activity in the presence of low 10mM glucose (Barnett et al., 1995). This high 

excitability is proposed to be led by the increased metabolic rate of β-cells at higher glucose levels 

and ATP production. β-cells have a higher capacity to buffer ATP/ADP with a more stable ratio, 

and reactivation of the KATP channel is limited to permanently depolarize β-cells (Henquin et al., 

1984; Sánchez-Andrés et al., 1995). In human β-cell depolarization, the T-type Ca2+ channel and 

the TTX (tetrodotoxin) -sensitive Na+ channel stay in VDI, leading to a reduced action potential 

amplitude in high glucose conditions compared to low glucose. Action potential peak amplitudes 

correlate with the activation of voltage-gated P/Q type-Ca2+ channels, diminishing when the 

membrane potential goes more negative. Different VGCCs activated at different membrane 

potentials dominate the GSIS in the presence of different concentrations of glucose (Braun et al., 

2008). 
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1.6.7 Insulin secretion 

 Insulin secretion from the secretory vesicles is a highly regulated process and can be 

explained by the SNARE (Soluble NSF attachment protein (SNAP) receptor) proteins. (vesicle) 

v-SNAREs and (target) t-SNAREs are the essential proteins on vesicular, granular, and plasma 

membranes involved in this process (Südhof et al., 2012), including tethering, docking, and 

assembly of the loose SNARE complex, formation of the tight ternary SNARE complex, fusing 

into the plasma membrane, opening the pore and delivering insulin into the extracellular 

environment with an expanded fusion pore.  

 Tethering is regulated by VGCCs and active zone proteins munc18, munc13, and RIM. 

SNARE complex is formed by SNAP-25 and t-SNARE protein syntaxin-1 in the plasma 

membrane interacting with v-SNARE protein VAMP2 in the secretory vesicle membrane. 

Syntaxin-1 forms one helix, SNAP-25 forms two helices, and VAMP-2 forms the last helix of the 

SNARE complex, stabilized by complexin. The fusion pore is opened upon Ca2+ binding to 

synaptotagmin, displacing complexin and completing zippering. These fusion pores are further 

expanded to release the cargo from a dense core vesicle by disassembling the cis-SNARE complex 

with the help of NSF/SNAP ATPases and recycled (Südhof et al., 2009, 2012, 2013). Additionally, 

the cytomatrix active zone (CAZ) protein piccolo (PCLO, also known as aczonin) binds to the 

cAMP sensor Epac2 (cAMP-GEFII) and RIM2, which mediates the stimulatory effect of cAMP 

on exocytosis in a Ca2+ -dependent manner. Downregulation of PCLO in mouse islets inhibits 

insulin secretion (Fujimoto et al., 2002).  

1.6.8 Intracellular Ca2+ homeostasis 

 Besides the VGCCs on the extracellular membrane of β-cells, multiple ion channels also 

reside on the intracellular organelle membranes such as secretory vesicles, lysosomes, and 

endoplasmic reticulum (ER). Two ligand-gated Ca2+ release channels, the Ryanodine receptor 

(RyR) and InsP3 receptor (IP3R), are localized in ER and play essential roles in regulating 

intracellular Ca2+ homeostasis by mobilizing Ca2+ from intracellular stores (Gilon et al., 2002). A 

variety of stimuli can activate RyR and IP3R, including neurotransmitters, hormones, metabolic 

fuels, and Ca2+, and release Ca2+ into the cytosolic compartment and induce complex dynamic 

changes. This Ca2+ -induced Ca2+ release (CICR) has been shown to mediate the effects of GLP-1 
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on β-cell Ca2+ concentrations (Kang et al., 2003; Kanai et al., 2004). The ER Ca2+ pump inhibitor 

thapsigargin can deplete the ER Ca2+ pool, disturbing the electrical bursting in β-cells and Ca2+ 

oscillations (Beauvois et al., 2006). Multiple studies proposed that the complex dynamic changes 

in Ca2+ concentrations modulate both exocytotic proteins and intracellular Ca2+ -sensitive proteins 

to regulate cellular events (Yang et al., 2014).  

1.6.8.1 IP3 receptor in β-cells 

 All three IP3R subtypes (IP3R1/2/3) can be found in the β-cell ER membrane, opening 

pores in response to activation of phospholipase C (PLC)-linked GPCRs such as muscarinic M3 

receptors and purinergic P2Y receptors. PIP2 does not only activate KATP channel pore opening or 

inhibit TRP channels, but also mediates GPCR coupling (Yen et al., 2018). Activation of Gs or 

Gi-coupled receptor results in an increase or decrease in the cAMP level. Gq activates PLC and 

initiates the hydrolysis of receptor-triggered PIP2 to generate diacylglycerol (DAG) and IP3. IP3 is 

a second messenger and undergoes extensive metabolism. IP3 can either be directly hydrolyzed or 

be first phosphorylated to generate D-myo-inositol 1, 3, 4, 5-tetrakisphosphate (IP4), or 

dephosphorylated to D-myo-inositol bisphosphates (IP2) and D-myo-inositol monophosphates 

(IP1). Synthesis and hydrolysis of PIP2 induced by IP3-induced ER Ca2+ release support a buffering 

of global plasma membrane PIP2 pool (Gamper and Shapiro 2007; Trinquet et al., 2011).  

 Glucose induces CICR and increases IP3 levels efficiently. Insulin from GSIS is co-

released with ATP, which activates autocrine P2Y receptors, potentially explaining the IP3 level 

increase (Barker et al., 2013). Ach effects are partly mediated by elevation of IP3, stimulating ER 

Ca2+ release via binding to IP3R (de Sevilla et al., 2008).  

 IP3-induced Ca2+ release can be significantly increased in Cavβ3 knockout β-cells and is 

associated with an increase in the frequency of glucose-induced Ca2+ oscillations, creating more 

efficient glucose homeostasis (Berggren et al., 2004). It was speculated that Cavβ3 slows the IP3-

mediated Ca2+ mobilization from intracellular stores by reversibly interacting with the IP3 receptor 

(Yang and Berggren 2006). 
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1.6.8.2 RyR2 in β-cells 

 All three subtypes of RyRs have been reported to be expressed in human β-cells (Mitchell 

et al., 2003).  RyR expression level in mouse β-cells is low (Benner et al., 2014), but in 

somatostatin-secreting δ cells, RyR3 has a high expression (Zhang et al., 2007). Paracrine action 

of somatostatin is dependent on RyR activity in mouse islets and inhibits insulin secretion (Zhang 

et al., 2007; e Drigo et al., 2019). Interestingly, RyR2 is found to be prominent in human islets 

without other subtypes expressed (Bruton et al., 2002; Johnson et al., 2004). Activation of RyR2 

induces insulin secretion at 3mM glucose but not in higher glucose concentrations (Kanatsuka et 

al., 1989). RyRs can be activated by glucose-induced Ca2+ influx, caffeine, ATP, fructose 1,6-

diphosphate, long-chain acyl CoA, and cADPR (cyclic ADP-ribose) (Gilon et al., 2002). Once 

activated, RyRs undergo a rapid conformational switch from an impermeable state to a highly 

permeable pore, allowing rapid Ca2+ release into the cytoplasm, regulating insulin secretion, and 

interacts with Ca2+-sensitive proteins (Yang et al., 2014). Altogether the expression of RyR is 

slightly lower than that of IP3R in β-cells, and their roles are not fully understood yet. RyR 

expression or function decreases in multiple diabetic animal models and patients, suggesting a 

potential role in the pathophysiology of diabetes (Islam 2002).  

1.6.8.3 IRBIT in β-cells 

 IRBIT (IP3R binding protein released with inositol 1,4,5-trisphosphate, also called 

AHCYL1 or DCAL) was first identified as a binding protein of IP3R and served as an inhibitor 

(Ando et al., 2003). IRBIT competes with IP3 for the common binding site on IP3R and suppresses 

IP3R activation (Ando et al., 2006). IRBIT activity is regulated in the serine-rich region, and 

phosphorylation of S68 is required for binding to binding to IP3R. Protein phosphatases (such as 

PP1) dephosphorylate IRBIT and reduce its affinity to IP3R (Ando et al., 2006; Devogelaere et al., 

2007). Two motifs in IRBIT, PEST, and PDZ, were identified to regulate the binding of IRBIT to 

IP3R by in-silico analysis and pull-down assays (Devogelaere et al., 2006). Splicing variation of 

IRBIT long- and short- forms affects protein stability and target selectivity (Kawaai et al., 2017).  

 IRBIT was reported to bind to and regulate the Na+/HCO3
− cotransporter NBCe1-B 

(Shirakabe et al., 2006), the Na+/H+ exchanger NHE3 (He et al., 2008), the Cl− channel CFTR 

(cystic fibrosis transmembrane conductance regulator) (Yang et al., 2009), and the 
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Cl−/HCO3
− exchanger Slc26a6 (Park et al., 2013). The physiological and pathological roles of 

IRBIT have been examined in renal collecting tubule epithelium, zebrafish embryonic 

development, and tumors (Ando et al., 2014), but the role of IRBIT in pancreatic β-cells has not 

been reported.  

1.6.8.4 Store-operated Ca2+ entry 

 The deficiency of ER Ca2+ levels regulated by SERCA inhibitors induces Ca2+ entry and 

depolarizes the membrane potentials of β cells (Gilon et al., 1992). Store-operated calcium entry 

(SOCE) is a process activated in response to this depletion following the stimulation of plasma 

membrane receptors that couple to PIP2 hydrolysis and IP3/DAG generation. Stromal interaction 

molecule 1 (STIM1) acts as a calcium sensor enabled by an intraluminal EF-hand domain, and 

when active IP3R generates a low calcium microenvironment (Sampieri et al., 2018), it interacts 

with Ora1 in the plasma membrane to form a Ca2+ permeable pore. TRPC channels are also thought 

to contribute to SOCE activity in β-cells (Islam 2010; Prole and Taylor 2019). The SOCE is almost 

universally associated with IP3-evoked Ca2+ release. Interestingly, RyR-induced Ca2+ entry 

through TRP-like channels does not involve Ca2+ store depletion (Gustafsson et al., 2004).  

 Additionally, two intracellular messengers, cADPR (cyclic ADP ribose) and NAADP 

(nicotinic acid adenine dinucleotide phosphate), are formed from β-NAD+ and NADP+ by several 

ADP ribosyl cyclases such as CD38 (Michell et al., 2003). TRPM2 activation induces cADPR to 

release Ca2+ from ER and triggers Ca2+ entry, while NAADP releases Ca2+ from acidic Ca2+ stores 

like lysosomes and insulin secretory vesicles (Michell et al., 2003). Activation of the CD38 

/cADPR /NAADP pathways was shown to reduce apoptosis in β-cells (Johnson et al., 2006).  
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Figure 1.13.  Ca2+ homeostasis in pancreatic β-cell physiology. L-VGCCs are involved in insulin 

secretion by interacting with syntaxin 1A and SNAP-25. The Ca2+ store in the endoplasmic 

reticulum is regulated by RyRs and IP3Rs in response to intracellular Ca2+ concentration, 

resulting in calcium-induced calcium release (CICR). IRBIT inhibits to IP3Rs. Store-operated 

calcium entry (SOCE) is activated upon depletion of Ca2+ stores, and STIM1 interacts with Ora1 

and/or TRPC to induce Ca2+ entry. GPCR pathway activates PLC, hydrolyzing PIP2 into DAG 

and IP3, which activates IP3R and release Ca2+ from ER. 

 

1.7 Physiological and Clinical significances of L-VGCCs Cav1.2 and Cav1.3 

 The previous sections have introduced the biophysiological and pharmacological 

properties of L-VGCCs, and this section will summarize the roles of L-VGCC subtype Cav1.2 and 

Cav1.3 in human diseases associated with genetic Ca2+ channel defects (channelopathies), gain- 

and loss-of-functions. Spontaneous gain-of-function in Cav1.2 (CACNA1C gene) leads to Timothy 

syndrome (see section 1.7.2.1; Splawki et al., 2004, 2005; Calorio et al., 2019), and homozygous 

deletion of Cav1.2 in mice is embryonically lethal due to malformation of the cardiovascular 

system (Seisenberger et al., 2000). SANDD (sinoatrial node dysfunction and deafness) syndrome 

is the only channelopathy currently associated with Cav1.3 channels (Striessnig et al., 2010, Baig 

et al., 2011). Cav1.3 is co-expressed with Cav1.2 in many neuronal and endocrine tissues (Fig 1.14). 
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Existing L-VGCC blockers inhibit both of the isoforms with no selectivity, and their physiological 

roles could not be pharmacologically separated and studied.  

 

 

Figure 1.14.  Relative distribution of Cav1.2 and Cav1.3 in different significant organs. Dashed 

box indicates the predominant expression of Cav1.2 in cardiac tissues associated with 

hypertension treatment. The Solid boxes indicate the clinical significance of Cav1.3 associated 

with Parkinson’s disease, type-1 diabetes, and prostate cancer. 

1.7.1 Physiological significance of Cav1.2 and Cav1.3 

 Even though both Cav1.2 and Cav1.3 are expressed together in many tissues, they display 

divergent involvement in various cellular processes. Genetically modified mice have revealed 

(Platzer et al., 2000; Sinegger-Brauns et al., 2004) their distinct subtype-specific regulation of 

mood behavior, pancreatic beta-cell activity, and cardiovascular functions. Cav1.3 is found to serve 

pacemaker functions in neurons (Olson et al., 2005), the sinoatrial node (Mangoni et al., 2003), 

and in chromaffin cells (Macrcantoni et al., 2007, & 2010; Hasreiter et al., 2014).  
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1.7.1.1 L-VGCCs regulate cell survival and endo/exocytosis 

 A fast and irreversible decrease in intracellular Ca2+ is associated with an apoptotic process 

and survival-promoting activity (Galli et al., 1995). Two transcription factors, MEF2 (Mao et al., 

1999) and C/EBPβ (CCAAT enhancer-binding proteins) (Marshall et al., 2003), were identified to 

promote neuronal cell survival. 

 In select cells and synapses, L-VGCCs also regulate exocytosis. L-VGCCs activation 

induces Ca2+/CaM-dependent protein kinase, and GTP-binding protein inhibition, which is 

involved in β cell exocytosis (Ashcroft et al., 1994). In INS-1 cells, Cav1.3 has been preferentially 

linked to glucose-triggered calcium oscillations (Liu et al., 2004). In Xenopus nerve-muscle 

synapses, varicosities possess L-VGCCs that are activated more rapidly than N-type channels, 

contributing significantly to evoked exocytosis of Ach (Sand et al., 2001). Expression of Cav1.2 

II-III loop competitively disrupts the spatial coupling with secretory apparatus, and the 

depolarization evoked exocytosis in Xenopus Oocytes (Wiser et al., 1999). L-VGCCs carry almost 

half of the whole-cell Ca2+ current and are responsible for rat chromaffin cells (RCC) exocytosis 

(Carabelli et al., 2003, 2007), while RCC endocytosis is attenuated when L-VGCCs are blocked 

(Rosa et al., 2007, 2010, 2012). 

1.7.1.2 Cav1.3 is required for hearing 

 Both isoforms Cav1.2 and Cav1.3 have been detected by PCR in cochlea hair cells (Green 

et al., 1996), and hair cells of the chick basilar papilla predominantly express Cav1.3 (Kollmar et 

al., 1997), suggesting their roles for afferent synaptic transmission. To examine their physiological 

role and significance as a potential drug target, Striessnig’s lab generated Cav1.3 deficient mice 

(α1D-/-) that turned out to be deaf due to lacking L-VGCC currents in cochlear inner hair cells 

(IHC) and degeneration of outer and inner hair cells (Platzer et al., 2000).  

1.7.1.3 Cav1.3 regulates cardiac pacemaking 

 The heart rhythm is controlled by the spontaneous activity of pacemaker cells in the sino-

atrial node (SAN), and this activity in SAN cells is due to a slow diastolic depolarization driving 

the membrane voltage from the end of an AP to the threshold of a new AP (Zipes et al., 1980). 

Cav1.3 exhibits negative activation thresholds essential for normal auditory function and controls 
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cardiac pacemaker activity. Loss of Cav1.3 in α1D-/- mice leads to SAN dysfunction (such as 

bradycardia and arrhythmia) in electrocardiogram recordings (Platzer et al., 2000). Later studies 

showed that the inactivation of Cav1.3 slows pacemaker activity and promotes spontaneous 

arrhythmia in SAN pacemaker cells (Mangoni et al., 2003). Both studies indicated the link between 

pacemaker activity alterations and activation at a negative membrane potential. The voltage range 

from -60 to -40 mV for IHCs and SAN cell operation also supports Cav1.3 channel gating (Koschak 

et al., 2001; Xu and Lipscombe et al., 2001; Lipscombe et al., 2004). 

1.7.1.4 Cav1.3 regulates adrenal chromaffin cell pacemaking 

 Both Cav1.2 and Cav1.3 are highly expressed in chromaffin cells of the adrenal medulla 

(García-Palomero et al., 2000; Baldelli et al., 2004; Pérez-Alvarez et al., 2010; Segura-Chama et 

al., 2012), where they regulate cell excitability, catecholamine secretion, and vesicle retrieval. 

Cav1.3 exhibits weak or strong CDI depending on the alternative splicing of its carboxy tail (Lieb 

et al., 2012). Multiple studies eliminated the contribution of CDI to the total inactivation in the 

chromaffin cells, because of the low calcium concentration and the physiological range of 

membrane potential for pacemaker activity. Cav1.3 carries most of the pacemaker’s current that 

sustains chromaffin cell’s spontaneous activity (Marcantoni et al., 2009, 2010; Vandael et al., 2010; 

Mahapatra et al., 2012). Cav1.3 drives sufficient SK current that helps with adapting the firing rate 

to a sustainable frequency during prolonged depolarizations (spike-frequency adaptations, SFA) 

(Vandael et al., 2012). Besides SK channels, Cav1.3 is tightly coupled to BK channels, playing a 

pivotal role in controlling action potential shaping (Marcantoni et al., 2010; Vandael et al., 2010). 

All three channels support catecholamine secretion sensitivity to L-VGCC currents in rat and 

mouse chromaffin cells (Kim et al., 1995; Engisch et al., 1996; Nagayama et al., 1999; Lukyanetz 

et al., 1999; Carabelli et al., 2003; Akiyama et al., 2004; Marcantoni et al., 2009), helping 

chromaffin cells optimally adapt under stimulus to switch from regular to stress conditions 

(Vandael et al., 2012). 

 Another interesting finding showed atypical voltage-dependence and kinetics of calcium 

recording due to deficient expression of a splice variant of Cav1.3 (short-form Cav1.342A) in 

spontaneously hypertensive (SHR) and normotensive Wistar-Kyoto (WKY) rat chromaffin cells. 

This observation relates to the functional and behavioral alterations in SHR/WKY rats, such as 

their susceptibility to developing hypertension (Segura-Chama et al., 2012). 
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1.7.2 Cav1.2 and Cav1.3 in Neuronal and psychiatric regulation 

 Both Cav1.2 and Cav1.3 regulate memory and learning. Cav1.2 mediates long-term 

potentiation (LTP), spatial learning, and memory in the hippocampus (Moosmang et al., 2005). 

Cav1.3 mediates LTP in the amygdala, participates in the consolidation of fear memory (Gamelli 

et al., 2009), contributes to neuronal plasticity (Murphy et al., 1991; Deisseroth et al., 1998; 

Hardingham et al., 1998; Tao et al., 1998; Graef et al., 1999; Rajadhyaksha et al., 1999), and is 

required for correct hippocampal neurogenesis and cognitive functions (Marschallinger et al., 

2015). 

 Different VGCC subtypes participate in distinct neuronal functions. Low threshold 

channels likely play a role in dendritic integration while high-threshold channels are involved in 

somatic Ca2+-dependent process (Christie et al., 1997). L-VGCCs and NMDA receptors can 

mobilize calmodulin, initiating the transcription factor CREB phosphorylation that is essential for 

forming long-term memory in several animal species (Deisseroth et al., 1998). 

  Neuronal plasticity is attributed to L-VGCCs in coupling synaptic excitation to activation 

of transcriptional events (Murphy et al., 1991). During the aging process, L-VGCCs facilitate long-

term depression (LTD) during low rates of synaptic activity but impair LTD during higher levels 

of synaptic activation via an increased level of Ca2+-dependent K+-mediated afterhyperpolarization 

(AHP) (Norris et al., 1998). L-VGCCs induce long-term potentiation (LTP) in the thalamo-

amygdala by paring presynaptic activity with either APs or continuous depolarization in the 

postsynaptic cell, a leading mechanism to explain fear conditioning, a prominent model of 

emotional memory (Weisskopf et al., 1999). 

1.7.2.1 Cav1.2 channelopathies causing autism 

 The earliest neurological and psychiatric involvement of Cav1.2 could be traced back to 

the study investigating the genetics of Timothy Syndrome (TS; Splawski et al., 2004). TS brings 

the suffering of cardiac arrhythmia, immune deficiency, hypoglycemia, and syndactyly and 

cognitive impairment to children, who might have difficulties in language, motor skills and 

symptoms of autism spectrum disorders (ASD). The missense TS mutation is shown to locate in 

the intracellular end of IS6 of Cav1.2 subunit at G406R, exon 8A of the alternative splicing, while 

TS2 locates at G402S in exon 8, which leads to more severe phenotypic alterations in affected 
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patients (Splawski et al., 2005). The G406R change leads to a gain of function, attenuating the 

VDI of Cav1.2 while accelerating CDI (Barrett and Tsien, 2008; Dick et al., 2016). To study the 

physiological consequences of TS mutant in Cav1.2, Dolmetsch’s lab generated induced 

pluripotent stem cells (iPSCs) (Pasca et al., 2011). They reported wider APs, increased intracellular 

Ca2+ levels, dysregulation of ASD-associated genes, and upregulation of tyrosine hydroxylase 

(TH), leading to higher production of neurotransmitters norepinephrine and dopamine, which were 

widely accepted to play critical roles in many psychiatric diseases (Hirschfeld 2000; Howes and 

Kapur 2009; Berger et al., 2014). More findings have shown the association between TS mutation 

models and various autism-related endophenotypes (Krey et al., 2013; Pasca et al., 2011; Bader et 

al., 2011), such as defects in connectivity of different cortical areas in ASD (Batterfeld et al., 2011). 

 Additional Genome-wide analysis (GWA) studies have spotted the association between 

Cav1.2 gene alterations and the pathology of several psychiatric diseases (Bhat et al., 2012). 

Vulnerability factors of bipolar disorder have been identified as the CACNA1C gene (Moskvina et 

al., 2009) or a specific CACNA1C single nucleotide polymorphism (SNP) variant (rs1006737) 

(Ferreira et al., 2008; Keers et al., 2009; Sklar et al., 2008). GWAS has detected a shared effect of 

these SNP variants on bipolar disorder, attention deficit-hyperactivity disorder (ADHD), ASDs, 

schizophrenia, and major depression (Cross-Disorder Group of the Psychiatric Genomics 

Consortium, Genetic Risk Outcome of Psychosis [GROUP] Consortium 2013). Cavβ2 subunit, 

encoded as CACNB2 gene, was found to interact with an SNP variant in all five psychiatric 

disorders. Interestingly, the cardiac disease Brugada syndrome has been identified as mutations in 

CACNA1C and CACNB2, characterized by an ST-segment elevation in the right precordial 

electrocardiogram and sudden cardiac death (Antzelevitch et al., 2007; Napolitano and 

Antzelevitch, 2011). CACNA1C risk allele rs1006737 are associated with emotional alterations 

and cognitive deficits in humans (Zhang et al., 2020) and mice (Berger et al., 2014). Multiple 

proposals of molecular pathways suggest that mistuned Ca2+-mediated excitation-transcription 

signals bring more support for new hallmarks on Timothy syndrome (Marcantoni et al., 2020). 

1.7.2.2 Cav1.3 in the early onset of Parkinson’s Disease 

 Neuronal calcium signaling has been indicated with solid evidence to be abnormal in 

multiple neurodegenerative disorders, including Alzheimer’s disease (AD), Parkinson’s disease 

(PD), amyotrophic lateral sclerosis (ALS), Huntington's disease (HD), and spinocerebellar ataxias 
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(SCAs), which present an enormous medical, social financial and scientific problem 

(Bezoprozvanny et al., 2009). Intense research has been devoted to study the cause of these 

disorders, but only marginal clinical progress has been made, and most of them remain incurable.  

 Parkinson’s disease is a progressive hypokinetic neurodegenerative disorder characterized 

by bradykinesia, rigidity, akinesia, abnormal posture, and resting tremor and is the most prevalent 

movement disorder. The risk of PD increases with aging, affecting 1% of people over 60 years of 

age, rising to 2~4% for those aged over 80 years (Lees et al., 2009). PD results from selective 

dopaminergic neuron loss in substantia nigra pars compacta (SNc). Mitochondria are a crucial 

locus in PD pathogenesis as most of the genes implicated in familial PD (e.g., PINK1, DJ-

1, LRRK2, and Parkin) encode proteins associated with mitochondrial function (Abou-Sleiman et 

al., 2006). The most popular idea exploring the cause of PD includes the dopamine (DA) 

hypothesis, claiming that DA acts as a natural toxin and goes through the oxidation process from 

cytosolic DA to 6-hydroxy-DA.  Other metabolites also damage mitochondria and cause SNc 

neuron death (Sulzer et al., 2007). The most commonly prescribed PD medication, levodopa (L-

dopa), is converted to DA increasing the cytosolic level of DA and synaptic vesicles of remaining 

SNc neurons. A 'multi-hit' hypothesis of PD has risen, stating that SNc neurons in PD are subjected 

to a combined effect of DA-related oxidative stress and an additional ‘factor X’, which includes 

interactions of cytosolic DA with α-synuclein, inflammation, and mitochondrial dysfunction 

(Sulzer et al., 2007). 
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Figure 1.15.  Simplified model of Ca2+ dysregulation in Parkinson’s Disease. L-VGCC Cav1.3 

mediates continuous Ca2+ influx to SNc neurons. α-synuclein forms aggregates, potentially 

forming Ca2+-permeable channels in the plasma membrane. Elevated cytosolic Ca2+ is 

transported into mitochondria. Dopamine (DA) is oxidized to 6-hydroxy-DA, causing damage to 

proteins and mitochondria by oxidative stress. Accumulation of oxidative stress leads to 

lysosome neuromelanin (NM). Several mitochondria-related genes (e.g., LRRK2, PINK2, DJ-1, 

Parkin) are highlighted. Both Ca2+ overload and DA-mediated oxidative stress lead to the 

apoptotic process of SNc neurons in PD. L-dopa, the clinically used treatment for PD, is 

converted to DA, loaded to synaptic vesicles, and temporarily alleviates PD symptoms (Liss and 

Striessnig 2019). 

  

 During the early stages of PD, an increased level of Cav1.3 subtype expression has been 

observed in the cerebral cortex before the appearance of pathological changes, supporting the idea 

that disturbed calcium homeostasis is an early feature of PD progression and not just a 

compensatory consequence to the neurodegenerative process (Hurley et al., 2013). In contrast to 

most other neurons, which rely exclusively on monovalent cation channels to drive pacemaking, 

Cav1.3 drives spontaneous pacemaking activity in 2-4 Hz range in the absence of synaptic input in 

SNc dopaminergic neurons (Fujimura and Matsuda, 1989; Chan et al., 2007; Khaliq and Bean, 

2010; Surmeier et al., 2011; Goldberg et al., 2012). Compared to monovalent cations, calcium used 

for pacemaking consumes more energy to maintain a non-toxic intracellular calcium concentration, 

necessitating efficient mitochondrial function (Surmeier et al., 2011). Continuous calcium influx 
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through Cav1.3 renders SNc neurons vulnerable to stressors due to excessive metabolic overloads. 

The reliance of SNc neurons on Cav1.3 to control pacemaking increases with age, the significant 

PD risk factor. Isradipine, the L-VGCC DHP inhibitor, was shown to restore Ca2+-independent 

‘juvenile’ pacemaking activity in SNc neurons, protecting the SNc neurons in animal models of 

PD (Chan et al., 2007). Susceptibility to degeneration varies in neuron degeneration in pacemaking 

neuron regions, which coincide with the level of calcium-binding proteins, which can dampen the 

potentially toxic oscillations of Ca2+ concentrations (Yamada et al., 1990; German et al., 1992; 

Damier et al., 1999). Computer modeling of SN dopaminergic electric activity concluded that the 

voltage dependence of Cav1.3 activation and inactivation strongly support its role as the 

pacemaking current (Putzier et al., 2009). Altered CaM concentrations may also be linked to PD 

because of the tight connections to Cav1.3 C-terminus (Sang et al., 2021). 

 Interestingly, a few retrospective epidemiological studies showed a significantly 

diminished risk of developing PD in patients treated for hypertension with Ca2+-channel 

antagonists (Becker et al., 2008; Ritz et al., 2010; Marras et al., 2012; Pasternak et al., 2012). These 

studies suggest a pathogenic role of Cav1.3 in PD, and Cav1.3 may therefore be an important 

therapeutic target for protecting dopaminergic neurons from neurodegeneration. L-VGCCs were 

found to mediate mitochondrial oxidant stress in DA neurons, attenuated by DJ-1 (or PARK7), a 

defective gene in the early onset of Parkinson's disease (Guzman et al., 2009 & 2010). Chronic 

treatment of isradipine administered systemically to mice at a close-to-patient dose diminished 

cytosolic Ca2+ oscillations in SNc DA neurons without altering autonomous spiking or L-VGCC 

expression (Ortner et al., 2017). Similar to Cav1.3 knockouts, isradipine treatment lowered 

mitochondrial oxidant stress, reduced the mitophagy basal rate, and normalized the mitochondrial 

mass (Guzman et al., 2018).  

 Targeting L-VGCCs is based on the solid rationale provided by human epidemiological 

and preclinical in vitro studies, and the ongoing clinical trials support a protective role of DHPs in 

PD. Unfortunately, the STEADY-PD phase III trial results came out negative because long-term 

treatment with immediate-release isradipine did not slow the early progression of PD (Parkinson 

Study Group STEADY-PD Investigators, 2020). Though this result was disappointing, the study 

may have been confounded by the use of isradipine, which potently blocks Cav1.2, particularly in 

the cardiovascular system. Thus, Cav1.3-specific blockers are needed to realize the full potential 

of Cav1.3 inhibition in PD treatment. 
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1.7.2.3 Cav1.3 in Substance abuse and Psychiatric disorders 

 Substance abuse disorder and related psychiatric disorders are significant sources of 

mortality and morbidity in the United States and globally (Peacock et a., 2018). In addition to the 

widespread abuse of opiates, stimulant drugs such as cocaine and amphetamines contribute 

significantly to morbidity and increased utilization of health care services. In the United States, 

approximately 5.5 million people regularly use cocaine, and another 2 million regularly use 

methamphetamine (Substance Abuse and Mental Health Services Administration 2020). Efforts to 

understand drug addiction have focused on the reward pathway of the ventral tegmental area-

nucleus accumbens (VTA-NAc) brain region, where the major neurotransmitter is dopamine 

(Nestler et al., 2005).  However, not all addictive substances strongly release dopamine into the 

NAc (Nutt et al., 2015), and therapeutic interventions based on directly regulating dopamine 

release and activity have not successfully treated and prevented substance abuse (Lingford-Hughes 

et al., 2012).  It is likely that pathways mediating addiction are diverse and may be distinct for 

different drugs of abuse (Nutt et al., 2015). Currently, there are FDA-approved drugs to treat 

alcohol addiction (AntabuseTM, AcamprosateTM), opioid addiction (full or partial µ-opiate receptor 

agonists or antagonists), and nicotine addiction (VareniclineTM). Currently, there are no FDA-

approved drugs for the treatment of patients with stimulant use disorder. Although non-

pharmacological interventions have shown some efficacy in reducing the use of stimulant drugs 

of abuse such as cocaine, amphetamine, or methamphetamine, these are inadequate for many 

patients. Accordingly, there is an urgent need to validate strategies and drug development to treat 

stimulant use disorder.  

 Numerous studies reveal that L-VGCC Cav1.3 is a promising target for treating addiction 

to stimulants such as cocaine and amphetamines. Cav1.3 is required for upregulation of dopamine 

D2L receptors and sensitization to amphetamine (Giordano et al., 2006) and recruitment of D2L 

receptors in the striatum upon cocaine withdrawal (Schierberl et al., 2012). Cav1.3 protein is 

upregulated as assessed by western blot, along with Cav1.2, in the limbic forebrain and frontal 

cortex of mice dependent on cocaine, methamphetamine, or morphine, and the non-selective L-

type channel blocker nifedipine reduced the rewarding effect of these drugs of abuse (Shibasaki et 

al., 2010). Cav1.3, along with Cav1.2, regulates the activity of dopaminergic (DA) neurons in the 

VTA of mice (Liu et al., 2014) and the non-selective L-type channel blocker isradipine reduced 

cocaine-seeking behavior in rats (Addy et al., 2018). A study comparing WT and transgenic mice 
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expressing drug-insensitive Cav1.2 found that activation of Cav1.3 in the VTA mediated cocaine-

related behaviors by enhancing phosphorylation of GluA1 AMPA receptors in the NAc via up-

regulation of CamKIIα (Martinez-Rivera et al., 2017). The same conclusion was supported in WT 

mice using acute knockdown of Cav1.3 with shRNA. Further, SNPs in CACNA1D, the gene 

encoding Cav1.3, are associated with cocaine dependence in humans (Martinez-Rivera et al., 2017). 

These SNPs occur in introns, so they likely affect Cav1.3 expression levels.  Thus, there is strong 

evidence that Ca2+ influx via Cav1.3 activity in DA neurons of the VTA is a critical step in 

developing dependence on stimulant drugs and that inhibition of Cav1.3 is a viable strategy to treat 

stimulant use disorder. 

1.7.2.4 Cav1.2 upregulation in alcohol abuse 

 The critical roles of Cav1.2 and Cav1.3 in the hippocampus regulating glutamatergic 

neurotransmission underlying multiple physiological significances have been introduced in the 

earlier sections. Their overexpression has also been implicated in neuroexcitatory cell death 

associated with chronic alcoholism. Alcohol dependence develops through excessive drinking and 

abstinence cycles, accompanied by altered neurotransmitters, hormones, and ion channel 

adaptation. Upregulation of Cav1.2 gene expression has been reported in the hippocampus after 

chronic alcohol exposure in rats, further underlining the importance of central L-VGCCs in some 

aspects of schizophrenia (Uhrig et al., 2016). Acute alcohol increases neuronal activity in the rat 

central amygdala, and blockade of central amygdala L-VGCC reduces alcohol intake. This study 

also proposed that alcohol dependence disrupts the L-VGCC-based mechanism and gets mediated 

by corticotropin-releasing factor 1 receptors (CRF1s) to escalate alcohol intake (Varodayan et al., 

2017). A recent study suggests that calcium signaling in the subregions of the hippocampus is 

differentially affected by ethanol consumption, potentially contributing to eventual calcium-

mediated apoptosis (Kokaska et al., 2020).  
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1.7.3 Cav1.2 and Cav1.3 in Pancreatic β-cell physiology and pathophysiology 

 mRNA for Cav1.2 and Cav1.3 is present in all primary β-cells and insulin-secreting cell 

lines, including β-cell/islet from humans, rats, mice, HIT-15T in hamster cells, INS-1/RINm5F in 

rat cells, and MIN5/βTC-3 in mouse cells. Moreover, L-type currents were whole-cell patch-clamp 

(Yang and Berggren 2006).  

 The insulinotropic effects regulated by Cavs have been shown in many critical ways, 

including stimulating secretory granule trafficking and triggering insulin exocytosis, along with 

maintaining β-cell mass and function. Cav1 channel is believed to play the predominant role over 

other Cav channel types in Ca2+-triggered insulin exocytosis (Yang and Berggren 2005). Down-

regulation of Cav channel density or activity reduces insulin secretion and leads to glucose 

intolerance (Iwashima et al., 1993; Roe et al., 1996; Sharp et al., 1996; Bito et al., 2013). Islets 

from Cav1.2 knockout mice show a significant decrease in first-phase insulin secretion (Schulla et 

al., 2003), which plays the leading role in overall insulin release from pancreatic β cells 

(Sinnegger-Braus et al., 2004). On the other hand, one Cav1.3-knockout mouse line induced 

hypoinsulinemia and impaired glucose tolerance, which are associated with a deficit in postnatal 

β cell generation and proliferation (Namkung et al., 2001). In the parallel study of human 

pancreatic β cells, reduction in Cav1.3 transcripts was strongly associated with T2D and reduced 

insulin secretion (Reinbothe et al., 2013). L-VGCC complexes with the exocytotic machinery and 

forms a functional molecular network, serving to fine-tune the β-cell Cav1 function and insulin 

exocytosis (Figure 1.13).  

1.7.3.1 L-VGCCs in Type I diabetes 

 The progressive and selective destruction of pancreatic β-cells in genetically predisposed 

individuals is hallmark T1D, and β-cell apoptosis leads to progressive loss of pancreatic β-cells. 

T1D serum hyperactivates β cell Cav1 channels, leading to an increased level of cytosolic free Ca2+ 

concentration and β cell apoptosis (Yang and Berggren 2006, Junti-Berggren et al., 1993, 2004). 

Coxsackievirus B4, an enterovirus, has been involved in the pathogenesis of T1D by inducing 

antibodies against Cav1.3 (Bason et al., 2013). T1D serum hyperactivates both Cav1.2 and Cav1.3 

by increasing their conductance and numbers (Yang et al., 2015). These findings suggest that 

Cav1.3-specific inhibitors be useful for treating the early onset of T1D.  
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1.7.3.2 L-VGCCs in Type II diabetes 

 Previous studies explored the roles of L-VGCCs in regulating insulin secretion in 

insulinoma INS-1 832/13 cells. For Cav1.2, in rat β-cells, the mRNA level of Cav1.3 is 2.5 higher 

than that of Cav1.2 (Iwashima et al., 1993). Another study showed that the mRNA level of Cav1.2 

exceeded that of Cav1.3 and Cav2.3 two-fold, and Cav1.3 knockdown did not affect glucose-

stimulated insulin secretion while Cav1.2 knockdown diminished GSIS using the siRNA method 

(Nitert et al., 2008). Mouse β-cells without Cav1.2 displayed reduced Cav currents by 45% and 

first-phase insulin secretion by 80%, developed glucose intolerance, and were not affected by Cav1 

channel blockers (Schulla et al., 2003). Immunoreactivity of Cav1.3 was not found in mouse 

pancreatic β-cells (Barg et al., 2001). The involvement of Cav1.3 in mouse pancreatic β-cells has 

been observed in interaction with syntaxin 1 and β-cell generation (Yang et al., 1999; Namkung et 

al., 2001). Interestingly, Cav1.3-knockout mice show overexpression of Cav1.2 in a compensatory 

mechanism, shifting the current-voltage relationship by +10mV (Namkung et al., 2001). In the 

presence of 3mM glucose, Cav1.3-knockout mouse islets showed reduced insulin secretion but 

were not different from the controls in the presence of 6mM or higher concentrations of glucose. 

Another group also concluded that the Cav1.3 plays a vital role in human glucose-induced insulin 

secretion. CACNA1D mRNA expression is 60-fold that of CACNA1C mRNA in FACS-enriched 

human β-cells and decreases in T2D patients. In addition, in vitro insulin secretion results in INS-

1 832/13 cells were in line with this finding. Phenotype and genotype association was also drawn 

between three SNPs and reduced mRNA expression in Cav1.2 (Reinbothe et al., 2012). RRP is 

absent in T2MD donors and INS-1 cells cultured in fatty acids that mimic a diabetic state. 

Moreover, the proximity of the recruitment of Cav1.2 to insulin granules is required for rapid 

insulin secretion with high probability and minimal latency (Gandasi et al., 2017).  

 All these results support a compensatory overexpression of Cav1.2 upon the loss of Cav1.3-

conducted Cav currents to maintain insulin secretion capacity. It was also discovered that Cav1.3 

is likely to play a leading role in basal insulin secretion and stimulus-secretion coupling at a lower 

range of glucose concentrations (Namkung et al., 2001; Pan et al., 2016).  
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1.7.3.3 II-III loop of L-VGCCs in β-cells 

 A His6-fused Cav1.2 peptide corresponding to the Cav1.2 II-III loop effectively pulled 

down syntaxin 1A, SNAP-25, and synaptotagmin (p65) in β-cells (Wiser et al., 1999; Ji et al., 

2002). This interaction alters the voltage-dependence of Cav1.2 and reduces the current amplitude 

in Cav1.2 currents in Xenopus oocytes, and can be partially reversed in the presence of 

synaptotagmin. Cav1.2 II-III loop peptide interrupts this association and completely blocks 

depolarization-evoked exocytosis without significant influence on calcium influx but prevents 

granule-localized Ca2+ influx (Barg et al., 2002; Wiser et al., 1999; Jacobo et al., 2009; Yasuda et 

al., 2010; Gandasi et al., 2017). Another study overexpressed syntaxin 1A/3 and observed 

markedly decreased Cav1 channel activity and Ca2+-dependent insulin secretion (Kang et al., 2002; 

Xie et al., 2016).  

1.7.4 L-VGCCs in cancer 

 The ONCOMINE (multi-biomarker targeted next-generating sequencing assays designed 

for cancer research, www.oncomine.org), a web-based microarray database, was used to perform 

a systematic analysis by comparing mRNA expression of every VGCCs across 21 different types 

of cancer to that in normal tissue (Wang et al., 2015). They found high expression of CACNA1C 

(Cav1.2) in most cancer types, including colorectal, gastric, pancreas, brain, breast, uterus, skin, 

and prostate cancers and leukemia. High expression of CACNA1D (Cav1.3) is also found in several 

cancer types, including prostate and breast cancer. In silico analysis suggest that Cav1.3 might play 

a role in cancer progression.   

1.7.4.1 Cav1.3 mutation in aldosterone-producing adenomas and primary aldosteronism 

 It was universally believed that the predominant Cav1.2 distribution in the cardiovascular 

system accounts for the efficacy of calcium channel blockers in hypertension. However, severe 

hypertension caused by the salt-retaining hormone aldosterone, which is constitutively produced 

by adrenal aldosterone-producing adenomas(APAs; Rossi et al., 2006), offers another mechanism 

KCNJ5 (potassium channel gene) mutations result in cell depolarization and Ca2+ influx and cause 

~40% of these adenomas (Choi et al., 2011). One lab identified five somatic mutations, 4 altering 

Gly403 and one altering Ile770, in the S6 segments of CACN1D (Cav1.3) without mutated KCNJ5. 
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These alterations cause channels to activate at more negative potentials and impair channel 

inactivation (Scholl et al., 2013). This result argues that increased Ca2+ influx is a sufficient 

stimulus for aldosterone production and cell proliferation in adrenal glomerulosa (Spät and 

Hunyady 2004). These findings implied that the somatic Cav1.3 mutations are involved in the 

increased Ca2+ influx in APAs and primary aldosteronism.  

1.7.4.2 Overexpression of Cav1.3 in prostate cancer 

 L-VGCC blockers were used in multiple epidemiological studies to assess the risk of 

prostate cancer incidence. Several studies examined the expression profiles of different L-VGCC 

genes in prostate cancers and their functional roles in androgen receptor (AR) transactivation and 

cancer cell growth. Overexpression of Cav1.3 was found in cancer tissues relative to non-cancer 

tissues by analyzing the published complementary deoxyribonucleic acid microarray data sets in 

the ONCOMINE database (Chen et al., 2014). Blocking L-VGCCs or knocking down CACNA1D 

gene (Cav1.3) expression significantly repressed androgen-stimulated Ca2+ influx, AR 

transactivation, and prostate cancer cell growth. An ongoing study (McKerr et al., 2018~2021) 

investigates the expression, function, and localization of Cav1.3 during prostate cancer progression 

and hormone therapy and the effects of nifedipine. Nifedipine-block of Cav1.3 in Enzalutamide 

(ENZ; an AR antagonist)-treated LNCaP cells (androgen-sensitive human prostate 

adenocarcinoma cells) appeared to increase apoptosis compared to ENZ treatment alone. 

Interestingly, Cav1.3 plasma membrane localization and functional expression in the prostate 

cancer subpopulation were promoted by ENZ treatment.  

 A systematic review and meta-analysis explored the impact of calcium channel blockers 

(CCBs) on prostate cancer (PCa), and they showed a tendency to increase the overall risk of PCa, 

and a cumulative duration also showed a positive correlation (Yang et al., 2020).  

1.7.4.3 Overexpression of Cav1.3 in endometrial cancer 

 L-VGCC inhibitor nifedipine inhibits the proliferation, apoptosis, and migration of 

endometrial carcinoma (EC) cells in vitro, and the expression of Cav1.3 was regulated by E2 

(predominant biological effects of estradiol, exerted via its interaction with intracellular estrogen 

receptors, ER) (Bao et al., 2012). Higher expression of Cav1.3 is found in atypical hyperplasia and 
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endometrial carcinoma tissues than benign endometrial tissues. Cav1.3 controls the migration and 

the proliferation of endometrial cancer cells via the regulation of estrogen-stimulated 

phosphorylation of ERK1/2 and CREB and Ca2+ influx (Hao et al., 2015).  

1.7.4.4 Overexpression of Cav1.3 in colon cancer 

 Cav1.3 regulates postprandial depolarization when luminal Ca2+ increases during 

digestion (Kellett et al., 2011). Apical expression of Cav1.3 contributes to intestinal epithelial 

Ca2+ reabsorption independent of the TRPV6 pathway (Kellett et al., 2011). Stabilizing TRPV5 

channel activity in human and mouse colons supports Ca2+ reabsorption accompanied by NCX1 

Na+/Ca2+ exchanger upregulation (Radhakrishnan et al., 2017). Cav1.3 is overexpressed in 

colorectal cancer biopsies compared to normal tissues. Blocking of NCX1/3 increased the 

cytosolic Ca2+ concentration and colon cancer cell migration. (Fourbon et al., 2017).  

1.7.5 Summary of Cav1.2 and Cav1.3 relevance 

Cav1.2 and Cav1.3 have been shown to regulate a variety of important cellular processes in 

the human body, such as development stages, cardiac systems, neuronal and psychiatric systems, 

and pancreatic β-cell function. These two subtypes are co-expressed in numerous tissues but play 

divergent roles. Cav1.2 has been extensively studied, especially in cardiac tissues, but the 

physiological and clinical significances of Cav1.3 were not fully understood compared to Cav1.2. 

Table 1.5 summarized the physiological and clinical significances of Cav1.2 and Cav1.3 that were 

discussed in Section 1.7. 
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Table 1.5.  Summary of Cav1.2 and Cav1.3 significances 

.  

 

1.8 Summary of introduction 

Calcium channels are ubiquitous in our bodies and regulate the Ca2+ to mediate various 

cellular processes. Two major calcium channels, voltage-gated and ligand-gated calcium channels, 

regulate the Ca2+ homeostasis.  

Voltage-gated calcium channels sense the membrane potential change and allow the Ca2+ 

influx. L-type VGCCs have long-lasting Ca2+ current activities. L-VGCCs are comprised of a pore-

forming α1 subunit, auxiliary β, α2δ, and γ subunits. Four α1 subunits were identified and four L-

type VGCC subtypes (Cav1.1-Cav1.4) were isolated. L-VGCCs exhibit unique Ca2+ current 

behaviors controlled by gating and can be observed with electrophysiology. These channels can 

also be pharmacologically studied using small molecules such as dihydropyridines. However, 

these calcium channel blockers were developed to target Cav1.2 and treat cardiac diseases, and the 

role of Cav1.3 is less well-studied due to lacking selective tools. A variety of studies implicated 

the crucial involvement of Cav1.3 in different cellular processes, especially the neuronal 

pacemaking activity in the early onset of Parkinson’s Disease. Developing selective Cav1.3 

antagonists will be a promising strategy to improve the treatment of Cav1.3-related neuronal 

diseases. 
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Ligand-gated calcium channels on ER, such as RyR and IP3R, regulate intracellular Ca2+ 

activity. Nonetheless, the role of RyR2 in pancreatic β-cells has not been fully understood. IRBIT, 

the inhibitory IP3R binding protein, is a novel target to study intracellular Ca2+ mediation and 

insulin secretion in pancreatic β-cells. Electrophysiological characterization of RyR2 and IRBIT 

knock-out β-cells will provide comprehensive information on their roles in CICR and GSIS.    
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 MATERIALS AND METHODS 

2.1 Cell Culture 

2.1.1 tsA-201 cells 

 tsA-201 is a transformed human embryonic kidney (HEK-293) cell line stably expressing 

an SV40 (simian virus 40) temperature-sensitive T antigen (Grahan et al., 1977; Heinzel et al., 

1988). The production of high levels of recombinant proteins has extended their use in protein-

binding studies, whole-cell patch-clamp recordings, and transfection studies. They were cultured 

in Dulbecco’s Modified Eagle’s medium (D-MEM/F-12; Gibco, Life Technologies Limited, 

Paisley, UK) supplemented with 10% Fetal Bovine Serum (FBS, R&D systems, Minneapolis, MN, 

US, Catalog: S11150), 100 units/mL penicillin (Sigma-Aldrich), and 100μg/mL streptomycin 

(Sigma-Aldrich) and were maintained at 37°C in 5% CO2. 

2.1.2 INS-1 cells 

 INS-1 is a rat insulin-secreting β-cell derived cell line and a useful model for insulin 

secretion regulation and pancreatic islet beta-cell function studies (Asfari et al., 1992). They were 

cultured in RPMI-1640 medium (Gibco, Grand Island, NY, catalog number: 11875101) containing 

11.1mM glucose supplemented with 10mM HEPES, 10% Fetal Bovine Serum (Hyclone, Logan, 

UT, Catalog number: SH30071.03), 11mg/mL sodium pyruvate, 100 units/mL penicillin, 100 

μg/mL streptomycin and 50 μM β-mercaptoethanol. Cells were maintained at 37 °C and 5% CO2.  

 INS-1 cells stably expressing the intracellular II-II loop of Cav1.2 or Cav1.3 were 

established as previously described (Liu et al., 2006). These two cell lines are named Cav1.2/II-III 

cells or Cav1.3/II-III cells. INS-1 cells stably expressing the C-terminal tails of Cav1.2 or Cav1.3 

were made (Guerra, 2011), and these two cell lines are named CCTS (Cav1.2/C-terminal tails, 

1568D - 2750L) and DTCS (Cav1.3/C-terminal tails, 1627D - 2662L). These stable cell lines were 

maintained in RPMI-1640 medium supplemented with 200 μg/mL G-418. All cell culture reagents 

were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise stated. RyR2 and IRBIT 

knockout cells were created using CRISPR-Cas9 and cultured in the same RPMI-1640 medium 

mentioned above (Harvey et al., Unpublished).  
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2.2 Transient transfection of tsA-201 and INS-1 cells 

2.2.1 Transfection for electrophysiology 

tsA-201 cells were carried in a 10cm culture dish with over 80% confluence, washed (with 

phosphate-buffered saline, PBS; 138Mm NaCl, 2.7mM KCl, pH7.4), and carried into either 35mm 

culture dish or 6-well plate (Corning) for transfection using 1mL Trypsin or TrypLE once they 

reached over 80% confluence, using either Lipofectamine 2000 (Invitrogen, Life Technology, 

Carlsbad, CA), polyethyleneimine (PEI; Boussif et al., 1995, Longo et al., 2014), or 

electroporation (Bio-Rad, GenePulser XcellTM, CE Module). tsA-201 cells were transfected with 

the 4 μg of plasmids encoding the α1, β, α2δ1 subunit (in the plasmid vector pCDNA3.1; Invitrogen, 

Carlsbad, CA) and green fluorescent protein (pEGFPN1 or GFP-fusion proteins; BD Biosciences 

Clontech, Palo Alto, CA) at a weight ratio of 1.2: 0.8:1.2:0.8 (Hockerman et al., 1995) using either 

Lipofectamine 2000 or electroporation for electrophysiology experiments:  

Lipofectamine 2000/ PEI: 1. 10 minutes before performing transfection, 250µL Opti-MEM 

or other reduced serum media (Gibco, a modification of Eagle’s Minimum Essential Medium) was 

added to each two 1.5mL centrifuge tubes. 2. 10µL Lipofectamine 2000 or PEI was added to tube 

1 and 4µg of DNA into tube 2. Tube 2 mixture was added to tube 1, mix, and sit for 5 minutes. 3. 

Cell medium was removed from the 35mm plate and replaced with either 1mL Opti-MEM or fresh 

DMEM/F-12. 4. DNA complexes were added to the 35mm plate from the side, slightly rocked, 

and stored overnight at 28 °C and 5% CO2. 5. On the next day, the media was removed and 

resuspended the 35mm plate in 1mL new media, passaged into new 35mm plates for 

electrophysiological experiments. 

Electroporation: 1. 35mm plate was resuspended by adding 200μL Opti-MEM. 2. Cell 

suspension was transferred into a 4mm gap sterile electroporation cuvette. 3. 4µg of DNA was 

added into the cuvette and flick to mix. 4. Cuvette was placed into GenePulser XcellTM, pulsed at 

the voltage of 190V, and the capacitance of 975μF. 5. The suspension was transferred into either 

a 35mm plate or 6-well plate and stored overnight at 28 °C and 5% CO2. 6. The next day, cells 

were resuspended and split in the same way as step 5 in the lipofectamine 2000 method. 

LipoJetTM: INS-1 cells and INS-1 knockouts, RyR2 knockouts, and IRBIT knock-outs were 

carried in a 10cm culture dish with over 70% confluence and transfected using LipoJetTM. 1. The 

medium was switched to 10mL fresh RPMI-1640 and split into a 12-well plate. 2. 1 μg of DNA 



 

 

96 

(LYN11-FRB-CFP and Pseudojanin (PJ) or PJ-DEAD (Hammond et al., 2012)) was diluted into 

200uL of Opti-MEM. 3. 1μL Diluted LipoJetTM (1:1 ratio; SignaGen® Laboratories, catalog #: 

SL100468) was distributed into another 100 μL LipoJet Transfection Buffer(5x), and the plate was 

centrifuged down at x 500g for 30 seconds. 4. The mixture was incubated at room temperature for 

15~20minutes and mixture was gently added to well from the side. 5. The mixture was gently 

rocked and incubated overnight at 37 °C and 5% CO2 6. The next day, the media was removed and 

resuspended the 35mm plate in 1mL new media, passaged into new 35mm plates for 

electrophysiological experiments. 

2.2.2 Transfection for protein assays 

tsA-201 cells were carried in a 10cm culture dish with over 80% confluence and ready for 

transfection using PEI. 1. The medium was switched to 10mL fresh DMEM/F-12. 2. 12μg of DNA 

(Cav1 II-III loop with FLAG tag and β subunit, weight ratio 1:1) was diluted into 500μL of Opti-

MEM. 3. Diluted 36μL PEI (1:3 ratio) into another 500μL of Opti-MEM. 4. The mixture was 

incubated at room temperature for 15~20minutes and gently added to 10cm culture dish from the 

side. 5. The mixture was gently rocked and incubated overnight at 37 °C and 5% CO2 6. On the 

following day, the mixture was collected, and the cell lysates were extracted for protein assays.  

INS-1 cells with stably expressed C-terminal of Cav1.2 or Cav1.3 were carried in a 10cm 

culture dish with over 70% confluence and transfected using polyethyleneimine (PEI). 1. The 

medium was switched to 10mL fresh RPMI-1640. 2. 10μg of DNA (Cav1 II-III loop with FLAG 

tag) was diluted into 500uL of Opti-MEM. 3. 30μL PEI (1:3 ratio) was diluted into another 500 

μL of Opti-MEM or diluted LipoJetTM (1:2 ratio; SignaGen® Laboratories, catalog #: SL100468) 

into another 100 μL LipoJet Transfection Buffer(5x) and plate (6-well or 12-well, balanced) was 

centrifuged down at x500g for 30 seconds. 4. The mixture was incubated at room temperature for 

15~20minutes and mixture was gently added to 10 cm culture dish from the side. 5. The mixture 

was gently rocked and incubated overnight at 37 °C and 5% CO2 6. On the following day, cell 

lysates were collected for protein assays.  
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2.3 Plasmid and molecular cloning 

Cav1α1 transmembrane subunit: Rat Cav1.342 (in pcDNA6, accession #: AF370010), 

Cav1.3/LL(42a): the longer version of Cav1.3 with three cloning errors (accession #: AF370009, Xu 

and Lipscombe, 2001), Cav1.3/fLL: the same Cav1.3 construct with the three errors fixed by S244G, 

V1104A and A2123V substitutions (Huang et al., 2013) was a gift from Dr. Tuk-Wash Soong, 

University of Singapore. Cav1.2 (in pcDNA3, accession #: M67515) (Snutch et al., 1991) was a 

gift from Dr. Terrance Snutch, University of British Columbia.  

Cav auxiliary subunits: rat Cavβ3 (Castellano et al., 1993, accession #: M88751), rat Cavβ1B 

(Pragnell et al., 1991), rat Cavβ2A (Wyatt et al., 1998, accession #: NM053851), rat Cavβ4 

(Brodbeck et al., 2001; accession #L02315) and rat α2δ-1 (Ellis et al., 1988; accession #: AF286488) 

Cav1.3+ (Cav1.3/1.2 chimera) was constructed (Wang, 2015) by removing the fragment 

containing the IIIS5-IIIP region of Cav1.3 from Cav1.3/LL/pSPORT6 by double digestion using 

BamHI and BstBI and ligating the IIIS5-IIIP region of Cav1.2 (1.2/IIIS5-IIIP, 1058-1118) made 

by GenScript (Nanjing, People’s Republic of China) using BamHI and BstBI. The final version in 

Cav1.342 pcDNA6 was created by ligation of the BamH1/EcoRV fragment containing the chimeric 

region from pSPORT6. All mutant constructs were verified by DNA sequencing and restriction 

digest analysis. 

Cav1.2/DHPi was created (Hockerman et al., 2000) by mutating T1039 to Y and Q1043 to 

M using splice overlap extension (Horton et al., 1989). The mutant DNA fragment with 600 base 

pairs cut with SpeI and BglII was inserted in a four-way ligation into the full-length subunit 

construct in the expression vector Zem 229 (Dr. Eileen Mulvihill, University of Washington, 

Seattle, WA) using 900-bp BglII//DraIII fragment and the 2720bp DraIII/DraIII fragment. 

Cav1.3/DHPi was created (Liu et al., 2003) by introducing two corresponding amino acid changes 

at T1033Y (ACG changed to TAC) and Q1037M (CAG changed to ATG) in a similar minor to 

Cav1.2/DHPi. These two mutants were subcloned into the EGFP vector and fused in-frame to the 

C-terminal tail of each channel. Cav1.2/DHPi and Cav1.3/DHPi were made into express stably in 

INS-1 cells followed by transfection, G418 selection, colony screening by RT-PCR with either 

mutant IIIS5 domain primers or GFP primers. Western blot was used to detect the transfected INS-

1 clone by anti-GFP antibodies, and a whole-cell patch clamp was used to determine the loss of 

DHP sensitivity.  
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Cav1.2/II-III and Cav1.3/II-III were previously prepared (Liu et al., 2003). Cav1.2 or Cav1.3 

C-terminally fused to GFP in the pcDNA3 vector was constructed first by digesting Cav1.2/GFP 

in the pzem229 vector or Cav1.3/GFP in the pTRE vector with KpnI and NotI. Cav1.2/GFP or 

Cav1.3/GFP was then subcloned into the pcDNA3 vector using the KpnI and NotI sites (Guerra, 

2011). The INS-1 with stably expressed C-terminal tails were made in the comparable transfection 

and selection process and named INS-1 CCTs (Cav1.2/overexpression of C-terminal tails) and 

DCTs (Cav1.3/overexpression of C-terminal tails).  

2.3.1 Mutagenesis on Cav1 for Cav1.2 and Cav1.3 differentiation  

 Site-directed mutagenesis of Ca v1 to differentiate the DHP binding affinity was used to 

create the mutants listed below with paired forward primer and reverse primer using 

oligonucleotide-directed mutagenesis, as described previously (Dilmac et al., 2003). The PCR 

products were transformed into DH5α Escherichia coli cells. The purified plasmids were screened 

by digestion with either input restriction enzyme or PCR amplification and further confirmed DNA 

sequencing.  

Two additional mutants designed for FPL 64176 potentiation difference were made by 

obtaining the synthesized 500-bp fragment from GenScript (Piscataway, NJ, USA) with four 

(Cav1.3/QDNS) and five mutations (Cav1.3/FQDNS) with designed restriction enzymes BamHI 

and BstBI at the two ends, similar to the process of generating Cav1.3+. 
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Table 2.1.  Primers of site-directed mutagenesis of Cav1 
 

Forward Primer 5'-3' Reverse Primer 5'-3' 

1.3/MV CCA TCG GCA ACA TCG TGA 

TCG TCA CGA CCC TGC TCC 

AGT TCA TGT TTG C 

GGA GCA GGG TCG TGA CGA 

TCA CGA TCA CGA TGT TGC 

CGA TGG TTC GGA TGG C 

1.2/VM CCA TTG GAA ACA TTA TGA 

TTG TCA CCA CTC TGC TGC 

AGT TCA TGT TCG C 

GCA GCA GAG TGG TGA CAA 

TCA TAA TGT TTC CAA TGG 

TCC GGA TGG CC 

1.3/PEEP 

(1) 

GGC CAA AAG TAA CGA 

AGA GGA GTG CAG GGG 

GCT TTT CAT CC 

CCC CCT GCA CTC CTC TTC 

GTT ACT TTT GGC CTC ATC 

TGT GC 

1.3/PEEP 

(2) 

CCC GTG GTC CGT CCT AGG 

ATC TGG CAA AAC AGT GAT 

TTC AAT TTC G 

GAA ATC ACT GTT TTG CCA 

GAT CCT AGG ACG GAC CAC 

GGG ACT GTC G 

1.3/N6 CCG TTG CAC AGA TTC TTC 

GAA ACA GAC CGA AGC 

GGA GTG CAG GGG GCT TTT 

CAT CC 

GCC CCC TGC ACT CCG CTT 

CGG TCT GTT TCG AAG AAT 

CTG TGC AAC GGT AGA ACT 

TCC CC 

1.3/SA CGA CAA TGT CCT TGC GGC 

AAT GAT GGC GCT CTT CAC 

GGT CTC GAC TTT TGA GG 

CCG TGA AGA GCG CCA TCA 

TTG CCG CAA GGA CAT TGT 

CGA AAT TGA AAT CAC TG 

1.3+V CCA TTG GAA ACA TTA TGA 

TTG TCA CCA CTC TGC TGC 

AGT TCA TGT TCG C 

GCA GCA GAG TGG TGA CAA 

TCA TAA TGT TTC CAA TGG 

TCC GGA TGG CC 

1.3/FL GCT GTT CAA GGG GAA GCT 

TTA CCG TTG CAC AGA TGA 

GGC CAA AAG TAA CCC 

CCT CAT CTG TGC AAC GGT 

AAA GCT TCC CCT TGA ACA 

GCT GGA CC 

1.3/VI CTA CAT CAT CAT CAT TGC 

CTT CTT CAT GAT GAA TAT 

CTT CG 

CAT CAT GAA GAA GGC AAT 

GAT GAT GAT GTA GAT AAT 

GAA GAA GAT GG 
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Cav1.3/QDNS includes the sequence as below: 5’-

CCGCGCCTGCAGGAACTACTTCAATTTGCTGGACATGCTGGTCGTTGGGGTGTCTCT

GGTGTCATTTGGGATTCAATCCAGTGCCATCTCGGTTGTGAAGATTCTGAGGGTCTT

AAGGGTCTTGAGGCCTCTCAGAGCAATCAACAGAGCAAAAGGACTTAAGCACGTGG

TCCAGTGTGTCTTTGTGGCCATCCGAACCATCGGCAACATCATGATCGTCACGACCC

TGCTCCAGTTCATGTTTGCTTGCATTGGGGTCCAGCTGTTCAAGGGGAAGTTCTACC

GTTGCACAGATGAGGCCAAAAGTAACCCCGAGGAGTGCAGGGGGCTTTTCATCCTTT

ATAAGGACGGCGATGTCGACAGTCCCGTGGTCCGTGAGAGGATCTGGGAAAACAGT

AAGTTCGATTTCGACAATGTCCTTGCGGCTATGATGGCGCTCTTCACGGTCTCGACTT

TTGAGGGCTGGCCCGCGTTGCTGTACAAAGCTATCGATCCGCGC-3’  

Cav1.3/FQDNS includes the sequence as below: 5’-

CCGCGCCTGCAGGAACTACTTCAATTTGCTGGACATGCTGGTCGTTGGGGTGTCTCT

GGTGTCATTTGGGATTCAATCCAGTGCCATCTCGGTTGTGAAGATTCTGAGGGTCTT

AAGGGTCTTGAGGCCTCTCAGAGCAATCAACAGAGCAAAAGGACTTAAGCACGTGG

TCCAGTGTGTCTTTGTGGCCATCCGAACCATCGGCAACATCATGATCGTCACGACCC

TGCTCCAGTTCATGTTTGCTTGCATTGGGGTCCAGCTGTTCAAGGGGAAGCTCTACC

GTTGCACAGATGAGGCCAAAAGTAACCCCGAGGAGTGCAGGGGGCTTTTCATCCTTT

ATAAGGACGGCGATGTCGACAGTCCCGTGGTCCGTGAGAGGATCTGGGAAAACAGT

AAGTTCGATTTCGACAATGTCCTTGCGGCTATGATGGCGCTCTTCACGGTCTCGACTT

TTGAGGGCTGGCCCGCGTTGCTGTACAAAGCTATCGATCCGCGC-3’ 

2.3.2 Generating truncations of Cav1.3 II-III loop 

Intracellular II-III loop of Cav1.3 in the pEGFP-N1 vector was truncated into three regions: 

N-terminal region with 59 amino acids from 640 to 820 (NT59), the overlapping region with 68 

amino acids from 740 to 945 (OL68), and C-terminal region with 56 amino acids from 880 to 1040 

(CT56) using site-directed primers listed as below. The PCR products were transformed into DH5α 

Escherichia coli cells. The purified plasmids were screened by digestion with either input 

restriction enzyme or PCR amplification and further confirmed DNA sequencing. D23/pEGFP-

N1(Cav1.3 intracellular II-III loop) was digested with restriction enzymes EcoRI and BamHI (sites 

640 and 850) to generate template vectors for amplified inserts. NT59 and OL68 were digested 

with AfeI, while CT56 was digested with MfeI to confirm the successful ligation. 
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Table 2.2.  Primers of truncations of Cav1.3 II-III loop 
 

Forward Primer 5’-3’ Reverse Primer 5’-3’ 

NT59 CCC CCC GAA TTC GCC ACC ATG 

GAC AAT TTG GCT GAT GC 

CCC CCC GGA TCC TCC TCT TCT 

CTA TAG TCA TCA ATT GTA ACC 

TTG TTG TCA CTG TTG GC 

OL68 CCC CCC GAA TTC GCC ACC ATG 

GAA AAA AAG AAC AAA CC 

CCC CCC GAA TCC GCC ATG TTC 

AAC TCC GAG 

CT56 CCC CCC GAA TTC GCC ACC ATG 

GAA GAG GAG GAG GAT G 

CCC CCC GGA TCC GCG TGG TGG 

TTG ATG AG 

 

2.4 Electrophysiology recordings 

2.4.1 Voltage-gated calcium channel and INS-1 cell preparation 

 Either INS-1 cells or tsA-201 cells were plated in plastic 35-mm tissue culture dishes 

(Corning) from 30~60% with single-cell distribution (50 μL from a transfected plate at 80% 

confluence, which could be flexible depending on transfection situation) in the previous day. tsA-

201 cells were transfected as described in section 2.2.2, and the transfection was evaluated on the 

day of electrophysiology recordings by visualizing green fluorescent protein (GFP) fluorescence 

18~24 hours post-transfection. INS-1 cells used for perforated current-clamp recordings were 

cultured in a complete RPMI medium containing low glucose (2.5mM) for more than 18 hours 

before experiments. 

2.4.2 Conventional whole-cell recordings 

Whole-cell patch-clamp recordings were performed at room temperature using an Axopatch 

200B amplifier (Molecular Devices, Sunnyvale, CA). Data were sampled at a frequency of 10k 

Hz and filtered at 1kHz (six-pole Bessel filter, -3dB). Patch pipettes were pulled by the 

flaming/brown micropipette puller (Sutter instrument model P-87, Novato, CA) using borosilicate 

glass (VMR, West Chester, PA) to an inside diameter of approximately 3~5 mm and fire-polished 

using the microforge (Narishige MF-830, JP) to achieve resistance values of 2 to 4 mΩ. Barium 
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ions (Ba2+) were used as the charge carriers for voltage-gated calcium channel conducted currents, 

and the Cav1.2 and Cav1.3-mediated barium currents (IBa2+) were evoked by stepping voltage to 

0mV and -10mV for 100ms from holding potential at -70mV and -80mV, respectively, using 

pClamp 10.7-11.2 software (Molecular Devices). A simplified illustration of the electrophysiology 

setup is shown in figure 2.1. 

 

 

Figure 2.1.  Simplified illustration of electrophysiology setup. On the right, the 35 mm cell 

culture dish is placed on the platform of the inverted microscope (Olympus) preinstalled with a 

mercury lamp and corresponding filters to detect fluorescence signals upon transfections. The 

perfusion system (Gray cylinder with glass pipettes attached) is located on the top left of the 

plate and an automated aspirator on the side of the plate to maintain an even liquid level of the 

plate. Patching pipette (loaded with blue extracellular solution) movement is controlled by an 

ultraprecise micromanipulator (Burleigh PCS-5000 and PCS-PC60, Thorlabs, Inc., Newton, NJ) 

and positioned on the top right, connecting to the Axopatch 200B amplifier, which sends signals 

to the computer via USB. A close-up illustration on the left shows when the pipette breaks open 

the cell membrane and form a closed circuit under a whole-cell patch-clamp. 
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2.4.2.1 Whole-cell patch-clamp solution sets 

A variety of solution sets were prepared for different cell lines and calcium channels. They 

are listed below and will also be explained in upcoming sections.   

Standard solution sets could be applied to all existing cells and are Tris-barium-based. 

Extracellular solution contained (in nM):150 Tris, 10 BaCl2 and 4 MgCl2. Intracellular solution 

contained (in nM): 130 N-methyl-D-glucamine (NMDG), 10 EGTA (ethylene glycol-bis(β-

aminoethyl ether)-N,N,N′,N′-tetraacetic acid), 60 HEPES, 20 ATP and 1 MgCl2. The pH of both 

solutions was adjusted to 7.3 with methanesulfonic acid, and the osmolality was corrected by 

adding distilled and deionized water to 290~300 mOsm. 

For experiments conducted for testing VGCC antagonism, we adapted a high sodium 

solution set (Kang et al., 2013). The extracellular solution contained (in mM): 140 NaCl, 1 MgCl2, 

10 BaCl2, 10 HEPES, 10 dextrose, 10 sucrose, and 20 CsCl at pH 7.4 and with an osmolality of 

~350mOsm or lower after adjustment. The intracellular solution contained (in mM) 180 N-methyl-

D-glucosamine (NMDG), 40 HEPES, 4 MgCl2, 12 phosphocreatine, 0.1 leupeptin, 2 Na2ATP, 0.5 

Na3GTP, 5 BAPTA, pH 7.2~7.3 and an osmolality of ~320mOsm after adjustment.  

In some mutant Cav1.3 channels, large outward currents were observed in response to 

depolarization, particularly in the presence of FPL 64176. The NMDG-balanced solution was 

made based on existing standard Tris-barium solution sets. The extracellular solution contained 

(in mM): 130 NMDG, 20 Tris, 10 BaCl2, 2 MgCl2. The intracellular solution was not altered from 

above. The pH of the extracellular solution was adjusted to ~7.3, and the osmolality was adjusted 

to 285~300mOsm, regarding the existing intracellular solution. 

Experiments with recombinant Cav1.2 and Cav1.3 channels were also performed in solutions 

containing Ca2+ rather than Ba2+. The extracellular solution contained (mM): 140 NaCl, 1 MgCl2, 

10 CaCl2, 10 HEPES, 10 dextrose, 10 sucrose, and 20 CsCl at pH 7.4 and with an osmolality of 

~350mOsm or lower after adjustment with deionized water.   

2.4.2.2 Whole-cell patch-clamp pharmacological reagents 

The L-VGCC modulators: nifedipine, nicardipine, isradipine, diltiazem, amlodipine, 

azelnidipine, verapamil, and the agonist FPL 64176 were purchased from Sigma-Aldrich and RBI 
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(Sigma/RBI, Natick, MA) and dissolved in dimethyl sulfoxide (DMSO) to make a stock solution 

based on the suggested solubilities and likely ranging from 1:500 to 1:20,000 for dilution.  

The peptide toxin calcicludine (Alomone Lab/ Peptide Institute, INC.) was dissolved in 

distilled water to make a 10μM stock solution. The synthesized calcicludine peptides Cyc-23, Cyc-

24, and amlodipine-linked calcicludine peptides were dissolved in the bath saline solution to make 

a 10μM stock solution. The truncated peptides in Cav1.3/II-III were dissolved in the standard 

extracellular solution set at 5mM stock solution and diluted in the same bath solution for back-

filling the pipettes during whole-cell patch-clamp recordings.  

The stock solutions were diluted to the desired working concentrations in extracellular 

solution, then perfused on cells attached to the bottom of 35 mm cell culture dishes using RSC160 

perfusion system (BioLogic, Climax, France at the rate of 0.5 mL/minute.  

2.4.2.3 Whole-cell patch-clamp pulse protocols 

Once the pipette loaded with intracellular solution reached close enough to the targeted cell, 

which is expected to be adhesive to the plate and display a spindle shape, the ultraprecise 

micromanipulator was moved diagonally to gently touch the cell with a tiny increase in resistance 

in the square wave of membrane test. A suction pulse was applied through the pipette pressure 

tubing from the mouth pipette, waiting for the seal resistance to reach 1 GΩ.  

Upon going whole-cell, a current-voltage relationship was typically recorded below, 

followed by either voltage-clamp during perfusion, steady-state inactivation, or other frequency-

dependent protocols, which will be described below.  

Current-voltage relationship: IV-curve can provide the voltage range of activation and 

equilibrium potential. Depolarizing voltage steps with increments of 10 mV are applied from -60 

to +50 mV every 2 seconds from a holding potential at -80mV. Most channels stay closed at 

hyperpolarized potentials from -40 mV but start to open when the potential is stepped to more 

positive values. All channels will practically open when steps more positive than 0mV, with a 

constant conductance, and current amplitude is only altered by the driving force of permeant ions 

in a linear relationship (Molleman, 2002). Voltage-dependent leak currents were subtracted using 

an on-line P/-4 subtraction paradigm.  

Current density: This value (pA/pF) is obtained using the peak current amplitude divided by 

cell capacitance recorded during the membrane test.  
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Voltage-dependent activation: Tail current amplitudes from current elicited during curve 

protocols were plotted against test voltage with the equation. The activation curve (percentage of 

maximum conductance versus membrane voltage) can be obtained from the IV-curve tail current. 

The maximum conductance of a population of ion channels often coincides with the linear part of 

the I/V relation. 

Voltage-dependent inactivation: The steady-state inactivation protocol uses 10-second 

conditioning pulses from −80 to +20 mV in 10-mV increments from a holding potential of −90 

mV, followed by a 100-millisecond test pulse to +10 mV. 

Dose-response protocol: Dose-response curves can be obtained by fitting the varying current 

amplitudes held at a constant potential in response to increasing concentrations of indicated drugs. 

Channels were activated with 100-millisecond steps to +10mV at a frequency of 0.033Hz from a 

holding potential of -80mV. Alternate increasing concentration will be applied when two previous 

sweeps overlap, and one stable value at each concentration will be used to generate the fit for 

affinity measurements.   

Frequency-dependent dose-response protocol: Whole-cell currents were measured using 

100-ms depolarizations to +10 mV from a holding potential of -60 mV in the absence or presence 

of the indicated drug concentrations at 0.05Hz. In cells to which the drug was applied, the block 

was allowed to reach equilibrium for several minutes at 0.05-Hz stimulation. The stimulation 

frequency was then increased to 1 Hz for 20 pulses (Dilmac et al., 2004). 
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Figure 2.2.  Waveforms of electrophysiological pulse protocols mentioned above. 

2.4.3 Perforated whole-cell recordings 

Similar to the set-up of whole-cell patch-clamp, perforated-patch clamp experiments were also 

performed at room temperature using an Axopatch 200B amplifier and filtered at 1 kHz (six-pole 

Bessel filter, -3dB). Patch pipettes were pulled by the flaming/brown micropipette puller (Sutter 

instrument model P-87, Novato, CA) using borosilicate glass (VMR, West Chester, PA) and fire-

polished using the microforge (Narishige MF-830, JP) to achieve resistance values of 3 to 6 mΩ, 

which were relatively bigger than that of whole-cell patch-clamp experiments for a larger 

contacting surface area.  

2.4.3.1 Perforated patch-clamp solution sets 

Extracellular solution contained: 138 mM NaCl, 5.6 mM KCl, 2.5 mM D-glucose, 10 mM 

HEPES, 1.2 mM MgCl2, 2.6mM CaCl2. Intracellular solution contained: 90 mM K2SO4, 10 mM 

NaCl, 1 mM MgCl2, 1.1 mM EGTA, 0.1 mM CaCl2, 5 mM HEPES, 0.3 mM ATP, 0.2 mM GTP. 

The pH of both solutions was adjusted 7.4 with NaOH, and the osmolality was adjusted to 

~230mOsm for intracellular solution and ~280mOsm for extracellular solution.  
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2.4.3.2 Perforated patch-clamp pharmacological reagents 

Amphotericin B, an antifungal drug, was used to create holes in the membranes of a very 

distinct size, permeable to ions but not larger molecules. To avoid the drug disturbance before 

giga-seal is formed, we front-filled the pipette with a standard intracellular solution and back-filled 

with the freshly made intracellular solution containing the perforating drug. Amphotericin B 

(Sigma-Aldrich) was distributed into 1.5mL brown centrifuge tubes with minimal amount, 

dissolved in DMSO (~3mg/100μL) to make the 30 mg/mL stock solution with the help of sonicator 

(Branson 3200, Danbury, CT) for 15 minutes until all visible particles were removed. It was stored 

at -20℃, away from the light before further diluted in the intracellular solution to maintain a 

concentration of 50~60 μg/mL. Sucrose was used to elevate the osmolality of the front-filled 

intracellular solution so that amphotericin B can diffuse before the giga-seal formation in the 

difference of ~15mOsm between two solutions. The amphotericin preparation was adapted from 

earlier research (Rae et al., 1991).  

Diazoxide (Sigma-Aldrich), the KATP channel activator (Trube et al., 1986), was diluted in 

DMSO to make 40mM stock solutions. It was applied to maximally open KATP channels and 

establish a stable resting membrane potential at a final concentration of 300 μM, assuring the 

exclusive effects of glucose-induced action potentials. Once the current clamp recordings show 

the stabilized membrane potentials, perfusion of diazoxide was stopped, and the extracellular 

solution was applied to wash out diazoxide before the addition of other modulators.  

Glucose (Sigma-Aldrich) was prepared in deionized water to make 1 M fresh weekly. 18mM 

glucose in extracellular solution was used to depolarize the INS-1 cells.  

Apamin (Alomone Labs), an SK channel inhibitor (Jacobson et al., 2010), was prepared in 

DMSO to make 200 μM stock solutions. 1μM apamin was added into a second perfusion line of 

18mM glucose-treated extracellular solution when action potentials are stabilized.  
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2.4.3.3 Perforated patch-clamp pulse protocols 

Once the pipette attached the cell, the access resistance (Ra) was monitored in cell mode of 

membrane test while the diffusion of amphotericin B and perforation of the cell membranes 

happened. Current clamp recordings were initiated after Ra reached less than 50MΩ. This could 

require up to 15 minutes after sealing the pipette to the cell membrane. Once the adequate access 

and typical whole-cell current response appear, the membrane potential can be measured by 

switching the amplifier to the current clamp (zero current injection mode). The membrane potential 

of INS-1 was measured using gap-free recording at a sampling frequency of 1kHz in I=0 current-

clamp mode. 300 μM diazoxide, The KATP channel activator, was perfused to fully hyperpolarize 

the membrane potential once the recording starts. This perfusion was stopped once the membrane 

potential was stabilized and a standard extracellular solution without any additional drug was 

applied to wash out diazoxide. When the resting membrane potential remained steady (~60-65 

mV), action potentials were stimulated by applying 18 mM glucose to the cell via extracellular 

perfusion. Current injections (100nA) were sometimes used to stimulate action potentials to assess 

cell viability if the cell did not respond to glucose.  

2.5 Western Blot 

2.5.1 Protein lysates collection 

Transfected tsA-201 cells or INS-1 cells in either 6-well or 10cm dish were lysed following 

the standard lysis protocol. Iced cells were collected and lysed in 10mM Tris, 10mM EDTA, 

10mM EGTA, 150mM NaCl and 1% Triton X-100 with protease inhibitor cocktail. Protein 

concentration was measured using Bradford protein assay, which was based on the ability of 

Coomassie blue to bind directly with protein molecules (Western Blot Sample Preparation | Abcam, 

2021).  

2.5.2 Co-immunoprecipitation 

10~50 μg cell lysate protein was incubated with either affinity resin or antibody with 

corresponding magnetic beads in binding buffers: 20mM Na2HPO4 and 0.15M NaCl. Anti-

DYKDDDK G1 affinity (mouse monoclonal antibody against FLAG tag, clone G1) resin 
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(GenScript, Piscataway, NJ, Cat. No. L00432) was preferably used in our experiments. Protein A 

MagBeads (GenScript, Cat. No. L00273) and Protein G MagBeads (GenScript, Cat. No. L00274) 

were used to bind with anti-DYKDDDK (in Table 2.3) antibodies in different species during 

experiment optimization.  

The protein sample for co-immunoprecipitation was later eluted in 0.1M glycine and 

neutralized in 1M Tris.  

2.5.3 Electrophoresis and immunoblotting 

50μg of each protein sample after anti-FLAG beads elution were mixed with 5X protein-dye 

(BioLegend, San Diego, CA) and 1% β-mercaptoethanol (BME; Sigma-Aldrich), boiled and 

loaded and separated by SDS- polyacrylamide gel electrophoresis (SDS-PAGE) at 150~190mV 

for 40~60 minutes in running buffer diluted from 10X stock solution containing (in 1L ddH2O): 

30.3g Tris Base, 114.2g Glycine, 1% SDS. Proteins were transferred to PVDF membranes at 

100mV for 30 minutes in transfer buffer containing: (in 2L ddH2O): 30.3g Tris Base, 114.2g 

Glycine, 10% methanol. PVDF membrane was later blocked in 5% non-fat milk in tris-buffered 

saline containing 0.1% Tween-20 (TBST) for 30 minutes at room temperature. Primary antibodies 

were applied, and the membrane was incubated at 4℃ overnight (See Table 2.3 for details on 

primary antibodies). The membrane was washed the next day with TBST three times (one fast 

wash and two slow washes), incubated with HRP-conjugated secondary antibodies (1:10,000, 

BioRad Laboratories). The membranes were washed with TBST as described previously to reduce 

the excessive secondary antibodies. Enhanced chemiluminescence (ECL; Amersham Bioscience, 

Piscataway, NJ) was applied and incubated for 5 minutes before imaging on the Sapphire 

Biomolecular Imager (Azure Biosystems, Dublin, CA) using Sapphire Capture software.  

 

Table 2.3.  Primary antibodies information 

Target Manufacturer Species Dilution Population 

CACNB3 (Cavβ3) Alomone Labs Rabbit 1:200 Polyclonal 

CACNB3 (Cavβ3) Sigma-Aldrich Mouse 1:500 Polyclonal 

DYKDDDDK peptide (FLAG) GenScript Rabbit 1:20,000 Polyclonal 

DYKDDDDK peptide (FLAG) ThermoFischer Mouse 1:1000 Monoclonal 
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2.6 Homology Models 

Homology models of Cav1.2 and Cav1.3 were generated using SWISS-MODEL (Guex et al., 

2009; Benkert et al., 2010; Bertoni et al., 2017; Bienert et al., 2016; Waterhouse et al., 2018). 

Both models were based on the cryo-EM structure of Cav1.1 (PDB-code: 5gjw; Wu et al., 2016). 

Cav1.2 and Cav1.3 share amino acid sequence identity of 72% and 71% with Cav1.1, 

respectively. 

2.7 Data analysis 

Electrophysiology data were analyzed using Clampfit 10.6, 10.7, and 11.2 (Axon 

Instruments), Windows Excel 2016-2020 (Microsoft), SigmaPlot 11 and 13 (Systat Software, 

San Jose, CA), and GraphPad Prism 6.1, 7.04, and 9.1 (GraphPad Software, La Jolla, CA).  

Characterization of L-VGCC physiological and pharmacological values including V1/2 

activation, V1/2 inactivation, IC50, EC50 was determined using either GraphPad or SigmaPlot in the 

exact regression fit and same correction. Current clamp analysis was mainly generated in Clampfit.  

2.7.1 Voltage-dependence of activation and inactivation 

V1/2 activation values were determined by plotting normalized tail-current amplitudes versus 

the corresponding 100-millisecond depolarizing voltage steps from −50 to +60 mV, in 10 mV-

increments, from a holding potential of −80 mV. The data were fit to the Boltzmann equation, I = 

1/(1 + exp((V1/2 − V)/k)), where k is a slope factor.  

V1/2 inactivation was determined by plotting the normalized test pulse amplitude versus the 

conditioning pulse potential and fitting the data to the Boltzmann equation I = 1/(1 + exp(−(V − 

V1/2)/k)), where k is a slope factor.  

When fitting equations to the data for voltage-dependence of activation and inactivation, we 

set curves to start at 0 or 1, respectively, and force the curves to plateau at 1 or 0, respectively. 

Slopes were allowed to vary. The time course of channel deactivation was determined by fitting 

tail-current decay to either a single or double exponential function. 
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2.7.2 IC50 and EC50 

LogIC50 values for nifedipine block were determined by fitting the fraction of current blocked 

at each drug concentration to the equation: Fraction Blocked = a − (a/ (1 + ([nifedipine] / IC50) 
b)), 

where a = maximum fraction blocked, b = slope. When fitting equations to the nifedipine dose-

response data (logIC50), we set the minimum at zero and let the slope and maximal block vary.  

LogEC50 values for FPL potentiation were determined by normalizing the increase in current 

with each concentration of FPL to the increase in current observed with 10 μM FPL. This reflects 

the experimental observation that the current block is often incomplete even at maximally effective 

concentrations. When fitting equations to the FPL 64176 dose-response data (logEC50), we set the 

minimum at zero and the maximum at 1 (maximal current stimulation) but allowed the slope to 

vary. The range of N values for dose-response curves represents the number of data points for each 

drug concentration. 

The number of separate experiments performed (i.e., cells clamped) to obtain a given dose-

response curve is equal to or greater than the highest number of replicates indicated for any single 

drug concentration. The basis of the logIC50 and logEC50 values ± S.E. of the fit shown in Table 

3.1 is the fit of all the data for a given channel construct.  

2.7.3 Analysis in the kinetics of tail currents 

Kinetics of tail current decay of Cav1.2 and Cav1.3 at a holding voltage of -80mV in the 

absence and presence of FPL were analyzed in either GraphPad or SigmaPlot. A 25-millisecond 

duration starting from the tail current peak was framed for analysis in a one-phase association in 

GraphPad or Exponential rise to the maximum in SigmaPlot. The fractional change was 

normalized for each data point to the full distance between the peak to the most positive current 

amplitude within this 25-millisecond window ranging from 0 to 1. Plateau (Frac. Fast in Table 3.2) 

was obtained from the fit f=a*(1-exp(-b*x)) with two parameters, along with τ values which are 

1/b. R10 values were obtained by measuring the fraction of the tail current remaining 10 

milliseconds after reaching a peak. 
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2.7.4 Analysis in current-clamp 

All the current clamp measurements in the perforated whole-cell patch-clamp were obtained 

from Clampfit 10.6, 10.7, and 11.2. Action potential frequencies were calculated by picking a 

stable period preferentially longer than 10 seconds and analyzing the in the event detection with 

pre-set thresholds. Half-width and action potential amplitude were also obtained in the same set-

up. Action potential hyperpolarization amplitude was calculated by subtracting the negative peak 

current from the previous plateau.  

2.7.5 Comparison tests 

Comparisons of two independent means were made with Student’s unpaired t-test with 

different distribution assumptions. Comparisons of three or more independent means with one 

single treatment were made using a one-way analysis of variance (one-way 

ANOVA). Comparisons of multiple independent means with individual groups were made with 

multiple Student’s unpaired t-tests throughout the columns with different distribution assumptions. 

P < 0.05 was considered significant. Data shown are means ± S.E. Lines are fits of the equations 

indicated for each type of experiment to the data. 
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 DIFFERENTIATION OF CAV1.2 AND CAV1.3 IN 

RESPONSE TO CHANNEL MODULATORS 

3.1 Introduction 

3.1.1 Cav1.3 involvement in Cav1.2-nonrelated disease 

 The development of L-VGCC modulators has been based on treating cardiovascular 

diseases such as hypertension and angina pectoris. L-type voltage-gated calcium channel (L-

VGCC) inhibitors were established to antagonize the involvement of Cav1.2, a subtype 

predominant in vascular smooth muscle, to induce vasodilation (Catterall, 2000). Nonetheless, 

another closely related L-VGCC subtype Cav1.3, highly expressed in SA and AV nodal tissue 

(Platzer et al., 2000), is probably an essential target for suppressing supraventricular arrhythmias. 

Three main chemical classes of L-VGCC blockers, dihydropyridines (DHPs), phenylalkylamines 

(PAAs), and benzothiazepines (BTZs) (Hockerman et al., 1997), are currently in clinical use but 

have no high degree of discrimination between Cav1. 2 and Cav1.3. Besides the cardiovascular 

system, Cav1.2 and Cav1.3 are expressed in various types of neurons (Hell et al., 1993) and 

endocrine cells (Seino et al., 1992), where they are thought to play distinct roles in cellular 

regulation. One example of a neurological role for Cav1.3 is the mediation of cortical excitability 

and Ca2+ oscillation in dopaminergic neurons of substantia nigra that may lead to Ca2+ overload 

and contribute to the selective loss of affected neurons in the early-onset stage of Parkinson’s 

disease (Guzman et al., 2009, 2010; Surmeier and Schumacker, 2013). Cav1.3 is required for 

upregulation of dopamine D2L receptors and sensitization to amphetamine (Giordano et al., 2006) 

and recruitment of D2L receptors in the striatum upon cocaine withdrawal (Schierberl et al., 2012) 

by regulating the DA activity in the ventral tegmental area-nucleus accumbents (VTA) brain region 

(Nestler et al., 2005). Non-selective DHPs were found to reduce cocaine-seeking behaviors in rats 

(Addy et al., 2018). On the other hand, Cav1.2 is involved in alcohol-seeking and relapse behavior 

(Uhrig et al., 2016). As for endocrinal pathways, Cav1.3 is activated by autoantibodies, which have 

been detected in serum collected from type-1 diabetes patients (Juntti-Berggren et al., 1993; Bason 

et al., 2013). Cav1.3 is also considered a potential therapeutic target for ischemic stroke (Busquet 

et al., 2008) and prostate cancer (Chen et al., 2014). These observations have driven the search for 

selective inhibitors of Cav1.3 as potential therapeutics for neurological and endocrinal diseases.  
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3.1.2 Development of Cav1.3 selective inhibitors 

 Given the novel direction of targeting Cav1.3 as therapeutic targets, several efforts have 

been devoted to developing L-VGCC subtype-selective inhibitors. One study examined dozens of 

derivatives of DHP scaffold, but only a modest degree of selectivity (at most 1.34) for Cav1.3 over 

Cav1.2 (Chang et al., 2010) was reported. Later, another study examining 5-unsubstituted DHPs 

reported compounds with better but not good enough Cav1.3 selectivity (at most 2.94 in 

cardiovascular tissues and no selectivity in neuronal tissues) (Tenti et al., 2014). A screen of over 

60,000 compounds identified a class of compounds, pyrimidine-2,4,6-triones, as moderately 

selective inhibitors of Cav1.3 over Cav1.2 (Kang et al., 2012, 2013). Other labs, however, failed to 

reproduce this selectivity. One follow-up study concluded that the lead pyrimidine-2,4,6-trione 

(compound 8) was dependent on the subtype of the auxiliary β subunit expressed with Cav1.3 

(Huang et al., 2014), and another lab concluded that compound 8 was an activator of L-type 

channels (Ortner et al., 2014). 

 The mixed results reported in studies using derivatives of DHPs or screens of chemical 

libraries suggest the need for more insight into differences between Cav1.2 and Cav1.3 that might 

be exploited in selective-drug development. The molecular pharmacology of Cav1.2 is well studied. 

The molecular determinants of Cav1.2 modulation by DHPs (Hockerman et al., 1997c; Sinnegger 

et al., 1997; Yamaguchi et al., 2003; Lin et al., 2011), PAAs (Hockerman et al., 1995, 1997a; 

Dilmac et al., 2004), and BTZs (Hering et al., 1996; Hockerman et al., 2000; Dilmac et al., 2003) 

have been identified. Even though there have not been cryoEM structures of Cav1.2 and Cav1.3 

solved, the homology models of the binding sites have been developed (Cosconati et al., 2007; 

Cheng et al., 2009; Tikhonov and Zohorov, 2009). However, the molecular pharmacology of 

Cav1.3 has not been extensively studied so far. One reason for this disparity might be from the 

highly conserved domains between Cav1.2 and Cav1.3 for drug block, leading to the perception 

that the drug binding sites in both channels are identical. Even though Cav1.3 has been reported to 

be less sensitive to block by some DHPs than Cav1.2 (Xu and Lipscombe, 2001; Huang et al., 

2013), the molecular determinants that mediate this difference in DHP affinity are not known. 
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3.1.3 Differentiation of subtype pharmacology 

   The transmembrane domains of Cav1.2 and Cav1.3 contributing to drug binding are highly 

conserved or nearly identical but with two subtle differences in two regions: IIIS5 and IIIS6, along 

with the extracellular/ pore IIIS5-3P loop, a highly divergent region, connecting these two domains. 

The IIIS5-3P domain contains two amino acid residues critical for the DHP block of Cav1.2 

(Yamaguchi et al., 2000, 2003), but they are conserved between Cav1.2 and Cav1.3. However, 

another cluster of amino acids closer to IIIS5 and not conserved between Cav1.2 and Cav1.3 is 

reported to influence DHP binding affinity (Wang et al., 2007). Therefore, we examined if 

substituting these critical divergent amino acids from Cav1.2 into Cav1.3 could reduce the IC50 for 

nifedipine (1,4-dihydro-2,6-dimethyl-4-(2-nitrophenyl)-3,5-pyridine carboxylic acid dimethyl 

ester) and EC50 for a non-dihydropyridine L-VGCC agonist FPL 64176 compared with wild-type 

Cav1.3.  

3.2 Structurally distinct dihydropyridines (DHP) differentially block Cav1.2 and Cav1.3 

 To understand the pharmacological differences between Cav1.2 and Cav1.3, we tested the 

universal L-VGCC antagonists, including the structurally distinct dihydropyridines (DHP) listed 

below: nifedipine, amlodipine, isradipine, and azelnidipine (Figure 3.1.A). Two concentrations of 

DHPs were tested on Cav1.2 and Cav1.3, ranging from 0.05 to 10μM. Each DHP we tested was 

more potent on Cav1.2 over Cav1.3 but not selective enough to differentiate these two subtypes 

(Figure 3.1.B).  We chose nifedipine for the subsequent experiments since it does not have chirality 

like most of DHPs and was the most compact and symmetrical compound among all we tested. At 

1μM, it blocks 80 percent of Cav1.2 and 70 percent of Cav1.3, and at a lower concentration, it 

shows more clear pharmacological differences. 
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Figure 3.1.  Differential block of Cav1.2 and Cav1.3 by structurally distinct dihydropyridines. (A) 

Chemical structures of nifedipine, amlodipine, isradipine, and azelnidipine. (B) Two 

concentrations (0.1 and 1.0μM for amlodipine, azelnidipine, and nifedipine, and 0.05 and 0.5 μM 

for isradipine) of the mentioned nifedipines in (A) were applied to block Cav1.2 and Cav1.3. Note 

that each drug is more significantly potent in blocking Cav1.2 compared to Cav1.3. Nifedipine 

(100nM: P <0.001, N=4; 1μM: P<0.001, N=4), Amlodipine (1 μM: P <0.05, N=4), Azelnidipine 

(1 μM: P<0.05, N=5), and Isradipine (50nM: P<0.01, N=5) all showed statistical significance 

between Cav1.2 and Cav1.3 using non-paired t-test.  
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3.3 Characterization of Cav1.2 and Cav1.3 gating and pharmacological properties 

 Biophysical and pharmacological properties were assessed by characterizing Ba2+ current 

conducted by Cav1.2 or Cav1.3 co-expressed with the β3 and α2δ1 subunits in tsA201 cells. We 

measured their voltage-dependence of activation (Figure 3.2.A), inactivation (Figure 3.2.B), and 

dose-response curves treated with nifedipine (Figure 3.2.C). Voltage-dependence of activation 

was recorded as described in Chapter 2, and an IV curve was generated from a holding potential 

of -80 mV by stepping to voltages from -50 mV to +60 mV in 10 mV increments. We applied 

the peak tail currents to the Boltzmann distribution to generate a Boltzmann-type activation 

curve [i.e., open probability (P open) -V curve]. V1/2 activation for Cav1.2 and Cav1.3 are -20 ± 0.5 

mV and -30 ± 1.5 mV, respectively. Voltage-dependent inactivation was recorded from a holding 

potential of -90 mV with conditioning voltage steps from -80mV to 20mV by 10mV every 60 

seconds with a 100ms test pulse to -10mV. The same Boltzmann distribution was applied, and 

V1/2 inactivation for Cav1.2 and Cav1.3 are as -41 ± 0.6 mV and -36 ± 1.3 mV, respectively. 

Dose-response curves were generated with an extracellular perfusion system and multiple 

concentrations of nifedipine through capillaries and observed with an inverted epi-fluorescence 

microscope. Both L-VGCCs were activated with 100-millisecond steps to +10mV at a frequency 

of 0.033 Hz from a holding potential of -80mV. The baseline was established when more than 

two traces were superimposed after perfusion of extracellular solution without any addition of 

compounds. Increasing concentrations of nifedipine were applied, and unstable cells were 

eliminated. Currents were normalized by the difference between baseline and specific 

concentration divided by baseline to generate block fraction. Cav1.2 was blocked more potently 

by nifedipine than Cav1.3 with IC50 values of 22 ± 2 nM for Cav1.2 and 289 ± 30nM for Cav1.3. 

We also tested the truncated splice variant Cav1.342a (Xu and Lipscombe, 2001) without a long 

C-terminal tail, which was less sensitive to nifedipine than the full-length Cav1.342a variant 

(Huang et al., 2013). We chose to use the full-length Cav1.342a variant over the truncated version 

as it is more structurally similar to the Cav1.2 variant used in this study. The IC50 for Cav1.342a 

was 436 ± 24 nM. 
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Figure 3.2.  Characterization of Cav1.2 and Cav1.3 electrophysiological properties and nifedipine 

block. (A) Determination of the voltage-dependence of activation in Cav1.2 and Cav1.3. V1/2 

activation values were -20 ± 0.5 mV for Cav1.2 (N = 6) and -30 ± 1.5 mV for Cav1.3 (N = 9) (P 

< 0.001). (B) Determination of the voltage-dependence of inactivation in Cav1.2 and Cav1.3. V1/2 

inactivation values were -41 ± 0.6 mV for Cav1.2 (N = 6) and -36 ± 1.3 mV (N = 5) for Cav1.3 (P 

< 0.01). (C) Determination of potency of nifedipine block of Cav1.2 and Cav1.3. The IC50 values 

of nifedipine block were 22 ± 2nM (N = 3–12) for Cav1.2 and 289 ± 30nM (N = 7) for Cav1.3 (P 

< 0.001). Example traces from experiments are shown at right. The IC50 for nifedipine block of 

Cav1.342a, a truncated splice variant, was 436 ± 24nM (N = 5 to 6), statistically significantly 

greater than that of Cav1.3 (P < 0.01). 
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3.4 Homology models and DHP binding pocket 

Thinking about the substantial biophysical and pharmacological differences between these 

two subtypes and the fact that they share a 75% homology overall and over 90% homology within 

the transmembrane domains, we hypothesized that the DHP sensitivity difference between Cav1.2 

and Cav1.3 comes from the most divergent region. Since there are no high-resolution structures of 

Cav1.2 and Cav1.3 co-crystallized with DHP available, we collaborated with Dr. Markus A. Lill 

and built two 3D models based on the high-resolution CryoEM structure of rabbit Cav1.1 (Wu et 

al., 2016) (Figure 3.3.A). Based on the findings of three classes of drugs, PAAs, BTZs, and DHPs 

binding to L-VGCCs in IIIS5, IIIS6, and IVS6 transmembrane regions (Hockerman et al., 1997), 

our 3D models provide a better perspective of the DHP binding pocket (Figure 3.3.B).  

 

 

Figure 3.3.  3D models of Cav1.2 and Cav1.3 and DHP binding pocket. (A) We built the 3D 

models of Cav1.2 (yellow) and Cav1.3 (purple) based on Cryo-EM Cav1.1 (cyan). (B) Topology 

of DHP binding pocket in the 3D model of Cav1.2 and sequence alignments of Cav1.2 and 

Cav1.3. Shaded cylinders represent transmembrane segments (1-6) organized into four 

homologous domains (I-IV). The C- and N- terminal domains are intracellular. The critical 

amino acids in the binding pocket with three classes of the drug: phenylalkylamines, 

benzothiazepines, and dihydropyridines, are color-coded in red, green, and blue. Dashes 

represent identity between these two subtypes.  
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3.5 Molecular determinants in IIIS5 transmembrane in response to Nifedipine 

3.5.1 Generation of DHP insensitive mutants 

 Transmembrane IIIS5 is a critical component of the DHP binding pocket in Cav1.2 

(Mitterdorfer et al., 1996, Hockerman et al., 1997). The mutations of T1039 and Q1043 in Cav1.2 

to tyrosine and methionine result in a DHP-insensitive voltage-gated Ca2+ channel, Cav1.2/DHPi, 

markedly less sensitive to DHPs but normally sensitive to diltiazem (Hockerman et al., 2000; Lin 

et al., 2011). Corresponding mutations were made on Cav1.3 by switching the same threonine and 

glutamine to tyrosine and tyrosine (Figure 3.4.A), and Cav1.3/DHPi was generated, which also lost 

DHP sensitivity as expected (Wang et al., 2018). However, due to the insolubility of nifedipine 

over 200μM (Ran et al., 2002) and the very low sensitivity of Cav1.3/DHPi to nifedipine block, 

we were unable to determine the maximum nifedipine block. Instead, we assumed the maximal 

nifedipine block of Cav1.3/DHPi to be 90% at the highest concentration, and by applying the 

inhibition fit, we estimated the IC50 of nifedipine block of Cav1.3/DHPi to be ~93μM, compared 

to IC50 of Cav1.3 at 289nM (Figure 3.4.B). We also measured the potency of diltiazem in blocking 

of Cav1.3/DHPi and wild-type Cav1.3. The sensitivity of Cav1.3/DHPi was not altered compared 

to Cav1.3 (Figure 3.5). 

3.5.2 Significant amino acids in IIIS5 to differentiate Cav1.2 and Cav1.3 

 Considering the important role of the transmembrane IIIS5 domain contributing to DHP 

binding, we would like to explore the single amino acids not conserved between Cav1.2 and Cav1.3. 

The only difference is Cav1.3/M1030 and Cav1.2/V1036 (Figure 3.4.A). We constructed the 

mutant channel Cav1.3/MV using the site-directed mutagenesis mentioned in Chapter 2 to 

determine whether this conservative change could contribute to the nifedipine potency difference 

between Cav1.2 and Cav1.3. We first measured its biophysical characteristics and reported its V1/2 

activation as -26 ± 1.1 mV (N = 23) and V1/2 inactivation as -35 ± 0.5 mV (N = 6) (Table 3.1). The 

voltage-dependent inactivation for this mutant is not very different from Cav1.3 at -36 mV, but the 

voltage-dependent activation shifts to a more positive voltage from -30mV of Cav1.3 (P < 0.05). 

Then we measured the pharmacological property of this mutant, and it generated a nifedipine IC50 

of 89 ± 7nM, shifting from 289nM of Cav1.3 (P < 0.001) by ~3 fold. We were curious whether the 

reciprocal change of Cav1.2/VM would generate a similar shift in Cav1.2. The additional mutant 
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Cav1.2/VM was found to increase the IC50 of the nifedipine block of Cav1.2 from 22nM to 39nM 

(P < 0.01) (Figure 3.4.D, Table 3.1). Additionally, the V1/2 activation and inactivation for this 

mutant were reported as -24 ± 1.0mV (N=8) and -38 ± 0.5mV (N=6). They are both close to the 

measurements of Cav1.2 but with a more negative activation and more positive inactivation. From 

the findings, we were certain that this Cav1.3/M1030 to Cav1.2/V1036 switch contributes to 

differentiating the nifedipine potency between subtypes and moderately changed voltage-

dependent activation. Our model of Cav1.3, colored in purple, includes the IIIS5 helix at the bottom 

and IVS6 helix at the top with the 3P helix to the right, with valine of Cav1.2 shown at the mutation 

in yellow. Methionine could potentially decrease the accessibility of nifedipine to the Q1037 and 

F1106 residues (Figure 3.4.F). 
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Figure 3.4.  Significant amino acids in transmembrane IIIS5 contributing to Nifedipine block. 

(A) Topological representation of L-VGCCs with transmembrane IIIS5 sequence alignment of 

Cav1.2, Cav1.3, and mutant Cav1.3/DHPi. The Cav1.3/M1030 and Cav1.2/V1036 are colored in 

red. Cav1.3/T1033, Cav1.3/Q1037, and Cav1.2/T1039, Cav1.2/Q1043 are underlined, mutated to 

tyrosine and methionine for generation of Cav1.2/DHPi and Cav1.3/DHPi. (B) Dose-response 

curve for nifedipine block of Cav1.3/DHPi and Cav1.3. The IC50 for Cav1.3/DHPi was estimated 

at ~93μM.  (C) Dose response curve for nifedipine block of Cav1.3/MV and Cav1.3. The IC50 

value was 89 ± 7nM (N = 5~7), less than IC50 of nifedipine block of Cav1.3 (P < 0.001). (D) 

Dose response curve for nifedipine block of Cav1.2/VM and Cav1.2. The IC50 value was 39 ± 

5nM (N = 4~6), greater than the IC50 of nifedipine block of Cav1.2 (P < 0.05). (E) Voltage-

dependent activation of Cav1.2/VM and Cav1.2. The V1/2 activation for Cav1.2/VM was -24 ± 

1mV (N = 8), more negative than that of Cav1.2 (P < 0.05). (F) Homology models of Cav1.2 

(yellow) and Cav1.3 (purple). This view indicates the DHP binding pocket of Cav1.3 and 

includes the Cav1.2/V1036 superimposed with Cav1.3/M1030. The frame includes the IIIS5 helix 

(bottom), IVS6 helix (top), and the 3P helix (right) with Q1037 and F1106, the significant amino 

acids in DHP binding.   
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Figure 3.4 continued 
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Figure 3.4 continued 

 

3.6 Molecular determinants in the extracellular IIIS5-3P loop in response to Nifedipine 

3.6.1 Generation of chimeric Cav1.3 with Cav1.2 IIIS5-3P loop 

 IIIS5-3P loop is an area of relatively high amino acid sequence divergence between Cav1.2 

and Cav1.3 compared to transmembrane IIIS5 (Figure 3.6.A). Furthermore, some determinants of 

DHP potency and affinity have been identified in this region, as mentioned in chapter 1 and figure 

3.3. Therefore, we believe that this extracellular loop might exhibit some molecular determinants 

to differentiate these two subtypes. 

We created a chimeric channel and named it Cav1.3+, which incorporates the Cav1.2 IIIS5-3P loop 

into the Cav1.3 backbone. The method was mentioned in section 2.3. The voltage-dependence of 

activation and inactivation were examined and essentially unchanged in Cav1.3+ compared with 

Cav1.3 (Table 3.1). Excitingly, the IC50 for the nifedipine block of Cav1.3+ was reported as 101 

± 4nM, reduced compared with that for Cav1.3 (P < 0.001) (Figure 3.6.B). Like Cav1.3/DHPi, we 

were also curious about another drug class interacting with this mutant. We applied four increasing 
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concentrations of diltiazem, 10, 50, 100, and 500 μM onto Cav1.3, Cav1.3/DHPi, and Cav1.3+, and 

there were no significant differences among the three classes of channels (Figure 3.5). Thus, the 

IIIS5-3P loop is not critical for diltiazem block but contributes to the difference in nifedipine 

potency between Cav1.2 and Cav1.3.  

 

 

Figure 3.5.  Diltiazem (benzothiazepine) block of Cav1.3, Cav1.3+ and Cav1.3/DHPi. (A) 

Example current traces show dose-dependent block in Cav1.3 and Cav1.3/DHPi by diltiazem at 

50, 100, and 500 μM.  (B) Fractional block by 10, 50, 100, and 500 μM diltiazem in Cav1.3, 

Cav1.3/DHPi, and Cav1.3+. There was no significant difference in the fraction of the current 

blocked in each of the three-channel constructs at any diltiazem concentrations.  (one-way 

ANOVA, N=3~7) 
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3.6.2 Significant amino acids in III5-3P loop to differentiate Cav1.2 and Cav1.3 

 Given the increased potency of the nifedipine block of  Cav1.3+, we aligned the sequences 

of subtypes at the IIIS5-IIIP loop and tried to identify the amino acid which might account for it 

(Figure 3.6.A). This extracellular domain extends from the C-terminal end of transmembrane IIIS5 

and includes the ion selectivity filter. Cav1.2/E1118 and Cav1.3/E1112 were shown to allow 

simultaneous interactions with multiple Ca2+ ions moving single-file within the pore over more 

plentiful ions such as Na+ and K+ (Yang et al., 1993). IIIS5-3P loop includes conserved 

Cav1.2/F1112 and S1115 and Cav1.3/F1106 and S1109, contributing to DHP binding and Ca2+ 

channel agonist activity (Yamaguchi et al., 2000, 2003). The only divergence between Cav1.2 and 

Cav1.3 in this region is Cav1.3/S1100 to Cav1.2/A1106. The mutant Cav1.3/SA had a V1/2 

activation not different from  Cav1.3, but a markedly left-shifted V1/2 inactivation at -49mV ± 0.8 

(Table 3.1). The IC50 for the nifedipine block of Cav1.3/SA was reported as 99 ± 24nM, not 

statistically different from Cav1.3+ at 101nM (Figure 3.6.B). Thus, this serine to alanine switch 

reproduced the DHP sensitivity increase of Cav1.3+. Our 3D model shows that Cav1.3/S1100 

potentially forms a hydrogen bonding with Cav1.3/N1094 (Figure 3.7), while Cav1.2/A1106 and 

Cav1.2/D1100 do not. A potential hydrogen bond was also spotted in Cryo-EM Cav1.1 between 

Cav1.1/S1102 and Cav1.1/H996 and facilitated by D998. These potential hydrogen bonds might 

explain the lower DHP binding affinity in Cav1.1 and Cav1.3 compared to Cav1.2.  

3.6.3 Additional mutants with lower potency 

 The conserved proline residues at Cav1.2/P1087 and Cav1.3/P1081 are located in the first 

half of the IIIS5-3P domain, while two other proline residues occupy distinct positions within the 

IIIS5-3P domain: Cav1.3/P1064 and Cav1.2/P1091. We reasoned that this proline configuration 

difference could contribute to DHP affinity by controlling the conformation of the 3P helix. IIIS5-

3P loop. We made a mutant Cav1.3/PEEP by switching the Cav1.3/P1063 to E and Cav1.3/E1085 

to P, which would mimic the proline configuration of the Cav1.2 IIIS5-3P loop. This mutant 

generated a voltage-dependent activation at -27mV, 3mV more positive than Cav1.3. It generated 

voltage-dependent inactivation at -36mV, which was not different from the wild-type. We reported 

the IC50 for the nifedipine block of Cav1.3/PEEP to be 188 ± 28nM, which was not significantly 

different from IC50 for the block of Cav1.3 at 289nM (Figure 3.6.C). This mutant also produced a 
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decreased efficacy of nifedipine as the fractional block only reached 60 percent at maximally 

effective concentrations of nifedipine. The dose-response curve for the nifedipine block of 

Cav1.3/PEEP generated a slower Hill slope constant at 0.43 ± 0.02, which was shallower than that 

of Cav1.3 (P < 0.001).  

 Besides mimicking proline configuration, we were also interested in the proximal region 

of this IIIS5- 3P loop, which contains more divergent amino acids than the other parts of the loop. 

Three negatively charged residues in Cav1.2 were reported to affect DHP binding affinity: 

Cav1.2/D1063. Cav1.2/E1069 and Cav1.2/E1071 (Wang et al., 2007). Cav1.3/D1057 and 

Cav1.3/E1065 were conserved in Cav1.3. Cav1.3/P1063, which we made a mutation previously 

based on the assumption of proline configuration corresponds to the position of Cav1.2 E1071. 

Therefore, we came up with the idea to insert six amino acids Cav1.2/SSKQTEA from 1064 to 

1070 (shown in the red box on Figure 3.6.A) into the corresponding positions of Cav1.3/EAKSNPE 

from 1058 to 1064. The mutant Cav1.3/N6 formed functional channels, but the mutation causes an 

outward current in the presence of 180 mM NMDG in the extracellular solution and the absence 

of NMDG in the intracellular solution. Hence, we used an NMDG-balanced solution (see Chapter 

2) to measure the electric activities of Cav1.3/N6, which restored inward Ba2+ current. We reported 

the voltage-dependent activation of Cav1.3/N6 under a new solution set as -17 ± 0.8mV, which 

was 13mV more positive than Cav1.3. The voltage-dependent inactivation of this mutant fell at -

34 ± 0.6mV, which was not significantly different from the wild-type. The IC50 for the nifedipine 

block of Cav1.3/N6 was 116 ± 53nM, which was lower than that of Cav1.3/PEEP and Cav1.3 (P < 

0.05), closer to that of Cav1.3+ and Cav1.3/SA, but it also flattened the dose-response curve like 

Cav1.3/PEEP (Figure 3.6.D). We reported the Hill slope constant of the dose-response curve as 

0.52 ± 0.1, which was also less than that of Cav1.3. Even though Cav1.3/SA almost reproduced the 

shift of DHP sensitivity of Cav1.3+, the divergent amino acids in the proximal region of the IIIS5-

3P loop might play supportive roles in DHP binding affinity and ion selectivity of the pore.  

 Interestingly, the mutation sites were close to binding sites of Cavα2δ-1 (Bourdin et al., 

2017; Briot et al., 2018) (Figure 3.8).  Additionally, Cavα2δ-1 modulates voltage-sensing domain 

activations and Ca2+ influx (Savalli et al., 2016). The mutations in Cav1.3/PEEP and Cav1.3/N6 

may interfere with the interaction between Cav1.3 and Cavα2δ-1 and change the channel gating, 

cation permeability, and DHP efficacy.
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Figure 3.6.  Significant amino acids in extracellular IIIS5-3P loop in response to Nifedipine 

block. (A) Topological representation of the L-VGCC with sequence alignments of Cav1.2 (a.a 

1058-1118) and Cav1.3 (a.a 1052-1112) at IIIS5-3P helix loop. Twenty-four out of sixty amino 

acids in Cav1.3 are not conserved in Cav1.2. Dashes indicate identical amino acids. Asterisks at 

the proximal and distal regions indicate amino acid residues previously reported to affect 

dihydropyridine modulation of Cav1.2. Cav1.2/E1118 and Cav1.3/E1112 at the ends were 

glutamates associated with the Ca2+ selectivity filter. (B) Dose-response curve for nifedipine 

block of Cav1.3+, Cav1.3/SA and Cav1.3. The Cav1.3+ mutant incorporated the IIIS3-3P loop of 

Cav1.2 into the corresponding segment of Cav1.3. The Cav1.3/SA mutant included the 

Cav1.3/S1100 to A single switch. Both Cav1.3/SA (gray circles) and Cav1.3+ (black circles) are 

more sensitive to nifedipine than Cav1.3 (white circles) (P < 0.01; P < 0.001, respectively). IC50 

for nifedipine block of Cav1.3+ is 101 ± 4nM (N = 6~8). IC50 for nifedipine block of Cav1.3/SA 

is 99 ± 24nM (N = 4~5). (C) Dose-response curve for nifedipine block of Cav1.3/PEEP and 

Cav1.3. Cav1.3/PEEP mutant included the Cav1.3/P1063 to E and Cav1.3/E1085 to P double 

mutations. The IC50 for the nifedipine block of Cav1.3/PEEP (black circles) is 188 ± 28nM (N = 

3~7), not different from that of Cav1.3 (white circles). The Hill slope constant was 0.43 ± 0.02, 

shallower than that of Cav1.3 at 0.78 ± 0.04 (P < 0.001).  (D) Dose-response curve for nifedipine 

block of Cav1.3/N6 and Cav1.3. Cav1.3/N6 incorporated the six amino acids in Cav1.2 framed in 

the red box shown in (A) into Cav1.3. The IC50 for nifedipine block of Cav1.3/N6 was 116 ± 53 

nM (N = 5~9), lower than that of Cav1.3 (P < 0.05). The Hill slope constant was reported to be 

0.52 ± 0.10, shallower than that for Cav1.3 at 0.78 ± 0.04 (P < 0.05) (E) Dose-response curve for 

nifedipine block of Cav1.3+V, Cav1.2 and Cav1.3. Cav1.3+V was made from Cav1.3+V with 

Cav1.3/MV mutation at IIIS5 transmembrane. The IC50 for the nifedipine block of Cav1.3+V was 

reported to be 42 ± 5 nM (N = 4~10), which was much lower than that for Cav1.3 at 289nM (P < 

0.001) and closer to Cav1.2.   
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Figure 3.6 Continued 
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Figure 3.7.  Homology models of Cav1.2 (yellow), Cav1.3 (purple), and CryoEM of Cav1.1 

(cyan) at the backside of the 3P helix. Cav1.3 in the middle shows a potential H-bond between 

the Cav1.3-specific residues S1100 and N1094, while Cav1.2 with A1106 and 1100 does not. 

Cav1.1 also exhibits a potential H-bond between S1102 and H996 facilitated by D998.   
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Figure 3.8.  Cryo-EM structure of Cav1.1 (cyan) and 3D-models of Cav1.2 (yellow), Cav1.3 

(purple) interacting with auxiliary subunit Cavα2δ-1. The mutation sites in Cav1.3/N6 and 

Cav1.3/PEEP are near the interaction of Cav1 and Cavα2δ-1. D173 and E176 in Cavα2δ-1 interact 

with IIIS5-3P loop at R969 and R989 in Cav1.1, K1073, and K1092 in Cav1.2, and R1067 and 

R1086 in Cav1.3.
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3.7 Combinational mutations of both transmembrane and loop in response to Nifedipine 

 Considering the promising but relatively modest nifedipine sensitivity shift of Cav1.3/MV 

in IIIS5 transmembrane and Cav1.3+ in extracellular IIIS5-3P loop, we asked whether the 

combination of these two mutations would generate an increased potency of nifedipine block. The 

mutant Cav1.3+V was created, and we reported its voltage-dependent activation and inactivation 

like all the channels we have characterized. V1/2 inactivation of Cav1.3+V was reported to be -42 

± 0.3 (N = 4), shifted by -6mV compared with Cav1.3. V1/2 activation of Cav1.3+V was reported 

to be -27 ± 0.8 (N = 8), not different from the wild-type (Table 3.1). As expected, the IC50 for the 

nifedipine block of Cav1.3+V was reduced compared to Cav1.3/MV and Cav1.3+. This mutant 

generated a value of 42 ± 5 nM (Figure 3.6.E), compared with 289 ± 30nM for Cav1.3 (P < 0.001), 

closer but still greater than IC50 of nifedipine block for Cav1.2 at 22nM (P < 0.05).  

 Considering the 20nM difference between the combinational mutant Cav1.3+V and Cav1.2, 

we tried to look for other amino acids in other DHP binding pockets to fill the remaining gap in 

nifedipine potency. Besides IIIS5 and IIIS5-3P loop in domain III, IIIS6 also contributes to the 

DHP binding pocket in Cav1.2, depicted in Figure 3.3.B (Hockerman et al., 1997c). Since this 

domain is highly conserved with only one divergent amino acid, Cav1.2/I1156, and Cav1.3/V1150, 

and mutation of Cav1.2/I1156 to alanine resulted in a significant decrease in DHP binding affinity 

(Peterson et al., 1997). We generated Cav1.3/V1150I but we found mutant yielded little to no 

current upon expression in tsA201 cells.  

3.8 Molecular determinants in extracellular IIIS5-3P loop in response to FPL 64176 

3.8.1 Significant amino acids in III5-3P loop to differentiate Cav1.2 and Cav1.3 

 We have made some progress in differentiating Cav1.2 and Cav1.3 in response to the 

universal L-VGCC antagonist, nifedipine in the drug class of dihydropyridine, and we shifted our 

attention to an agonist, a non-dihydropyridine compound FPL 64176 (methyl 2,5-dimethyl-4-[2-

(phenylmethyl)benzoyl]-1H-pyrrole-3-carboxylate; FPL, Figure 3.10), which is calcium channel 

modulator specific for the L-VGCCs (Baxter et al., 1993; Ginap et al., 1993). Similar to the most 

common L-VGCC agonist Bay K 8644, FPL prolongs the opening of L-VGCCs during 

depolarization and slows the closing during repolarization (Rampe and Lacerda, 1991; Fan et al., 

2000). Besides L-VGCCs, reconstruction of the DHP binding site was done in the P/Q-type 



 

 

133 

channel Cav2.1, and it conferred potentiation of current by FPL and potency by DHP antagonists 

(Sinnegger et al., 1997). The potentiation of Cav1.2 was well-characterized (Liu et al., 2003), but 

the modulation of Cav1.3 by FPL is not characterized. We compared the potency of FPL 

potentiation of current in Cav1.2 and Cav1.3 and modulation of deactivation. 

 Like the Cav1.3 mutants mentioned in chapter 3.6.3, we also characterized Cav1.3 mutants 

in NMDG-balanced solutions because application of FPL frequently induced outward current 

when the extracellular solution contained no NMDG (Figure 3.9.A). During the application of 

increasing concentrations of FPL, a higher-end concentration of FPL induces outward current and 

can be washed out by extracellular solution and returned to inward current. This observation 

suggests that FPL binding substantially alters the permeability of Cav1.3 to NMDG. We found that 

10μM FPL stimulated the maximal increase in current in both Cav1.2 and Cav1.3, with higher 

concentrations leading to lower current potentiation. Therefore, to generate the EC50 values for 

FPL potentiation of current, we took the current amplitude at 10μM FPL to be 1 and normalized 

current amplitude at lower concentrations to that value for each cell. We determined the EC50 for 

potentiation of current amplitude in Cav1.2 by FPL at 103 ± 40 nM (Figure 3.10.A and D). The 

EC50 for potentiation of current amplitude in Cav1.3 was 854 ± 236nM (P < 0.05) (Figure 3.10.B 

and D). Thus, as with nifedipine, Cav1.3 is less sensitive to FPL than Cav1.2.  

 We next asked if the same amino acid that accounts for the differences in nifedipine 

potency in the block of Cav1.2 and Cav1.3 also account for the observed difference in FPL potency 

in potentiating current in these two channels. We found the EC50 for potentiation of current 

amplitude by FPL in Cav1.3+V to be 99 ± 5nM (Figure 3.10.C and D), indistinguishable from the 

EC50 for FPL potentiation of Cav1.2 at 103nM. We also found the EC50 for potentiation of current 

amplitude by FPL in Cav1.3/MV to be 737 ± 20nM, not different from the EC50 of Cav1.3 at 854nM 

(Figure 3.10.D). The results of these two mutants suggest that the molecular determinants of the 

difference in potency of FPL potentiation of current amplitudes lie within the IIIS5-3P loop. We 

were able to use standard solution sets for these experiments as FPL did not induce an outward 

current in Cav1.2, Cav1.3, Cav1.3+V, or Cav1.3/MV.  

 Considering the importance of this extracellular loop, we tried to measure FPL potency in 

Cav1.3+ in a standard solution set, but outward current was observed in the presence of FPL (Figure 

3.9.A). However, the NMDG-solution set also did not generate useful data (Figure 3.9.B). We 

were unable to measure the potency of the FPL potentiation of this mutant because FPL induced 
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erratic changes in current amplitude and the accurate 10μM baseline for an authentic dose-response 

curve. Additional IIIS5-3P mutants such as Cav1.3/PEEP, Cav1.3/N6, and Cav1.3/SA were 

successfully measured to obtain the potency of FPL potentiation, but it was found that none of 

these mutants displayed increased sensitivity to potentiation of current induced by FPL compared 

with Cav1.3 (Table 3.1). In fact, Cav1.3/PEEP and Cav1.3/SA exhibited decreased sensitivity to 

potentiation of current by FPL. In the previous chapters, we have identified two regions of amino 

acid divergence between Cav1.2 and Cav1.3 within the IIIS5-3P loop, including Cav1.2/A1106 to 

Cav1.3/S1100 and Cav1.2 1064~1070/ Cav1.3 1058~64, to confer differences in sensitivity to 

nifedipine block but not in FPL potentiation of these two channel subtypes.  

 Next, we explored the IIIS5-3P loop and determined the significant amino acids to 

differentiate Cav1.2 and Cav1.3 potentiation by FPL (See Figure 3.6.A). We generated a switch 

from Cav1.3/F1052 to Cav1.2/L1058 and reported an EC50 for FPL potentiation of this Cav1.3/FL 

mutant at 275nM (Figure 3.11) in the NMDG-balanced solution as it unpredictably had outward 

currents in the standard solution set in the presence of a micromolar concentration of FPL. This 

result was significantly lower than that of Cav1.3 at 835nM (P < 0.001) but not as close as Cav1.2 

or Cav1.3+V. We shifted our focus to a more highly conserved N-terminal region of the loop, 

which includes more amino acids in common between Cav1.2 and Cav1.3. A little further from the 

critical DHP interacting sites (Figure 3.11.A asterisk *), including the significant Cav1.3/S1100 

mentioned in the previous section, we chose to mutate Cav1.3/Q1089, Cav1.3/D1092, and 

Cav1.3/N1094 into the corresponding Cav1.2/E1095, Cav1.2/K1098 and Cav1.2/D1010. With these 

three mutations plus and Cav1.3/SA, we generated the Cav1.3 mutant with four point-mutations as 

Cav1.3/QDNS. Unfortunately, like Cav1.3/VI we prepared in the previous chapter, this mutant 

failed to express detectable current. We incorporated the F1052L mutation into the QDNS mutant 

to create a new Cav1.3/FQDNS mutant. Fortunately, this mutant expressed well, and we were able 

to record its electric activity in the standard solution set without outward current induced by high 

concentration of FPL. The EC50 for FPL potentiation of the Cav1.3/FQDNS mutant was 133nM, 

close to that of Cav1.2 and Cav1.3+V at around 100nM (Figure 3.11). These three mutants have 

provided solid proof of the importance of Cav1.3/F1052 in differentiating FPL potentiation 

between Cav1.2 and Cav1.3. Moreover, the more conserved N-terminal portion of the IIIS5-3P 

loop, including Q1089, D1092, N1094, and S1100, also contribute to the differential potentiation 

of Cav1.2 and Cav1.3 by FPL (Figure 3.12).
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Figure 3.9.  FPL 64176 effect on Cav1.3 and Cav1.3+ conducting currents. (A) Example traces of 

current through Cav1.3 (left) or Cav1.3+ (right) elicited with a step to 0 mV from a holding 

potential of -80mV using the standard solution set. FPL 64176 was applied at 1 and 10μM via 

extracellular perfusion as described in Chapter 2 materials and methods. (B) Example dose-

response experiments with Cav1.3 and Cav1.3+ with FPL 64176 treatment using the NMDG-

balanced solution set described in Chapter 2 material and methods. Note the current amplitude 

increase in Cav1.3+ at 50 and 100nM FPL and reduction in current amplitude at 1μM, even 

though channel activation is slower at lower concentrations.   
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Figure 3.10.  The potency of FPL 64176 potentiation of Cav1.2, Cav1.3, and mutant channels 

Cav1.3+V and Cav1.3/MV. (A-C) Example traces of Cav1.2, Cav1.3, and Cav1.3+V with 

indicated FPL concentrations in NMDG-balanced solution sets. Note the marked slowing of tail 

current in Cav1.2 that is absent in Cav1.3. Cav1.3+V has a moderately slow tail compared with 

the two wild-types. (D) Dose-response curves for FPL 64176 potentiation of Cav1.2, Cav1.3, and 

mutant channels Cav1.3+V and Cav1.3/MV. The EC50 values for FPL potentiation of current 

amplitude for Cav1.2 and Cav1.3 were 103 ± 40nM (N= 3~8) and 854 ± 236nM (N= 3~7), 

respectively (P < 0.05). The EC50 values for FPL potentiation of the mutant Cav1.3+V at 99 ± 

5nM (N= 3~7) were not much different from that of Cav1.2 but were very different from that of 

Cav1.3 (P < 0.005). In contrast, the EC50 for FPL potentiation of the mutant Cav1.3/MV was 737 

± 20nM (N=5), not very different from that of Cav1.3. Data are shown as the mean fractional 

increase in current compared with 10μM FPL 64176 ± S.E.   
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Figure 3.11.  Structure of FPL64176 and its potentiation of Cav1.2, Cav1.3, and mutant channels. 

Dose-response curves for FPL 64176 potentiation of Cav1.2, Cav1.3, and mutant channels 

Cav1.3+V, Cav1.3/MV, Cav1.3 /FL, and Cav1.3/FQDNS (as extended from Figure 3.9.D). The 

EC50 values for FPL potentiation of current amplitude for Cav1.3/FL was 275 ± 12nM (log (2.44 

± 0.069), N= 3~17) and for Cav1.3/FQDNS was 133 ± 11nM (log(2.214 ± 0.047), N= 7~20). 

Both were significantly different from Cav1.3 (P < 0.05) but not Cav1.2. Data are shown as the 

mean fractional increase in current compared with 10μM FPL 64176 ± S.E.  
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Figure 3.12. Homology models of Cav1.2 (yellow), Cav1.3 (purple) of the beginning of the 3P 

helix. The frame also includes significant amino acids in the transmembrane IIIS5 region. 

Cav1.3/F1052 to Cav1.2/L1058 mutation increased the potency of FPL potentiation. 

Cav1.3/N1094 to Cav1.2/D1100 without Cav1.3/FL mutation silenced the channel. Cav1.3 might 

exhibit a bigger hydrophobic guardian amino acid to inhibit the access of FPL.  
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3.8.2 Slowing kinetics of deactivation in Cav1.3 versus Cav1.2 

 During current measurements of Cav1.2 and Cav1.3 at a holding voltage of -80mV in 

response to FPL, we noticed strong effects on the kinetics of deactivation and the voltage-

dependent activation of Cav1.2 and Cav1.3. The tail current changes in Figure 3.10.A and B are 

replotted with only baseline (control) and measurements in the presence of 10μM FPL in Figure 

3.13.A and B with higher resolution on tail-current kinetics as a measure of the rate of deactivation. 

Cav1.3 displays a fast rate of closing with a single time constant (τ) at 0.41ms in the absence of 

FPL and a slower τ of 11ms in the presence of FPL (Figure 3.13.A; Table 3.2). In contrast, for 

Cav1.2, which has a much slower deactivation, two τs were observed (fast and slow) in the absence 

of FPL. However, a single slow τ is principally observed in the presence of FPL that is greater than 

both τs in the absence of FPL (Figure 3.13.B; Table 3.2). 

 Considering the difference in the kinetics of deactivation in Cav1.3 versus Cav1.2 in the 

absence of FPL, we compared the FPL-induced slowing of deactivation in both subtype channels 

by measuring the fraction of the tail current remaining 10 milliseconds after reaching a peak (R10). 

The R10 measured for both Cav1.2 and Cav1.3 in the absence of FPL was negligible as they both 

flatten out in the process of deactivation. In contrast, in the presence of 10 μM FPL, R10 in Cav1.2 

was 0.67 ± 0.09, greater than that of Cav1.3 at 0.15 ± 0.02 (Figure 3.10.C; P < 0.001). This result 

indicated that Cav1.2 has a greater slowing of deactivation induced by FPL. Moreover, we also 

found that FPL shifted the V1/2 activation of Cav1.2 by -26mV but only -10mV in Cav1.3 (Table 

3.2). In addition to more potently potentiating current amplitude in Cav1.2 compared to Cav1.3, 

FPL also imposes stronger effects on deactivation kinetics and voltage-dependence of activation 

in Cav1.2 at a maximally effective concentration of 10μM. 

 Besides characterizing tail current kinetics in the deactivation of these two wild-type 

channels in response to FPL, we were curious whether the mutant channel Cav1.3/DHPi was also 

less sensitive to FPL than Cav1.3. Deactivation of Cav1.3/DHPi exhibited a single τ that was 

indistinguishable from that of wild-type Cav1.3 (Table 3.2), and this value was not altered after 

application of 10μM FPL (Figure 3.13.D and E), that both τs fell around 0.6 milliseconds. No 

significant increase in current amplitude was observed upon application of 10 μM FPL to 

Cav1.3/DHPi. The V1/2 activation of Cav1.3DHPi in the presence of 10 μM FPL shifted by -9mV 

(Table 3.1). Since IIIS5 has shown clear evidence of a crucial role in FPL actions, we also 

examined the kinetics of deactivation of Cav1.3/MV (Figure 3.13.F) as it is the only mutant based 
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on the IIIS5 transmembrane region. Cav1.3/MV showed a deactivation in the absence of FPL, with 

a single τ (0.71 ± 0.04 milliseconds) that was slightly but statistically significantly greater than 

that of Cav1.3 at 0.41 ± 0.07 milliseconds (**P < 0.01) (Figure 3.13.G). In the presence of 10μM 

FPL, Cav1.3/MV displays a greater R10 at 0.52 ± 0.15 (*P < 0.05) compared to that of wild-type 

Cav1.3 (Figure 3.13.H). As for the reciprocal mutant Cav1.2/VM, the deactivation was not different 

from that of Cav1.2 either in the absence of the presence of FPL (Table 3.2). Thus, the M to V 

switch at position 1030 of Cav1.3 does not affect the FPL potency but does affect both deactivation 

and slowing of deactivation by FPL.  

 We were also interested in the kinetics of deactivation of new mutants we made to 

differentiate the FPL potentiation of Cav1.2 and Cav1.3. Cav1.3/FL and Cav1.3/FQDNS were 

measured in the same manner to see whether their tail current kinetics were slowed by FPL 

potentiation. Similar normalization was applied by framing a 25-millisecond duration starting from 

the tail current peak. A single exponential equation was fit to the normalized data. Plateau 

(Fractions in Table 3.2) was generated by using the formula f=a*(1-exp(-b*x)) with two 

parameters, along with τ values which are 1/b. We found that both Cav1.3/FL and Cav1.3/FQDNS 

have a very fast deactivation which was not significantly affected by FPL potentiation (Figure 3.14 

and Table 3.2) like Cav1.2 or Cav1.3, but closer to Cav1.3/DHPi. We also found that the time 

constants for tail current decay in Cav1.3/FQDNS and Cav1.3/FL are decreased (i.e., decay is 

accelerated) upon application of FPL. The fast time constant, high plateau, and low R10 in the 

absence and presence of 10μM FPL suggest FPL potentiates current amplitude with no slowing of 

channel closing in these mutants. Altogether, we found Cav1.3/MV in transmembrane IIIS5 to 

regulate FPL-induced slowing of deactivation. On the other hand, Cav1.3/FL enhances the potency 

of FPL in potentiating current but diminished FPL regulation of channel closing. 



 

 

141 

Figure 3.13.  Tail-current kinetics decay in the presence and absence of FPL 64176 in Cav1.2, 

Cav1.3, and mutant channels. (A) Example trace of 100-millisecond depolarization 

demonstrating tail-current decay in Cav1.3 in the presence or absence of 10μM FPL 64176. (B) 

Example trace of 100-millisecond depolarization demonstrating tail-current decay in Cav1.2 in 

the presence and absence of 10μM FPL 64716. (C) The R10 value (fraction of tail current 

remaining 10 milliseconds after peak) in the presence or absence of 10μM FPL was greater in 

Cav1.2 (0.67 ± 0.09, N =6) compared with that of Cav1.3 (0.15 ± 0.02, N=5) (***P < 0.001). (D) 

Example trace of 100-millisecond depolarization demonstrating tail-current decay in 

Cav1.3/DHPi in the presence and absence of 10μM FPL 64176. (E) The time constant for 

deactivation of Cav1.3/DHPi (τ =0.59 ± 0.11 milliseconds, N=5) was not affected by the 

presence of 10μM FPL (τ = 0.60 ± 0.04 milliseconds, N=5). (F) Example trace of 100-

millisecond depolarizing demonstrating tail-current decay in Cav1.3/MV in the presence or 

absence of 10μM FPL 64176. (G) The time constant for deactivation of Cav1.3/MV in the 

absence of FPL followed a single time constant (τ = 0.70 ± 0.13 milliseconds, N=5) that was 

slower than that of Cav1.3 (**P < 0.01). (H) The R10 value for Cav1.3/MV tail current in the 

presence of 10 μM FPL (0.51 ± 0.15, N=5) was greater than that of Cav1.3 (*P < 0.05)  
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Figure 3.13 Continued 
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Figure 3.14.  FPL potentiation and tail-current kinetics of Cav1.3/FL and Cav1.3/FQDNS. (A) 

Example trace of 100-millisecond depolarization demonstrating tail-current decay in Cav1.3 

mutants in the presence or absence of 10μM FPL 64176 in Cav1.3/FQDNS (left) and Cav1.3/FL 

(right). (B) Bar graph of the fractional current closed (Plateau in the absence and presence of 

FPL) and R10 value (fraction of tail current remaining 10 milliseconds after the peak in the 

presence of FPL) measured of Cav1.2, Cav1.3, Cav1.3/FL, and Cav1.3/FQDNS. R10 of Cav1.2 

was smaller than that of Cav1.3 and Cav1.3 mutants, and both wild-types decreased after FPL 

treatment, and the mutants remained stable.  (C) Bar graph of time constant τ in the absence and 

presence of 10μM FPL, the measurement was relatively smaller in wild-type Cav1.2 and Cav1.3 

but significantly greater after FPL treatment than that of Cav1.3/FL and Cav1.3/FQDNS (***P < 

0.00001). Cav1.3/FL is also significantly different from Cav1.3/FQDNS in the presence of FPL 

(*P <0.05)  
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Figure 3.14 Continued 
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3.9 Discussion 

3.9.1 Summary of characterization of Cav1.2, Cav1.3, and mutant channels 

 

 

Table 3.1.  Pharmacology and Voltage-Dependence of Cav1.2, Cav1.3, and Mutant Channels 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*Balanced NMDG solutions

Channel 

(+ β3 & α2δ1) 

Nifedipine 

IC50 (nM) 

Nifedipine 

Hill Slope 

Nifedipine 

Max % 

FPL64176 

EC50 (nM) 

Cav1.2 22 ± 2 

N = 3~12 

1.0 ± 0.1 90 ± 3 103 ± 40 

N = 3~8 

Cav1.3 (long) 289 ± 30 

N = 7 

0.78 ± 0.05 88 ± 2 854 ± 236* 

N = 3~7 

Cav1.3 42a (short) 436 ± 24 

N = 5~6 

1.0 ± 0.05 91 ± 2 ND 

Cav1.3/DHPi ~93000 

N = 2~16 

ND ND ND 

Cav1.3/MV 89 ± 7 

N = 5~7 

1.3 ± 0.15 81 ± 2 737 ± 20 

N = 3~7 

Cav1.2/VM 39 ± 6 

N = 4~6 

0.83 ± 0.11 94 ± 4 ND 

Cav1.3+ 101 ± 4 

N = 6~8 

0.79 ± 0.02 87 ± 1 ND 

Cav1.3+V 42 ± 5 

N = 4~10 

1.4 ± 0.16 83 ± 2 99 ± 5 

N = 3~7 

Cav1.3/PEEP 188 ± 28 

N = 3~7 

0.43 ± 0.02 80 ± 2 1166 ± 75 

N = 4~5 

Cav1.3/N6 116 ± 53* 

N = 5~9 

0.52 ± 0.12 66 ± 5 813 ± 477* 

N = 8~12 

Cav1.3/SA 99 ± 24 

N = 4~5 

0.82 ± 0.2 90 ± 5 2566 ± 952 

N = 3~18 

Cav1.3/FL NA NA NA 275 ± 12* 

N = 3~17 

Cav1.3/FQNDS NA NA NA 133 ± 11 

N = 7~20 
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Table 3.1 (continued).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*Balanced NMDG solutions  

Channel 

(+ β3 & α2δ1) 

V1/2 

inact. (mV) 

V1/2 

act. (mV) 
△V1/2 

act. FPL (mV) 

Cav1.2 -41 ± 0.6 

N = 6 

-20 ± 0.5 

N = 6 

-26 ± 0.7 

N = 7 

Cav1.3 (long) -36 ± 1.3 

N = 5 

-30 ± 1.5 

N = 9 

-10.2 ± 1.8 

N = 9 

Cav1.3 42a (short) -40 ± 1.2 

N = 5 

-28 ± 0.7 

N = 5 

ND 

Cav1.3/DHPi -27 ± 1.2 

N = 5 

-22 ± 1.1 

N = 9 

-9.5 ± 1.4 

N = 6 

Cav1.3/MV -35 ± 0.5 

N = 6 

-26 ± 1.1 

N = 23 

ND 

Cav1.2/VM -38 ± 0.5 

N = 6 

-28 ± 1.2 

N = 8 

ND 

Cav1.3+ -38 ± 1.6 

N = 7 

-27 ± 0.8 

N = 12 

ND 

Cav1.3+V -42 ± 0.3 

N = 4 

-28 ± 1.2 

N = 8 

-8.2 ± 1.8 

N = 7 

Cav1.3/PEEP -36 ± 0.2 

N = 3 

-24 ± 1.0 

N = 6 

ND 

Cav1.3/N6 -34 ± 0.6 

N = 5 

-22 ± 1.1 

N = 9 

ND 

Cav1.3/SA -49 ± 0.8 

N = 12 

-17 ± 0.8 

N = 12 

ND 

Cav1.3/FL -50 ± 0.6 

N =11 

-29 ± 0.3 

N = 6 

-2.78 ± 1.19 

N = 10 

Cav1.3/FQNDS -42 ± 3.1 

N =17 

-3.14 ± 1.7 

N = 22 

-6.61 ± 1.32 

N=13 
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Table 3.2.  Kinetics of tail current decay in the presence and absence of FPL 64176 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*P < 0.05; **P < 0.01; ***P < 0.001 compared with Cav1.3. 

#P < 0.05; ##P < 0.01; ###P < 0.001 compared with absence of FPL. 

 

 

 

 

Channel 

(+ β3 & α2δ1) 

Frac. Fast τ-Fast 

(ms) 

Frac Slow τ-Slow 

(ms) 

Cav1.2 0.79 ± 0.08 0.37 ± 0.05 0.18 ±0.08 6.5 ± 0.6 

Cav1.3 (long) 0.96 ± 0.01 0.41± 0.07 NA NA 

Cav1.3/DHPi 0.94 ± 0.02 0.59 ± 0.01 NA NA 

Cav1.3+V 0.96 ± 0.01 0.70 ± 0.13 NA NA 

Cav1.3/MV 0.97 ± 0.01 0.71 ± 0.04* NA NA 

Cav1.2/VM 0.96 ± 0.04 0.68 ± 0.15 NA NA 

Cav1.3/PEEP 0.96 ± 0.02 0.77 ± 0.08** NA NA 

Cav1.3/FL 0.95 ± 0.05 0.43 ± 0.09 NA NA 

Cav1.3/FQNDS 0.95 ±0.05 0.65 ± 0.28 NA NA 

Channel 

(+ β3 & α2δ1) 

Frac. Slow 

FPL 

τ-FPL 

(ms) 

FPL R10 N 

Cav1.2 0.64 ± 0.20 24 ± 7# 0.67 ± 0.09*** 6 

Cav1.3 (long) 0.34 ± 0.06 11 ± 1### 0.15± 0.02 5 

Cav1.3/DHPi NA 0.60 ± 0.04 ND 5 

Cav1.3+V 0.84 ± 0.05 6.0 ± 1## 0.39 ± 0.07* 6 

Cav1.3/MV 0.53 ± 0.13 39 ± 9# 0.52 ± 0.15* 5 

Cav1.2/VM 0.73 ± 0.10 29 ± 7## 0.71 ± 0.08*** 6 

Cav1.3/PEEP 0.71 ± 0.18 12 ± 3## 0.34 ± 0.11 5 

Cav1.3/FL 0.96 ± 0.03 1.42 ± 0.80*** 0.11 ± 0.04 16 

Cav1.3/FQNDS 0.87 ± 0.10 0.83 ± 0.20*** 0.08 ± 0.03 9 
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Figure 3.15.  Summary of pharmacological and physiological measurements
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3.9.2 Comparison between our results and past literature 

 Very little has been published regarding the molecular pharmacology of Cav1.3. However, 

the potency of Cav1.342 block by nimodipine and the voltage-dependence of activation and 

inactivation of that channel has been reported (Xu and Lipscombe, 2001). The V1/2 activation we 

reported here is in good agreement with Xu and Lipscombe. Our choice of nifedipine among all 

the DHP antagonists available was due to its compact structure with no extended side chains, which 

might interact with amino acids outside the canonical DHP binding site. Our results showed an 

~13-fold higher IC50 for the nifedipine block of Cav1.3 compared with Cav1.2, which is in line 

with the ~20-fold higher IC50 for nimodipine of Cav1.3 compared with Cav1.2 in Xu and 

Lipscombe’s results. Even though no EC50 of agonist potentiation in Cav1.3 was previously 

reported, Xu and Lipscombe did report a modest shift in V1/2 activation of Cav1.3 by 1μM 

concentration of DHP agonists Bay K 8644 (~-7 mV), which was in line with a modest leftward 

shift in V1/2 activation we observed in Cav1.3 in the presence of 10μM FPL.  

 The binding affinity and block potency of the DHP antagonist PN200-110 (isradipine) for 

a Cav1.3 clone from the human pancreas (Cav1.38A) (Koschak et al., 2001) found that the KD for 

[3H]PN200-110 binding was not significantly different between Cav1.38A and Cav1.2 cloned from 

rabbit cardiac muscle (Tanabe et al., 1987). However, the IC50 for the block of current by PN200-

110 was shown to be 8.5-fold higher for Cav1.38A than Cav1.2, which was very similar to the 

difference in nifedipine potency difference in blocking Cav1.3 and Cav1.2 in our study. The past 

studies have shown an invariably lower KD value for binding of DHPs to L-type channels in 

isolated membranes compared to the IC50 values for the current block in electrophysiological 

measurements. One example we could find was PN200-110 measurements. KD for [3H]PN200-

110 to the Cav1.2 clone used in Tanabe’s study was 55 pM, whereas the IC50 for this compound 

block of current is 7nM (Peterson et al., 1997). Both studies indicated a single [3H]PN200-110 

binding site, which probably reflects the open, inactivated state of the channel at 0 mV. Thus, it is 

probable that the Hill slopes different from 1 that we observed for the nifedipine block of Cav1.3, 

and some of the mutant channels used in this study reflect the presence of distinct voltage-

dependent channel conformations that regulate DHP affinity.  
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3.9.3 Conclusion 

 Our results suggest that relatively minor differences in transmembrane segment IIIS5 and 

the IIIS5-3P loop can largely account for the difference in potency of the nifedipine block of Cav1.2 

and Cav1.3.  

 The IIIS5 helix is proved to be a critical component of the Cav1.3 DHP binding pocket 

since the mutation of T1033 and Q1037 in Cav1.3/DHPi results in a substantial loss of nifedipine 

potency (Figure 3.16). The single mutation in the side chains of Cav1.3/M1030 to Cav1.2/V1036 

is projected to align to the same face of the IIIS5 helix as the T and Q residues required for high-

potency DHP block (Mitterdorfer et al., 1996), supporting our finding that swapping the Cav1.3-

specific residue at this position into Cav1.2 (V1036M) shifts nifedipine potency toward that of 

Cav1.3 and vice versa. These two exact mutations were later reproduced in another lab and showed 

the same results (Cooper et al., 2020). Interestingly, this swap of channel subtype-specific residues 

in this position also results in small reciprocal shifts in V1/2 activation (Table 3.1). However, when 

they responded to the agonists, only the Cav1.3/MV mutant exhibited slower deactivation, both in 

the presence and absence of FPL (Table 3.2). This observation that decreasing the bulk of the 

amino acid side-chain at position M1030 in Cav1.3 affects voltage-dependence of activation, and 

the rate of tail-current decay suggests that position M1030 in IIIS5 (outer pore helix) may interact 

with IIIS6 (inner pore helix) in a manner that regulates channel gating. Models of DHP binding in 

Cav1.2 in previously published models suggest that amino acid residues directly interacting with 

DHP drugs are conserved between Cav1.2 and Cav1.3 (Cosconati et al., 2007; Tikhonov and 

Zhorov, 2009). To understand how subtle differences in amino acid sequence might account for a 

significant difference in nifedipine potency, we constructed homology models of Cav1.2 and 

Cav1.3 (Figure 3.3.A) based on the recently published high-resolution cryo-EM structure of Cav1.1 

(Wu et al., 2016). With the help of homology models, we propose that the increase in side-chain 

bulk between Cav1.2 and Cav1.3 at position M1030/V1036 could potentially decrease the 

accessibility of nifedipine to the critical Q1037 and F1106 residues (Figure 3.4).  

 Besides IIIS5 transmembrane, the most divergent IIIS5-3P loop downstream of IIIS5 plays 

a critical role in the differentiation of Cav1.2 and Cav1.3 nifedipine inhibition sensitivity. Among 

all the mutants made based on the extracellular loop, Cav1.3/SA had the strongest effect on 

nifedipine potency. Additionally, the model predicts that S1100 in Cav1.3 can form a hydrogen 

bond with N1094, an interaction that could potentially constrain the movement of the 3P helix 
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during nifedipine binding (Figure 3.7, purple). On the other hand, the corresponding positions in 

Cav1.2 are occupied by an alanine residue (1106) and glutamate (1100), precluding the interaction 

of H-bonding formation (Figure 3.7, yellow). As for the actual cryo-EM structure of Cav1.1 

colored in cyan in Figure 3.7, our finding indicates that S1100 of Cav1.3 is conserved in the 

corresponding position of Cav1.1 at S1002 and the position corresponding to N1094 of Cav1.3 is 

a histidine conserved in Cav1.1 at 996. These two residues, along with D998, may form a hydrogen 

bond in Cav1.1, which may contribute to the lower binding affinity of Cav1.1 for [3H]PN200-110 

at 270pM (Peterson et al., 1996) compared with Cav1.2 at 55pM (Peterson et al., 1997). Thus, our 

model suggests that the effect of the Cav1.3/SA mutation on nifedipine potency might be indirect 

and that the displacement of the 3P helix may be required for the high potency block of Cav1.2 by 

DHP antagonists.  

 Our studies of FPL, the non-dihydropyridine agonist, effects of potentiating Cav1.2, Cav1.3, 

and various mutant channels also yielded some novel results. Similar to DHP agonist Bay K, FPL 

shows a much higher potency in potentiating current amplitudes in Cav1.2 compared with Cav1.3 

(Figure 3.9). This FPL potentiation difference can be attributed entirely to amino acid differences 

in the IIIS5-3P loop between these two subtypes. However, the conserved T1033 and Q1037 

residues in IIIS5 are necessary for FPL action on Cav1.3, even though the nearby M1030V 

mutation did not increase the potency of FPL action in isolation. However, the inclusion of V1030 

in Cav1.3+V was critical for stabilizing FPL potentiation of current and revealing the increased 

sensitivity of this mutant to FPL. Despite a complete loss of slowing deactivation by FPL, the FPL-

induced shift in V1/2 activation of Cav1.3/DHPi was not different from that of Cav1.3. This 

observation suggests the existence of distinct sites of action on Cav1.3 for these two characteristic 

effects of FPL on L-VGCC gating.  

 Other amino acid residues that confer the difference in sensitivity to FPL between Cav1.2 

and Cav1.3 are located in the IIIS5-3P loop at Cav1.3/F1052 and Cav1.2/L1058. None of the 

mutations within the domain increased that increased nifedipine potency improved FPL potency 

at Cav1.3. Single mutation of Cav1.3/FL generated a ~5-fold shift of FPL potency from Cav1.3 to 

Cav1.2, while another mutant, Cav1.3/FQDNS, with four more amino acid changes in the C-

terminal of the IIIS5-3P loop, was not significantly different from Cav1.3+V and Cav1.2 (Figure 

3.10). Interestingly, in contrast to Cav1.3/MV, which drastically changed the tail current kinetics 

during deactivation in the presence of FPL, the mutants Cav1.3/FL and Cav1.3FQDNS exhibited a 
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minimal effect on deactivation kinetics. Similar to Cav1.3/DHPi in tail current decay but different 

in plateau measurements, they retained the fast, single exponential time constants while 

deactivating with small current availability (Figure 3.13). Also, Cav1.3/FL and Cav1.3/FQDNS 

showed opposite time constant change in the presence of FPL, but with a just minor difference. 

Therefore, we suspected that the divergent mutations in the C-terminal of the IIIS5-3P loop and 

T/Q in the IIIS5 transmembrane are involved in regulating the gating properties by slowing the 

voltage sensors. Unexpectedly, our results indicate that FPL potentiation of current amplitude and 

FPL slowing of deactivation are not coupled. A previous model was used to show slowed kinetics 

of activation and deactivation in physiological voltage range resulted from slower movement of 

the channel voltage sensors, which were required, through their cooperative movement, for 

channel opening (Fan et al., 2001). However, another study showed that FPL does not affect gating 

currents (i.e., voltage-sensor movement), and the speed at which the channel voltage sensors return 

to rest is not detectably affected by the drug, although the signature effect of FPL is a dramatic 

slowing of the ionic tail currents (McDonough et al., 2005). Altogether these results suggest that 

FPL enhances current amplitude and slows channel deactivation through different mechanisms.  

 In our studies of Cav1.3/N6 mutant, we made the unexpected observation that outward 

current often developed during an experiment. The standard solution set used in this study sets up 

a large NMDG gradient across the membrane. Mutations in the pore region of Cav1.2 were 

previously reported to lead to enhanced permeability of NMDG, as evidenced by a marked shift 

in reversal potential that was abolished by equalizing the NMDG concentration in the extracellular 

(Chapter 2) and intracellular solutions (Hockerman et al., 1995). Indeed, we found that, by 

equalizing the NMDG concentration in the intra- and extracellular solutions, the outward current 

observed in the Cav1.3/N6 mutant was diminished. In that case, we were able to complete the 

biophysical and pharmacological measurements reported in Table 3.1. Likewise, we found that 

Cav1.3 and Cav1.3+ mutant tended to undergo current reversal upon FPL application (Figure 3.8.A) 

that was abolished in Cav1.3 by equalizing the NMDG concentrations. However, even this 

maneuver left an unstable current when FPL was applied to Cav1.3+, and we were unable to 

determine an EC50 for FPL stimulation of this mutant (Figure 3.8.B). FPL was previously reported 

to alter the permeability of Cav1.2 (Fan et al., 2001), such that Cd2+ became a permeant ion, rather 

than a pore blocker, in the absence of Ca2+. This fact implies that the changes in pore structure 

may be substantial. Studies on Bay K 8644 showed that the modification of cardiac L-type 
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channels also provided evidence in permeation properties affected by this drug, whose actions may 

share at least some similarities FPL (Leuranguer et al., 2003). Considering that the Bay K 8644-

modified channels have altered rectification properties, passing inward current but little or no 

outward current, and FPL has no effect on gating steps, we rationalize that FPL affects only ion 

permeation of the channel. Thus, our observation that FPL can induce NMDG permeability in 

Cav1.3 is consistent with the notion that FPL binding may induce conformational changes in the 

IIIS5-3P loop that affect the ion selectivity of Cav1.3. Interestingly, neither Cav1.3+V nor 

Cav1.3/MV mutant conducted outward current in the presence of FPL, and Cav1.3/FL and 

Cav1.3/FQDNS mutants only infrequently conducted outward current in the standard solution set. 

This observation suggests that the  M1030 and F1052 residues may play a role in the observed 

permeability changes in Cav1.3.  

 In summary, this study demonstrates that the reduced sensitivity of Cav1.3 to both 

nifedipine and FPL compared with Cav1.2 can be mainly attributed to amino acid differences 

within the previously defined DHP binding pocket. In the case of nifedipine, this difference can 

be attributed to the M/V divergence in the transmembrane domain IIIS5 and a S/A divergence in 

the IIIS5-3P loop. Our homology models suggest that divergence in the IIIS5 results in distinct 

stearic effects on drug binding, whereas the divergence in the IIIS5-3P loop may regulate 

displacement of the 3P helix upon ligand binding. In the case of a non-dihydropyridine agonist, 

FPL 64176, the sensitivity difference can be attributed to the F/L divergence in the IIIS-3P loop. 

M/V and F/L divergences may also attribute to the ion permeability in channel pores.  
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Figure 3.16.  Nifedipine binding pockets, including previously identified amino acids in Cav1.1 

(cyan), Cav1.2 (yellow), and Cav1.3 (purple). 
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 DIFFERENTIATION OF CAV1.2 AND CAV1.3 IN 

RESPONSE TO BETA SUBUNIT REGULATION 

4.1 Introduction 

 As described in the previous chapter, the binding sites for current L-type channel inhibitors 

are in regions of near amino acid identity between Cav1 subtypes, making it difficult to find a 

rational basis for modifying known drug structures to achieve subtype selectivity (Wang et al., 

2018). The 2020 phase III clinical trial for isradipine treating early-stage Parkinson's disease came 

out negative (Parkinson Study Group STEADY-PD Investigators, 2020). However, this study may 

have been hampered by dosing limitations on isradipine due to its strong cardiovascular effects. 

Besides Parkinson’s disease, more studies implied that Cav1.3 is a potential therapeutical target 

for substance abuse disorders. Instead of developing strategies based on the known drug, we 

explored the intracellular interactions modulating Cav1.3 inactivated states. 

4.1.1 Cav1.3 as an alternative strategy for treating substance abuse disorders 

 The report from the 2020 national survey on drug use and health has shown that 60.1 

percent of the population over 12 years old, approximately 165.4 million people, used a substance 

in the past year (Substance Abuse and Mental Health Services Administration (SAMHSA) 2020). 

Extensive studies have been done to understand drug addiction on the reward pathway of the 

ventral tegmental area-nucleus accumbens (VTA-NAc) brain region, where dopamine is identified 

as the significant neurotransmitter (Nestler et al., 2005). However, not all addictive substances 

firmly release dopamine into the NAc (Nutt et al., 2015). Currently, FDA-approved drugs are not 

effective for stimulant use disorder, and there is an urgent need to explore novel strategies in an 

alternative pathway.  

 A variety of studies reveal the involvement of L-VGCC Cav1.3 in addiction to stimulants 

such as cocaine and amphetamines, suggesting its potential as a promising target. Cav1.3 is 

required for upregulation of dopamine D2L receptors and sensitization to amphetamine (Giordano 

et al., 2006) and recruitment of D2L receptors in the striatum upon cocaine withdrawal (Schierberl 

et al., 2012). Non-selective L-VGCC blocker nifedipine and isradipine reduced the rewarding 

effects and cocaine-seeking behavior in rodents (Shibasaki et al., 2010; Addy et al., 2018). The 
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prominent role of Cav1.2 in the prefrontal cortex and the hippocampus suggest that agents that 

suppress Cav1.3 activity, but spare Cav1.2 activity, may have fewer adverse neurological side 

effects. Accumulating evidence indicated that Ca2+ influx via Cav1.3 activity in dopaminergic 

neurons of VTA is a crucial step in the development of dependence on stimulant drugs, and 

developing Cav1.3-selective inhibitor is a viable strategy to treat stimulant use disorder.  

4.1.2 Divergent intracellular domains in Cav1.2 and Cav1.3 

 Unlike the transmembrane domains, which were extensively studied in the previous 

chapter, the intracellular domains of the pore-forming α1 subunit of Cav1 channels are highly 

divergent, reflecting the coupling of different Cav1 channels to distinct signaling pathways. Cav1.2 

and Cav1.3 interact with distinct proteins via these domains, and disruption of these interactions 

has been proposed as a handle for selective modulation of Cav1 subtype-selective signaling 

(Zuccotti et al., 2011). The Cav channels possess five distinct intracellular domains: N-terminal 

and C-terminal domains, as well as the I-II, II-III, and III-IV loops that connect the four 

homologous transmembrane domains shown earlier. One constant among all Cav channels is the 

interaction of the I-II loop with the auxiliary Cavβ-subunits (Chen et al., 2004; Pragnell et al., 1994; 

Van Petegem et al., 2004) accounts for the high amino acid identity of this domain between Cav1.2 

and Cav1.3. These interactions play a critical role in the surface expression and voltage-dependence 

of all high voltage-activated (HVA) Ca2+ channels (i.e., Cav1 and Cav2 channels) (Dolphin et al., 

2012).  The C-terminal tails of Cav1.2 and Cav1.3 are divergent, especially in the distal portions, 

where they interact with separate arrays of regulatory and scaffolding proteins. We summarized 

the identified interacting proteins with these intracellular domains of Cav1.2 and Cav1.3 in Figure 

4.1.B.  
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4.2 The L-VGCC II-III loops modulate Ca2+-secretion coupling 

 The intracellular loop connecting domain II and domain III of the L-VGCC α1 subunit is 

the largest cytoplasmic loop with 150 amino acids and also one of the most divergent regions 

between Cav1.2 and Cav1.3 (Zuccotti et al., 2011). Cav1.2 II-III loop was shown to effectively pull 

down syntaxin 1A, SNAP-25, and synaptotagmin (P65), and the loop peptide interrupts the 

association and completely blocks depolarization-evoked exocytosis and granule-localized Ca2+ 

influx (Wiser et al., 1999; Barg et al., 2002; Jacobo et al., 2009; Yasuda et al., 2010; Gandasi et 

al., 2017). Sharing only 48% amino acid identity, the intracellular loops of Cav1.3 and Cav1.2 are 

relatively divergent. Interestingly, the II-III loops of nearly all Cav channels, including Cav1.1 

(Polster et al., 2018), Cav1.2 (Jacobo et al., 2009), Cav2.1 (Kim et al., 1997), Cav2.2 (Sheng et al., 

1998), and Cav2.3 (Radhakrishnan et al., 2011), interact with multiple proteins to either anchor the 

channels in signaling complexes or regulate cell surface expression. Considering the divergent 

Intracellular Domain % Identity Cav1.2/1.3 Interacting Proteins 

N Terminal 45 - 

I-II loop 78 β-subunits 

II-III loop 48 RyR2, PCLO, RIMS2 

III-IV loop 93 - 

C Terminal 51 CaM, CaMKII, STIM1, CIP, NIL-16, 
Actinin2, SK2, SHANK, densin  Cav1.2&1.3 both 

 Cav1.2 only, Cav1.3 only  

Figure 4.1.  Intracellular domains of Cav1.2 and 

Cav1.3 are structurally and functionally divergent. 

(A) Model (Wang et al., 2018) of Cav1.2 

intracellular domains based on the CryEO structure 

of Cav1.1 with auxiliary subunits removed (Wu et 

al., 2016). (B) Amino acid identity of Cav1.2 and 

Cav1.3 intracellular domains and interacting 

proteins (Zuccotti et al., 2011). 

B   
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homology shared in the cytoplasmic II-III loop between these two L-VGCC subtypes, we have not 

fully understood the role of the Cav1.3 II-III loop. 

 We examined the role of the II-III loop of Cav1.2 and Cav1.3 in the pancreatic β-cell line 

INS-1, which expresses both L-VGCC subtypes endogenously (Jacobo et al., 2009). We expressed 

the Cav1.2/II-III loop fused to eGFP and found it uncoupled Cav1.2 from ER Ca2+ release and 

enhanced glucose-stimulated action potential (GSAP) frequency by disrupting the SK channel 

(KCa 2.1-3) activation (Figure 4.2.C & E) (Wang et al., 2014).  Interestingly, expression of 

Cav1.3/II-III loop fused to eGFP had the opposite effect on glucose-stimulated electrical activity, 

decreasing action potential frequency by ~80% (Figure 4.2.D & E). Compared to control INS-1 

cells (Figure 4.2.A), Cav1.2/II-III and Cav1.3/II-III in β-cells display significantly different GSAP 

frequencies (Figure 4.2.E), suggesting distinct roles in β-cell electrical activity and providing 

evidence that specific regulation of these channels may be feasible.  

 

 

Figure 4.2.  Differential effects of the Cav1.2 and Cav1.3 II-III loops in the pancreatic β-cell line 

INS-1. (A) Glucose-stimulated action potentials (GSAP) in control INS-1 cells. (B) Diagram of 

the Cav1.2 and Cav1.3 II-III loop-eGFP fusion proteins.  (C) GSAP is enhanced in Cav1.2/II-III 

loop fused with eGFP cells. (D) GSAP is suppressed in the Cav1.3/II-III loop fused with eGFP. 

(E) Average GSAP frequency in control INS-1cells and INS-1 cells expressing the Cav1.2/II-III 

or Cav1.3/II-III loops. ***, P < 0.001 and **, P < 0.01 compared to control INS-1 cells; ###, P < 

0.001 compared to Cav1.2/II-III loop expressing cells (student unpaired t-test) (Jarrad et al., 

unpubslihed). 
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4.3 The L-VGCC II-III loops modulate voltage-dependent inactivation 

 The inactivation state is the gating state when current conductance decreases. We are 

unable to observe the voltage-dependent opening of the inactivation gate because the channel’s 

activation gate is mostly closed at potentials where inactivation is removed. A work-around exists 

to obtain information during the inactivated state by applying sufficiently long pre-pulse to observe 

the time-independent inactivation states (Molleman, 2002). Steady-state inactivation protocol 

depends on how many channels are locked in the inactivation state during the pre-pulse when a 

constant depolarizing pulse (opening the activation gates) is preceded by a variable pre-pulse then 

the evoked current will differ in amplitude.  

 The dramatic suppression of electrical activity by the Cav1.3/II-III in INS-1 cell suggests 

that Cav1.3 initiates action potentials in tissues where it is expressed. Therefore, we sought to 

understand the mechanism of the Cav1.3 II-III loop inhibited action potentials. Cav1.3 activates at 

more negative potential than Cav1.2 (Xu and Lipscombe 2001), and we found that Cav1.3/II-III 

did not alter the surface expression of Cav1.3 (data not shown) or L-VGCC current density (Jacobo 

et al., 2009) in INS-1 cells. This result further suggests that we should take a look at the activation 

and inactivation properties.  

 To test this property directly, we transfected the tSA-201 cells with either Cav1.2 or Cav1.3 

along with the auxiliary subunits α2δ1 (Ellis et al., 1988) and β3 (Castellano et al., 1993) with or 

without expression of Cav1.3/II-III loop fused with eGFP. We used Cavβ3 subunit in this set of 

experiments because both Cavβ2a and Cavβ3 are expressed in pancreatic β-cells (Yang and Berggren 

2006), but Cavβ2a is tightly associated with Cav1.2 in the cardiovascular system (Shaw et al., 2013) 

while Cavβ3 is highly expressed in rat brain but not the heart which is more tightly associated with 

Cav1.3 (Castellano et al., 1993). We used whole-cell voltage clamp and conditioning pulses as 

described in Chapter 2 to determine the voltage-dependence activation and inactivation in the 

presence and absence of the Cav1.3/II-III loop.  

The voltage-dependent inactivation of Cav1.3 was found to shift ~15 mV in the hyperpolarizing 

direction in the presence compared to the absence of the Cav1.3/II-III loop, but the voltage-

dependent activation stayed unaltered (Figure 4.3.A & B). Interestingly, the expression of the 

Cav1.3/II-III loop did not change either voltage-dependence of activation or inactivation of Cav1.2 

(Figure 4.3.B). Cav1.3 channel availability displaying the shift effect at threshold voltage for 

activation at ~ -40mV is indicated in Figure 4.3.A red box. Around 70% of Cav1.3 channels are 
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available to open at -40mV, while only 10% of Cav1.3 channels are available when co-expressed 

with Cav1.3/II-III. This marked reduction in Cav1.3 channel availability suggests that the -15mV 

shift in the voltage-dependence of inactivation induced by Cav1.3/II-III loop is sufficient to 

suppress the activation of Cav1.3 at physiologically relevant potentials. This observation is in line 

with the dramatic suppression of GSAPs in INS-1 cells in Figure 4.2. We also observed the same 

shift in a different solution set with calcium as charge carrier instead of barium, and expression of 

Cav1.3/II-III shifted the voltage-dependence inactivation of Cav1.3 from -31.10 ± 0.94 mV (N = 

15) to -45.46 ± 3.97 mV (N = 7), which were not statistically different from the barium solution 

set (Figure 4.4). Besides Cav1.2 and Cav1.3, we also tested an alternative splicing variant of Cav1.3 

exon 42a (Xu and Lipscombe 2001), with C-terminus tail truncated. The result interestingly 

showed no significant difference in the voltage-dependence of activation or inactivation upon co-

expression with the Cav1.3/II-III loop (Figure 4.3.B). Moreover, P/Q-type channel Cav2.1 was not 

affected by Cav1.3/II-III in its voltage-dependent inactivation, but the activation shifted to more 

negative potentials. Additionally, P/Q-type Cav2.1 shares a much lower sequence identity with L-

type Cav1.3 (Catterall 2000). These activation shifts suggest further that the common auxiliary 

subunits used in these experiments, Cavβ3 and α2δ1, may play a potential role in modulating VGCC 

activity by the Cav1.3/II-III loop. 
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Figure 4.3.  Voltage-dependence of activation and inactivation in the presence and absence of 

Cav1.3/II-III loop. (A) Voltage-dependence of activation curve for Cav1.3 (black), steady-state 

inactivation curve for Cav1.3 in the absence (green) or presence (red) of the Cav1.3/II-III loop. 

The red box indicates the Cav1.3 channel availability at threshold voltage -40 mV. (B) Half-

activation and -inactivation values for Cav1.3, Cav1.342a (truncated form), Cav1.2, Cav2.1 in the 

presence or absence of the Cav1.3/II-III loop (Hockerman et al., unpublished).
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Figure 4.4.  Voltage-dependence of inactivation of Cav1.3 in the presence and absence of 

Cav1.3/II-III loop in calcium solution sets. Cav1.3/II-III loop shifted the V1/2 inactivation of 

Cav1.3 from -31.10 ± 0.94 mV (N = 15) -45.46 ± 3.97 mV (N = 7). 

4.4 Identification of specific amino acid motifs in Cav1.3/II-III loop 

4.4.1 Both N-terminus and C-terminus shift Cav1.3 inactivation 

 Next, we sought to identify the specific amino acids with the Cav1.3 II-III loop responsible 

for the modulation of Cav1.3 inactivation. We aligned the amino acid sequence of the II-III loop 

of both subtypes, which contains 151 amino acids in Cav1.2 and 135 amino acids in Cav1.3 (Figure 

4.5.A). We created GFP fusions with N-terminus (NT) or C-terminus (CT) half of the Cav1.3/II-

III loop as described in Chapter 2 and found that both were capable of shifting the inactivation of 

Cav1.3 when co-expressed in tSA-201 cells with α2δ1 and β3 subunits to hyperpolarizing potentials 

(Figure 4.5.B). Interestingly, the NT half and CT half of Cav1.3/II-III have different effects: the 

NT half shifted the V1/2 inactivation by -6 mV to -40.04 ± 1.11 mV, while the CT half shifted by -

10.5 mV to -44.2 ± 0.90 mV. Thus, both the N-terminal and C-terminal halves of the Cav1.3 II-III 

loop are capable of modulating Cav1.3/Cavβ3 inactivation, with the greater effect exerted by the C-

terminal half. 

4.4.2 Peptides containing putative SH3 and GK domain ligands shift Cav1.3 inactivation 

 To further refine the specific determinants of the shift, we searched for protein-protein 

interaction motifs within the Cav1.3 II-III loop. The Cav1.3 II-III loop contains proline-rich regions, 
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especially the canonical PxxP amino acid motifs recognized as SH3-binding domains (Teyra et al., 

2017). SH3 domains are protein molecules that mediate protein-protein interactions in many 

eukaryotic signal transduction pathways. We next designed synthetic peptides based on PXXP 

motifs, trying to mimic the interactions between Cav1.3/II-III loop and SH3-containing regions.  

 We generated the synthetic peptides corresponding to the potential interaction sites and 

introduced 10μM peptides to the cell in whole-cell patch-clamp by back-filling patch pipette, 

waiting for at least 3 minutes after going whole-cell (break-in) before running steady-state 

inactivation protocol, described in Chapter 2, allowing the diffusion and delivery of peptides into 

the cell.  

 The peptide P1-1 (Ac-DEDKDPYPPCDVPGEE-NH2, 987-1002) in the N-terminal half of 

the Cav1.3 II-III loop includes a putative SH3 domain ligand (PYPPCDVP; atypical) unique to 

Cav1.3. This P1-1 peptide shifted the V1/2 of steady-state inactivation by -6.5 mV to -41.4 ± 1.32 

mV, which reproduced the effect of the entire NT half of the Cav1.3/II-III loop. In contrast, we 

generated a control peptide P1-2 (Ac-DEDKDGYPGCDVPGEE-NH2) by replacing proline 

residues of the first PXXP motif with glycine. The peptide P1-2 showed no effect on steady-state 

inactivation and generated a V1/2 inactivation at -33.57 ± 0.89 mV (Figure 4.5.C).   

 As for the CT half of the Cav1.3/II-III loop, we were initially interested in the peptides 

containing another SH3 domain ligand with a PXXP motif. We generated two peptides, P2-1 (Ac-

EEEDEPEVPAGPRPRR-NH2, 1006-1021; class VIII) and control P2-2 (Ac-

EEEDEGEVGAGPRPRR-NH2) with the proline to glycine switch. However, both peptides 

showed no effect on Cav1.3 inactivation, displaying the V1/2 inactivation at -30.99 ± 1.32 mV (N 

= 13) for P2-1 and at -31.72 ± 0.94 mV (N = 13) for P2-2. Interestingly, the third peptide, P3-1 

(Ac-RRISELNMKEKIAPIPE-NH2, 1021-1036) we generated did not have a typical SH3 domain 

ligand but displayed two prolines. This peptide shifted the V1/2 inactivation by -16 mV to -44.26 ± 

2.46 mV (N = 7), similar to the entire CT half of the Cav1.3/II-III loop. The same peptide in which 

the proline residues were replaced with glycine residues, P3-2(Ac-RRISELNMKEKIAGIGE-

NH2), induced an identical shift (Figure 4.5.C) to -44.79 ± 4.18 mV (N = 10). Even though both 

P3-1 and P3-2 contain no SH3 domain ligand, these two peptides contain a protein kinase (PKG) 

phosphorylation site RRISE. This site is required for PKG inhibition of Cav1.3 at S860 (Sandoval 

et al., 2017) but not conserved in Cav1.2.  
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 As P3-1 and P3-2 share very similar activity on Cav1.3/β3 inactivation and marked 

similarity in amino acid motifs to other proteins shown to be ligands for Guanylate Kinase (GK) 

domains (Zhu et al., 2011), represented by the mitotic spindle protein LGN (Figure 4.6.A). The 

scaffolding RxxS is very common among GK-binding domains. Interestingly, several studies have 

shown that the SH3 domain and GK domain in an SH3-GK tandem interact with each other 

forming an integral structural unit, so it is not surprising that a GK ligand might exist close to the 

SH3 ligand in peptide P3-1. We initially assessed the activity of P3-1 and P3-2 at a concentration 

of 10μM. However, we asked whether this inactivation modulation is concentration dependent. 

We applied 10, 100, 1000 nM of either P3-1 or P3-2 in addition to 10μM and generated the V1/2 

inactivation curves. We normalize the measurements to the highest shift at 10μM to obtain EC50 

values based on fitting data to a single binding site model. The activities of peptides P3-1 and P3-

2 in shifting the inactivation of Cav1.3/β3 are dose-dependent, with EC50 values of 535.2 and 563 

nM, respectively, when measured 3 minutes after break-in, and 231 and 301nM when measuring 

10 minutes after break-in (Figure 4.6.B & C). Thus, a modest effect on the voltage-dependence of 

Cav1.3 inactivation is explicitly induced by a putative SH3 domain ligand in the NT half of the 

Cav1.3/II-III loop. However, the larger shift induced by the CT tail of the Cav1.3/II-III loop is 

mimicked by a potential GK domain ligand that contains a PKG phosphorylation site linked to 

inhibition of Cav1.3 activity.  

4.4.3 Determine the minimum peptide to reproduce the shift 

 As P3-1/P3-2 contain 17 amino acids, we tried to determine the minimum peptide that 

reproduces the shift in Cav1.3 V1/2 inactivation. Minimization of the required amino acid sequence 

is desirable not only to guide medicinal chemistry efforts to make more drug-like molecules but 

also to guide the construction of DNA-encoded libraries for the discovery of Cavβ subunit SH3 

and GK domain ligands. In addition, the presence of an inhibitory PKG phosphorylation site within 

the P3-1 peptide strongly suggests that phosphorylation may regulate the activity of P3-1. We 

further generated the synthetic peptide P4-1 (Ac-RRISELNMKEK-NH2) without the PXXP motif, 

but the conserved PKG phosphorylation site (Ser 860) of Cav1.3 and P4-2 (Ac-RRIDELNMKEK-

NH2) with serine replaced by aspartic acid to potentially interrupt the PKG phosphorylation. 

However, neither peptide could reproduce the shift or any statistically different modulation. V1/2 
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inactivation of P4-1was shown to be -34.07 ± 2.94 mV (N =12), and the V1/2 inactivation of P4-2 

was -33.06 ± 3.22 (N = 5), both not different from -36 mV control value.  

 The four amino acids, PIPE or GIGE, are obviously required to shift the inactivation. The 

length of peptides is likely a critical factor to assist either protein folding or interactions with 

potential GK or SH3 domain in additional intracellular molecules. We proceeded with the next 

step to explore the inactivation of Cav1.3 by the minimum effective peptide P3-1 and identify the 

interactions with modulators containing GK or SH3 domains.  
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Figure 4.5.  Identification of specific amino acid motifs within the Cav1.3 II-III loop that 

modulated inactivation of Cav1.3/β3. (A) Amino acid alignment of the Cav1.2 and Cav1.3 II-III 

loop. N-terminus is in blue, and the C-terminus is in yellow. Putative SH3 domain ligands are 

indicated in red, and PKG site in red italics. Dots in Cav1.3 indicate gaps with alignment with 

Cav1.2, and dashes display identical amino acids. (B) Modulation of steady-state inactivation by 

NT or CT terminal halves of Cav1.3 II-III loops fused to eGFP. V1/2 inactivation with NT half 

was -40.04 ± 1.11 mV (N = 8), while the V1/2 inactivation with CT half was -44.2 ± 0.90 mV (N 

= 4). (C) Left: NT peptide P1-1 containing a putative SH3 ligand reproduces the effect of the 

entire NT half of the Cav1.3/II-III loop. V1/2 inactivation of peptide P1-1: 41.4 ± 1.32 Mv (N 

=19); V1/2 inactivation of peptide P1-2: -33.57 ± 0.89 mV (N=12). Right: Two CT peptides (P3-1 

and 2), without SH3 domain ligands, recapitulate the effect of the entire CT half of the Cav1.3/II-

III loop. V1/2 inactivation of peptide P3-1: -44.26 ± 2.46 mV (N = 7), V1/2 inactivation of peptide 

P3-2: -44.79 ± 4.18 mV (N = 10). 
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Figure 4.6.  P3-1/P3-2 contain putative GK domain ligands to regulate Cav1.3. (A) Alignment of 

LGN GK ligand domain, P3-1 & P3-2. (B-C) Dose-response curves for P3-1 and P3-2 induced 

shifts in Cav1.3 V1/2 inactivation. 3 minutes and 10 minutes: time from break-in to start of the 

experiment.  EC50 values of P3-1: 535.2 nM at 3 minutes and 231 nM at 10minutes. EC50 values 

of P3-2: 231 nM at 3 minutes and 301 nM at 10 minutes. 

 

4.5 Cav1.3 II-III peptide P1-1modulation in other L-VGCCs 

 Given the strong effect of the P3-1 and P3-2 peptides on the inactivation of the full-length 

Cav1.3/β3 channel, we assessed the activity of these peptides on other Ca2+ channels. Unlike the 

Cav1.3/II-III loop mentioned in Figure 4.3, the peptide P3-1 shifts inactivation of the truncated 

Cav1.342a splice variant, which is detected along with the full-length variant in the brain (Hell et 

al., 1993). P3-1 shifts the V1/2 inactivation from -40mV to -53 mV (Figure 4.7.A). We next 

examined the effect of the P3-1 peptide on Cav1.2/β3. We found that P3-1 shifts the voltage 

dependence of inactivation of Cav1.2 to more positive potentials by 15mV (Figure 4.7.B). Thus, 

the P3-1 peptide can modulate both Cav1.3/β3 and Cav1.2/β3, but in a manner to decrease the 

availability of Cav1.3 but not Cav1.2. We also found that P3-2 had the same effect on Cav1.2, 

similar to P3-1, with statistically different inactivation shifts 10 minutes after break-in (data not 

shown).  
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Figure 4.7.  P3-1 peptide has opposite effects on Cav1.342a/β3 and Cav1.2/β3 inactivation. (A) V1/2 

inactivation for Cav1.342a: -53 ± 0.6 mV (N = 7). (B) V1/2 inactivation for Cav1.2: -27.19 ± 2.30 

mV (N = 9). Dashed lines indicated inactivation curves for the indicated channel in the absence 

of peptide. 

4.6 Auxiliary Cavβ subunit modulates Cav1.3 inactivation 

4.6.1 Auxiliary Cavβ subunit is required to shift Cav1.3 inactivation 

 Considering the SH3 domain ligand and GK domain ligand in the effective peptides P1-1 

and P3-1, we hypothesized that the Cav1.3 II-III loop and derivative peptides target auxiliary β 

subunit since they all contain both an SH3 domain and a GK domain. Therefore, we asked whether 

Cavβ can be putative interacting partners with the II-III loop of Cav1.3, then we asked if the robust 

shift in inactivation induced by co-expression of Cav1.3 with the Cav1.3/II-III loop/GFP fusion 

(Figure 4.3.B) requires the presence of a Cavβ subunit.  

 As expected, in the absence of Cavβ3, the V1/2 inactivation of Cav1.3 is shifted to the 

depolarizing direction, and the voltage dependence is much shallower than Cav1.3 channels 

expressing Cavβ3 (Figure 4.8). Remarkably, the voltage dependence of inactivation in Cav1.3 

channels without the Cavβ3 subunit was utterly insensitive to the Cav1.3/II-III/GFP fusion presence. 

Thus, Cavβ subunits appear to play a vital role in the modulation of Cav1.3 inactivation by amino 

acid motifs within the II-III loop. This observation has prompted us to ask whether divergent Cavβ 

subunit subtypes would modulate voltage-dependent inactivation of Cav1.3 expressed with 

Cav1.3/II-III loop in a different manner. We hypothesize that the II-III loop of Cav1.3 may interact 

with specific auxiliary β subunits, unlike the canonical interaction of the I-II loop of all HVA Ca2+ 

channels with all subtypes of β subunits.  

 

A B 
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Figure 4.8.  The modulation of Cav1.3 inactivation by the Cav1.3/II-III loop requires a Cavβ 

subunit. Cav1.3 was expressed in tSA-201 cells with α2δ1 subunit and GFP with or without the 

Cavβ3 subunit (red closed or open symbols, respectively). Channels with or without Cavβ3 were 

co-expressed with the Cav1.3/II-III/GFP fusion (black closed or open symbols, respectively). 

Voltage-dependence of inactivation was determined as described before. V1/2 inactivation for 

Cav1.3 without Cavβ3 is -27.57 ± 2.90 mV (N = 7), and for Cav1.3 co-expressed with Cav1.3/II-III 

but no Cavβ3 is -29.81 ± 1.07 mV (N = 13). 

4.6.2 Cavβ subunits contain SH3 domains and GK domains 

 An α-helical segment of the intracellular I-II loop of Cav channels binds to the auxiliary β-

subunits of Cav channels, and several structures of β-subunits bound to a peptide corresponding to 

the so-called α1 interacting domain (AID) have been reported (Chen et al., 2004; Van Petegem et 

al., 2004; Opatowsky et al., 2004). Cavβ core consists of an SH3 domain interrupted by a HOOK 

domain and a GK domain. The AID binds to a groove on the periphery of the GK domain and 

occupies a tiny area of the SH3/HOOK-GK motif, suggesting further interactions with the Cavα 

subunit (Chen et al., 2004) (Figure 4.9.A). Putative locations of peptide P1-1 and P3-1 sequences 

in the II-III loop of Cav1.3 are shown in Figure 4.9.B. The IIS6 helix is highlighted because several 

mutations in this helix have substantial effects on the voltage-dependence of inactivation of Cav1.2 

(Liveneh et al., 2006; Hohaus et al., 2005). Thus, engagement of the SH3 ligand domain and 

putative GK ligand domain in the II-III loop of Cav1.3 by the Cavβ subunits is poised to influence 

the disposition of the IIS6 helix.  

 Given that peptides P1-1 and P3-1 contain putative ligands for SH3 domains and GK 

domains, respectively, we propose that these peptides regulate Cav1.3 inactivation via binding to 

Cavβ subunits and disrupting interactions with the Cav1.3/II-III loop. This regulation may mimic 
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the physiological inhibition of Cav1.3 by PKG phosphorylation since the Cavβ subunit GK domain 

is proposed to bind a non-phosphorylated ligand (Zhu et al., 2011). Thus, phosphorylation of PKG 

site serine residue in the II-III loop of Cav1.3 may inhibit channel activity by disrupting the binding 

of this motif to the GK domain of Cavβ subunits. The binding of Cavβ subunits to all HVA Ca2+ 

channel α1 subunits via the AID domain in the I-II loop is critical for proper channel function, and 

interruption of this interaction with small molecules (Young et al., 1998; Chen et al., 2018), or 

nanobodies (Morgenstern et al., 2019) profoundly inhibits channel activity.  

 However, this approach does not achieve channel subtype specificity. We hypothesize that 

the Cav1.3 sequence represented by peptide P3-1, which is unique among all HVA Ca2+ channels, 

mediates a Cav1.3-specific inhibitory interaction with Cavβ3 and likely other Cavβ subunits (Figure 

4.9.C). 

 

 

 

Figure 4.9.  Cavβ subunits contain SH3 domains and GK domains. (A) Structure of the β1A 

subunit bound to the AID peptide (red) (Chen et al., 2004). Yellow-SH3 domain amino acid 

residues involved in ligand binding. Cyan-putative amino acid residues involved in GK domain 

ligand binding. (B) Position of the PXXP motif of P1-1 and P3-1 sequence within the II-III loop 

of a model of Cav1.3. (C) Alignment of putative GK domain residues from the five major Cavβ 

subunit subtypes involved in ligand binding (Zuccotti et al., 2011). Boxes indicate key positions 

for interacting with GK domain ligands. 
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4.6.3 Cavβ selectivity in regulating Cav1.2 and Cav1.3 inactivation 

 It is clear that Cavβ1b, Cavβ2, Cavβ3, and Cavβ4 are all present in the brain (Schlick et al., 

2010).  However, Cavβ3 and Cavβ4 were shown to complex with ~40% each of the total L-type 

channels in the cerebral cortex and hippocampus (Pichler et al., 1997). The alignment of the 

putative GK domain ligand binding site shown in Figure 4.8.C indicates a high degree of identity 

across β subunit subtypes. However, it is possible that the β subunit subtypes may influence the 

activity of P3-1 and related peptides in regulating Cav1.3 inactivation. Therefore, we performed 

the experiments shown in Figure 4.5.C with 10 µM P3-1 peptide using cells co-expressing Cav1.3, 

α21, and β1b, β2a, or β4. We expected that the P3-1 peptide would shift V1/2 inactivation 

significantly regardless of the β-subunit subtype, but that potency or magnitude of the shift may 

differ. Since the predominant L-type Ca2+ channel in the cardiovascular system is Cav1.2/β2/α21, 

we will determine if the P3-1 peptide regulates the inactivation of this subunit combination. We 

expect that, as we observed with Cav1.2/β3/α21, P3-1 will not enhance the inactivation of the 

Cav1.2/β2/α21 channel. Such a result would suggest that the mechanism of action of P3-1 might 

permit inhibition of Cav1.3 with minimal effects on vascular tone or cardiac contractility. 

4.6.3.1 β subunit-dependence of P3-1 modulation of inactivation 

 To determine if the modulation of Cav1.3 steady-state inactivation was dependent upon the 

β subunit subtype, we expressed full-length Cav1.3 with α2δ1 and each of the other three β subunit 

subtypes in tsA-201 cells and measured V1/2 inactivation in the presence and absence of 10 μM 

P3-1 in the pipette. Cavβ4 showed very similar V1/2 inactivation either in the presence or absence 

of 10μM P3-1, and prolonged exposure to P3-1 did not change the observation (Figure 4.10.D; 

Table 4.1). As for Cavβ2a, Cav1.3 channels co-expressed with α2δ-1 and Cavβ2a exhibited a V1/2 

inactivation -5 mV more negative than control 3 minutes after the break-in and -7 mV more 

negative than control after 10 minutes with 10 μM (Figure 4.10.C; Table 4.1). Cav1.3 channels co-

expressed with α2δ1 and Cavβ1b, exhibited a V1/2 inactivation ~15 mV more negative than control 

3 minutes after break-in with 10 μM P3-1 in the pipette. However, this modulation was transient, 

as it declined to an ~3 mV shift by 10 minutes post break-in (Figure 4.10.B; Table 4.1). This might 

suggest a transient interaction between Cavβ1b and Cavα1, which is not found in other subunits. 

Moreover, we compared the relative shift among four subunits 3 minutes and 10 minutes after 
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break-in (Figure 4.10.E & F; Table 4.1). Except for Cavβ4, all other three subunits shifted after the 

prolonged expression of P3-1. Cavβ1b showed a very dramatic temporary modulation of V1/2 

inactivation compared to other subunits. It is exciting that Cavβ3, which is the most tightly 

correlated with Cav1.3 in our physiological and clinical interest, shows the most significant 

modulation in either short or prolonged exposure of peptide P3-1. 

 

 

Figure 4.10.  Voltage-dependence inactivation of Cav1.3 when co-expressed with different 

auxiliary Cavβ subunits and α2δ1 in the absence and presence of 10μM P3-1 peptide. (A) Cavβ 

subunits used in experiments. (B-D) The voltage-dependence inactivation curve of Cav1.3 with 

Cavβ1b, Cavβ2a, Cavβ4 in the absence and presence of 10μM P3-1. (E-F) Comparisons of 4 

auxiliary subunits modulating Cav1.3 inactivation in the presence of 10μM P3-1 3 minutes and 

10 minutes after the break-in. Refer to Table 4.1 for detailed measurements. 
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4.6.3.2 P3-1 regulation in Cav1.2/β2a/α21 

 Since all the previous measurements were done with the expression of Cavβ3, which is not 

the predominant form to associate with Cav1.2, we tested peptide P3-1 on Cav1.2 with co-

expression of Cavβ2a and α2δ1. Moreover, Cav1.2 requires a β2a subunit for PKG phosphorylation 

(Yang et al., 2007). The inactivation for Cavβ2a is significantly more positive than that for Cavβ3, 

and P3-1 also shifted the V1/2 inactivation to a more positive voltage (Figure 4.11 and Table 4.1).  

 

 

Figure 4.11.  Voltage-dependence inactivation of Cav1.2 when co-expressed the auxiliary Cavβ2a 

in the presence and absence of 10μM P3-1 peptide. See Table 4.1 for detailed measurements. 

Table 4.1.  V1/2 inactivation of Cav1.2 and Cav1.3 co-expressed with auxiliary subunits α2δ1 and 

different β subunits in the absence and presence of 10μM peptide P3-1, 3 minutes, and 10 

minutes after the break-in. Measurements highlighted in blue showed **** P<0.0001 when 

unpaired t-test was done between control and 10μM P3-1 in the pipette. 

Cav β 

Control 

(mV) 

10μM P3-1  

3min (mV) 

10μM P3-1  

10min (mV) 

Cav1.3 

 

 
 

β1b -34.00 ± 0.63 (N=7) -50.10 ± 2.51 (N=9) -37.22 ± 2.20 (N=7) 

β2a -23.00 ± 2.19 (N=5) -28.22 ± 1.92 (N=7) -31.61 ± 1.77 (N=5) 

β3 -29.50 ± 1.58 (N=7) -44.26 ± 2.45 (N=7) -48.89 ± 0.55 (N=4) 

β4 -29.33 ± 3.13 (N=10) -30.36 ± 2.18 (N=18) -30.56 ± 3.02 (N=14) 

Cav1.2 

 
 

β2a -20.19 ± 1.14 (N=7) -17.80 ± 3.26 (N=5) -13.90 ± 2.41 (N=3) 

β3 -41.10 ± 0.60 (N=7) -27.19 ± 2.30 (N=9) -17.99 ± 4.24 (N=8) 
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4.7 Frequency-dependence of verapamil block enhanced by P3-1  

 Verapamil was introduced in Chapter 1.5.3 as a calcium channel blocker to treat 

hypertension, angina, and supraventricular tachycardia. Verapamil exhibits frequency-dependent 

block to antagonize Cav1.2 undergoing high-frequency depolarizations, the result of a higher drug 

affinity for the inactivated state of the channel (Lee and Tsien, 1983; Johnson et al., 1996; Nawrath 

and Wegner, 1997). (±)-Verapamil (Sigma/RBI, Natick, MA) was dissolved in bath saline and 

applied to cells using the previously described perfusion system with constant exchange of the 

bath solution. IBa current was measured in the standard Silverman solution set mentioned in 

Chapter 2. The stock solution was prepared in 100mM and 70% ethanol.  

 The frequency-dependent block of Cav1.3 was measured in the absence (black symbols) or 

presence (red symbols) of 30 μM Verapamil (Figure 4.12). A frequency-dependent protocol was 

applied in which cells were depolarized from a holding potential of -60mV to +10mV for 100 ms 

every second. Block was brought to equilibrium with the indicated concentration at 0.05 Hz, 

followed by a 20-pulse train of depolarization given at 1Hz. Verapamil showed significant 

frequency-dependent drug block accumulation at the end of a 20-pulse stimulation. The asterisks 

indicate significant differences between the current remaining at the end of the train in the absence 

and presence of verapamil. 

 There is no statistical difference between either group in the presence and absence of P3-

1 without verapamil, but there is a considerable difference when verapamil is in the perfusion. 

Only 20 percent of the current is blocked when only verapamil is applied, but with 10 μM P3-1 

in the pipette, 30 μM verapamil blocked over 40% of current by the end of 20 pulses train of 

depolarization. We used one-phase decay to estimate the plateau of the frequency-dependent 

block, and P3-1 increased the block by 20 percent. These results are consistent with our previous 

experiments showing that P3-1 enhances the inactivation of Cav1.3/β3.  
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Figure 4.12.  Frequency-dependence of block in Cav1.3 with or without 10μM P3-1 in the 

intracellular solution and in the absence or presence of 30μM verapamil. (A) Example trains of 

20 depolarizations at 1 Hz in the presence of indicated agents. (B) The asterisks showed the 

unpaired t-test in the absence and presence of P3-1 with 30μM verapamil block (****, P < 

0.0001). Plateau of the frequency-dependent block: (1) Control Incell + Control Excell: 0.87; (2) 

Control Incell +30 μM Verapamil: 0.75; (3) 10μM P3-1 + Control Exell: 0.83; (4) 10μM P3-1 + 

30 μM Verapamil: 0.56.
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4.8 Discussion 

4.8.1 Conclusion 

 In contrast to the well-studied and highly conserved small molecule drug-binding pockets, 

we explored the intracellular interactions between subunit Cavβ and Cav α1. However, our 

understanding of the precise binding nature of the interactions of the intracellular domains of Cav1 

and Cavβ is limited since Cryo-EM structures do not resolve many of these interactions. Our lab 

has established the findings of Cav1 II-III loop activity in Ca2+ -induced Ca2+ release in pancreatic 

β-cells (Jacobo et al., 2009; Wang et al., 2014; Pratt et al., 2015), and we found that expression of 

Cav1.3/II-III loop silence the glucose-stimulated action potentials in INS-1 cells. Oppositely, the 

Cav1.2/II-III loop increases action potential firing.  

 We sought to understand how the expression of the Cav1.3/II-III loop could suppress 

glucose-stimulated action potential frequency in INS-1 cells, reasoning that the mechanism could 

present a novel therapeutic strategy to inhibit Cav1.3 selectively. We characterized the voltage-

dependence of activation and inactivation of different Cavα1 subunits, co-expressed with Cavβ3, 

Cavα2δ1, and Cav1.3/II-III loop fused with eGFP in transfected tsA-201 cells. The long-form Cav1.3 

turned out to be the only subunit modulated by the Cav1.3/II-III loop, which shifted the inactivation 

by -15 mV to a more hyperpolarizing voltage. The shifted voltage range suggests an innovative 

approach to antagonize Cav1.3 by modulating the channel availability.  

 Next, we tried to locate the molecular determinants in the Cav1.3/II-III loop, which could 

reproduce the inactivation shift. We generated the desired peptides and introduced them into patch 

pipettes, waiting for at least three minutes before experiments. Then, we divided the Cav1.3/II-III 

loop into C-terminal and N-terminal halves, and they could reproduce the inactivation shift 

together. Therefore, we dissected both termini into shorter truncated peptides, including putative 

SH3 and GK domain ligands (P1-1, P2-1, and P3-1), and control peptides (P1-2, P2-2, and P3-2) 

designed to test the involvement of SH3 domain ligands, which required the prolines. P1-1 could 

reproduce the inactivation shift induced by N-terminal, and P2-1 could not as expected. Neither 

P2-1 nor P2-2 altered the voltage dependence of inactivation of Cav1.3. Interestingly, both P3-1 in 

C-terminal and the control peptide P3-2 could reproduce the -15 mV shift, and P3-1 is the shortest 

effective peptide that could introduce this significant shift. We also tested P3-1 on Cav1.2 and 

Cav1.342A. We found that P3-1 shifted the inactivation of Cav1.2 to a more positive voltage, which 
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further supports the possibility of differential regulation of Cav1.2 and Cav1.3 by Cav1.3/II-III loop. 

Surprisingly, unlike the results in the presence of the Cav1.3/II-III loop, P3-1 successfully shifted 

Cav1.342A to a hyperpolarizing voltage by -13 mV, suggesting the modulation of Cav1.3/β3 by the 

P3-1 peptides is independent of C-terminal regulation.  

 Since the peptides we generated exhibit putative SH3 and GK domain ligands, we were 

curious whether the Cavβ subunit, which contains both SH3 and GK domains, might modulate the 

voltage-dependent inactivation shift together with the Cav1.3/II-III loop. Furthermore, we were 

curious whether the β subunit was required for peptide modulation of Cav1.3, and if so, whether 

there is any selectivity for specific β subunits.  We found that Cavβ was required to shift the 

inactivation in the presence of the Cav1.3/II-III loop. Since Cav1.3 is highly associated with Cavβ3 

and Cavβ4, we asked whether there exists Cavβ specificity interacting with Cav1.3. Among four 

Cavβ subunits we tested in Cav1.3, Cavβ4 did not alter channel gating in the presence of peptide 

P3-1. On the other hand, when co-expressed with Cavβ2a, P3-1 shifted steady-state inactivation of 

Cav1.3 by -5mV. P3-1 shifted the inactivation of Cav1.3 co-expressed with Cavβ1b by -15 mV 

measured 3 minutes after break-in, but this significant shift was transient and was not detected 

when V1/2 inactivation was measured 10 min after the break-in. 

 Moreover, we tested the effect of P3-1 on steady-state inactivation of the most prevalent 

VGCC in the cardiovascular system, Cav1.2/β2a, and found that it shifted V1/2 inactivation by +2 

mV 3 minutes after the break-in and by +6 mV 10 min after the break-in. Thus, our results show 

that the P3-1 peptide preferentially shifts V1/2 inactivation of Cav1.3 channels coupled to the β3 

subunits to more negative potentials. As shown in Figure 4.3, this reduces the availability of Cav1.3 

channels for opening. In contrast, the positive shift in V1/2 inactivation of Cav1.2/β2a induced by 

P3-1 will not interfere with Cav1.2 channel gating at physiologically relevant voltages.  

 Our experiments showing that P3-1 potentiates verapamil block of Cav1.3 are exciting for 

two reasons. First, it supports our conclusion that P3-1 stabilizes the inactivated state of Cav1.3 

since verapamil preferentially binds to the inactivated state of the channel (Dilmac 2004). Second, 

it suggests that the β subunit-selective modulation of Cav1.3 by P3-1 offers a strategy to make an 

existing drug more potent in blocking Cav1.3. To further examine the regulation of Cavβ regulating 

the channel gating in the presence of Cav1.3/II-III loop, we were interested in whether 

phenylalkylamine binds to P3-1 treated Cav1.3 with a higher affinity. Excitingly, 10 μM P3-1 
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increased the blocking by 30% in the presence of 30 μM Verapamil. This observation provides 

solid support on P3-1 modulating channel opening probability.  

4.8.2 Cavβ regulation of L-VGCC gating 

 In summary, our results suggest that the Cav1.3/II-III loop contains motifs that interact 

preferentially with the Cavβ3 subunit to regulate channel inactivation, and short peptide mimics of 

these regions can regulate inactivation in a β subunit-dependent manner. The final challenge and 

future direction include understanding the molecular mechanism of the Cav1.3/II-III loop 

interacting with Cavβ to alter the channel opening and developing a therapeutic strategy based on 

the selectivity of P3-1 modulation of Cav1.3 co-expressed with Cavβ3. A prevalent model of Cavβ 

regulating L-type channels includes the intracellular I-II loop, C-, and N-termini forming a “hinged 

lid” to occlude the pore by biding to the pore-lining regions of S6 segments (Stotz et al., 2000) or 

the disruption of IVS6-AID linker by Cavβ (Findeisen et al., 2009). In addition, besides the 

intracellular I-II loop, Cavβ interacts with the IQ motif in the C-terminal of Cav1.2 (Lao et al., 2008; 

Zhang et al., 2005; Soldatov 2012), III-IV loop, and N-/C- termini in other VGCCs (Qin et al., 

1997; Tareilus et al., 1997; Walker et al., 1998 and 1999). However, these low-affinity interactions 

only impose significant effects when Cavβ SH3-HOOK is near Cavα1 (Chen et al., 2009). 

Additionally, the previous studies have not found solid gating alterations of Cavβ on Cavα1 in the 

AID-independent manner (See Braei and Yang 2010 for review).  

 We were able to observe the intramolecular interactions of the intracellular II-III loop and 

β subunits in both endogenous INS-1 cell lines and heterologous expression systems in tsA-201 

cells, but not in two-way immunoblotting (data not shown). Thus, the presence of intracellular I-

II loop and other parts of Cav1 might intensify the changes of VDI in Cav1.3. In addition, 

oligomerization of Cavβ (Lao et al., 2010) provides more insights into interlaced Cavβ binding with 

various parts of Cavα1. However, whether the P3-1 can produce a compelling therapeutic effect on 

gating modulation without nonspecific targeting is called into question, as they are not naturally 

existing peptides. Thus, to fully understand the intracellular II-III loop and Cavβ regulation of 

VGCC gating, we need to examine different pairs in different tissues, cell types, subcellular 

locations, and at different developmental stages.  
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  RYR2 AND IRBIT REGULATION IN Β-CELL 

ELECTRICAL ACTIVITY 

5.1 Introduction 

 Ca2+ signaling in β-cell function during the process of glucose-induced insulin secretion 

(GSIS) includes L-type voltage-gated calcium channel (L-VGCCs)-induced Ca2+ influx and Ca2+-

induced Ca2+ release (CICR) from intracellular stores modulated by ryanodine receptors (RyRs) 

and inositol 1,4,5-triphosphate receptors (IP3Rs). ER Ca2+ dysregulation is associated with insulin 

reduction and pancreatic β-cell death, the pathological cause of type 1 and type 2 diabetes (Stein 

et al., 1997; Gilon et al., 2014; Tersey et al., 2012; Tong et al., 2015). The roles of VGCCs in β-

cell function are now better understood, but pancreatic β-cell ER Ca2+ loss is not well studied 

(Yamamoto et al., 2019).  

 The primary Ca2+ channels, transporters, and receptors in β-cells were summarized in 

Chapter 1.6. Among three subtypes of RyRs, RyR2 is the predominant RyR found in β-cells and 

activated by Ca2+ influx through either Cav1.2 or Cav1.3 following depolarization elicited by 

inhibition of the KATP channel (Bruton et al., 2002; Johnson et al., 2004). RyR2 was found to 

induce insulin secretion at low glucose concentration (3mM) but not in higher glucose 

concentration (Johnson et al., 2004). This biphasic response was explained by RyR’s open 

probability (Bezprozavanny et al., 1991) and the solved structure (de Georges et al., 2016), 

showing two Ca2+ binding sites with different affinities that stimulate or inhibit channel opening. 

RyR dysfunction induces ER Ca2+ leak under ER stress conditions (Yamatoto et al., 2019). 

Deletion of RyR2 was shown to perturb multiple signaling pathways, including Ca2+ dynamics, 

insulin secretion, cortical f-actin density, and glucose-stimulated electrical activity in INS-1 cells 

(Stantulli et al., 2017b; Luciani et al., 2008; Dixit et al., 2013).  

 Interestingly, our preliminary data (Rantz et al., unpublished) observed increased ER Ca2+ 

release from IP3R in RyR2KO INS-1cells response to glucose or tolbutamide stimulation. Thus, we 

asked whether the IP3R binding protein released with inositol 1,4,5-triphosphate (IRBIT, also 

called AHCYL1 or DCAL) is modulated in this process. IRBIT is a regulatory protein that 

modulates IP3 receptors, Na+/HCO3- co-transporters, Cl- channel CFTR, Cl-/HCO3
- exchanger, and 

Ca2+ flux between ER and mitochondria, and production of PIP2 in the plasma membrane (Ando 

et al., 2014; Santulli and Marks 2015; Itoh et al., 2021). Thus, IRBIT’s most vital role in ER Ca2+ 
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homeostasis is competing with IP3 for the common binding site on IP3R and suppressing IP3R 

activation (Ando et al., 2003, 2006).  

 We hypothesize that RyR2 is a hub for regulating Ca2+ signaling in pancreatic β-cells, and 

IRBIT activity is a critical component of the RyR2 signaling complex. We also propose that IRBIT 

activity is regulated by Ca2+ release from ER via activation of Ca2+ -dependent kinases. 

Additionally, we expect that altered RyR2/IRBIT signaling may contribute to the deficits in β-cell 

function observed in type 2 diabetes.  

5.2 Current density of INS-1 knock-outs 

 To determine the role of RyR2 in pancreatic β-cells, we knock-out RyR2 and/or IRBIT in 

INS-1 cell lines and generated RyR2-knockout and IRBIT-knockout INS-1 cell lines. To assess 

the current density of functional VGCCs in the membranes of these INS-1 cells, we recorded the 

capacitance of a single INS-1cell before applying the current-voltage relation in the standard 

solution set, which contains barium as a charge carrier for measuring calcium current activity.  

5.2.1 Capacitance measurements 

 Cell membrane capacitance is measured because the electrical property of capacitance, 

which is the capacity to separate and store electric charge, is proportional to the area of the 

capacitor, which is the biological membrane. The capacitance of a cell is directly proportional to 

the surface area of its cell membrane (Hille, 1978). A β-cell with a diameter of 15μm can have a 

capacitance of ~7pF, supported by the experimental measurement (Göpel et al., 1999). We 

obtained the capacitance measurements using built-in capacitance dithering capacity in Axopatch 

200B (Molecular Devices).  

5.2.2 Current amplitude measurements 

 The amplitude of VGCC-mediated current relates to the total number of functional VGCCs 

on the cell surface. The current-voltage relationship was used to generate the whole-cell currents 

evoked by voltage steps from -70mV to +50mV in 10mV increments, from a holding potential of 
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-80mV. We measured the peak currents at each voltage step with on-line leak subtraction (p/-4) in 

a standard solution set containing barium.  

5.2.3 Current density of INS-1 and knock-outs 

 We generated the current density by using the peak current (pA) elicited during a 12-

voltage step I-V ensemble recording (see Chapter 2) and dividing by membrane capacitance (pF). 

The peak current did not always occur at the same voltage between cells but was usually elicited 

at either -10 mV, 0 mV, or +10 mV. In Figure 5.1.A, example traces of three INS-1 cell lines are 

shown with current-voltage relation, and the peak currents were recorded to generate the statistics 

in Figure 5.1.B and 5.1.C. The VGCC current densities measured at 0mV in control INS-1, 

RyR2KO and IRBITKO are: 16.71 ± 2.26 pA/pF (N = 11), 27.53 ± 3.90 pA/pF (N = 23), 23.47 ± 

1.77 (N = 19) pA/pF respectively (Figure 5.1.B). Unpaired t-tests were done to compare the two 

cell lines out of three cell lines: INS-1 is significantly different from either RyR2KO (****, P < 

0.0001) or IRBITKO (****, P <0.0001), and RyR2KO and IRBITKO are also distinct from each other 

(***, P <0.001). We generated the results for Figure 5.1.B by measuring VGCC current densities 

measured from -70mV to +50mV at a 10mV increment (Figure 5.1.C), which is in line with the 

observation we had at peak current density. Multiple unpaired t-tests were done among three cell 

lines at thirteen voltages, and the results are shown in Table 5.1. We measured their voltage-

dependence of activation and reported no difference (Figure 5.2.A). We also applied Tris-barium 

and calcium-based extracellular solution measurements and saw the same trend (Figure 5.2.B). 

 The total whole-cell Ba2+ current in the INS-1 cell is comprised of at least three different 

VGCC, Cav1.2, Cav1.3, Cav2.1, and Cav2.3 (Yang and Berggren 2006). VGCC current density in 

RYR2KO nearly doubled compared to the control, while IRBITKO also significantly increases the 

current density. To determine if the upregulation of current density observed in RyR and IRBIT 

knock-out cells is subtype-specific, we measured the fraction of L-type current (i.e., Cav1.2 and 

Cav1.3) in control and knock-out cells. 
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Figure 5.1.  Current density of INS-1 cells and knockouts. (A) Example traces of current-

voltage (I-V) relationship of INS-1, RyR2KO and IRBITKO cells. (B) Voltage-gated Ca2+ 

Channel (VGCC) peak current density measured in INS-1 (black), RyR2KO (red) and IRBITKO 

(blue) with perfusion of Ba2+ -based extracellular solution, and current density is greater in 

RyR2KO than IRBITKO (****, P <0.0001) and control INS-1 cells (***, P < 0.001). (C) 

Voltage-gated Ca2+ channel (VGCC) current density measured from -70 mV to +50 mV. 

Multi-unpaired t-tests were done between two of each cell lines and it supports the single-

value observation in (B). The P-values are recorded in the Table 5.1.  
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Table 5.1 Current densities and unpaired t-tests P-values of VGCC currents among control, 

RyR2KO
, and IRBITKO INS-1 cell lines at stepping voltages from -70 mV to +50 mV. 

 

*All current densities were averaged (standard deviation not shown, N= 11~ 24). Multiple 

unpaired Welch’s t-tests were used to estimate the significance, and all values smaller than 0.05 

are in bold. 
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Figure 5.2.  Biophysical characterization of control, RyR2KO and IRBITKO INS-1 cells. (A) 

Voltage-dependent activation of three cell lines and no significant difference was reported. (B) 

Current density of INS-1 cells and RyR2KO in three solution sets with or without prolonged 

perfusion. Current densities (pA/pF) in (1) Ba2+ solution sets with perfusion were reported in 

Figure 5.2; (2) Ba2+ solution sets with no perfusion: WT: 12.73 ± 1.00 (N = 14), RyR2KO: 22.42 

± 4.26 (N = 22); (3) Tris-Ba2+ solution sets with perfusion: WT: 14.13 ± 1.64 (N = 14), RyR2KO: 

26.56 ± 3.06 (N = 14); (4) Ca2+ solution sets with perfusion: WT: 15.60 ± 1.73 (N = 12), 

RyR2KO: 26.56 ± 3.06 (N = 14); (5) Ca2+ solution sets without perfusion: WT: 11.74 ± 1.45 (N = 

13), RyR2KO: 18.26 ± 1.63 (N = 16). 

5.3 Identification of VGCC subtypes 

 Given the significant increase in VGCC current density, we asked which VGCC subtype 

is upregulated. L-VGCC is the predominant VGCC in mouse β-cells over other types such as P/Q-

type and R-type VGCCs. To determine if the fraction of L-type current relative to total current is 

changed upon RyR2 or IRBIT deletion, we applied 5μM nifedipine to control, RyR2KO, and 

IRBITKO cells under voltage clamp and measured the fraction block in each cell line. Cells were 

held at -80 mV and stepped to 10 mV for 100 ms at a frequency of 0.05 Hz. In control INS-1 cells, 

5μM nifedipine blocked ~20 percent of whole-cell current, and this fraction was not different in 

RyR2KO or IRBITKO cells (Figure 5.3). Thus, the mechanism that leads to the increase in the whole-

cell VGCC current in the KO cell lines does not change the proportion of L-type to non-L-type 

current and is likely, not subtype-specific. Thus, the upregulation of VGCC current density might 
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be due to P/Q-type or R-type VGCC increase in the β-cells, or more likely, all existing VGCCs 

are upregulated in the knock-out cell lines that no selective VGCC antagonist can differentiate the 

subtypes. 

 

 

Figure 5.3.  Example traces of 5μM nifedipine block on control, RyR2KO and IRBITKO INS-1 

cells, in the absence or (red) in the presence (black) of 5 μM nifedipine. Fractional block was 

calculated for three lines. Control INS-1 (black): 0.20 ± 0.05 (N = 20); RyR2KO (red): 0.20 ± 0.11 

(N = 29); IRBITKO (blue): 0.19 ± 0.08 (N =8). Unpaired t-tests among three cell lines showed no 

statistical difference. 
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5.5 Glucose-stimulated action potential in INS-1 cells 

 Since glucose stimulates electrical activity in the form of trains of action potentials in 

pancreatic β-cells, we next asked if deletion of RyR2 or IRBIT from INS-1 cells regulates this 

activity. Perforated whole-cell patch-clamp is a variant of the patch-clamp technique used to 

measure the sum activity of ion channels in the plasma membrane of a single cell. It was developed 

to maintain the cytoplasm so that the intracellular solution does not wash out crucial elements of 

signaling cascades or metabolism during the experiment (Molleman 2002). Whole-cell perforated 

patch configuration was used with INS-1, RyR2KO, and IRBIT KO cells to measure action potentials 

in I=0 current-clamp mode. The patch resistance was monitored until it reached 200 MΩ, then we 

applied 40μM diazoxide, the KATP channel activator, which effectively hyperpolarized the cell 

membrane potential. Diazoxide binds to sites on SUR1, increasing KATP channel open probability 

(Drews et al., 2010). Once the cell stabilized at the correct resting membrane potential (~ -65 mV), 

18mM glucose in the standard solution set was applied via extracellular perfusion.  

5.5.1 RyR2KO GSAP and SK channel regulation 

 Upon inhibition of action potentials started firing, trains of action potentials were recorded 

for a minimum of three minutes. The average action potential frequencies were determined using 

uniform bursts of action potentials and excluding gaps between bursts. We found that the GSAP 

frequency is doubled by RyR2 deletion. Control INS-1 cells displayed an action potential 

frequency of 0.94 ± 0.27 Hz (N = 9) while that in RyR2KO cell was 2.16 ± 0.36 Hz (N = 15).  

Moreover, we applied the compound apamin, a blocker of the SK (KCa3) channel, antagonizing 

the Ca2+ -activated K+ outward current, stimulating action potential firing and reducing action 

potential amplitudes in control INS-1 cells (Figure 5.4.A and Jacobson et al., 2010). In contrast, 

RyR2KO cells did not respond to 1μM apamin application (Figure 5.4.A and 5.4.B).  

 We further analyzed the INS-1 cell action potential bursts. Glucose-stimulated action 

potentials can be dissected into the following phases: (1) β-cell action potential upstrokes are 

mainly associated with regenerative action of L-VGCCs; (2) β-cell action potential repolarization 

associated with Ca2+ -dependent inactivation and voltage-dependent inactivation of Na+ channels 

along with activation of delayed rectifying Kv2.1 and BK channels; (3) β-cell action potential 

plateau is influenced by SK channel and two-pore K+ channel (Rorsman and Ashcroft 2018). 
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Afterhyperpolarization (APH) is a principal feedback mechanism controlling the frequency and 

patterning of action potentials. APHs are driven by SK channel currents, maintained after 

repolarization, driving the membrane potential to more negative values and prolonging the time 

interval between action potentials (i.e., decreasing frequency). To explain our results in action 

potential frequency, we also measured the AHP in both control and RyR2KO INS-1 cells by 

subtracting the lowest potential by the previous plateau. The AHPs measured for INS-1 and 

RyR2KO generated using weighted average were: -11.52 mV (N=8, n=9310) and -5.976 mV (N=14, 

n=21241) respectively in the absence of 1μM apamin, -5.380 mV (N=6, n=5371) and -6.957 mV 

(N=6, n=7018) respectively in the presence of 1μM apamin. The action potential amplitudes are 

not statistically different in INS-1 and RyR2KO cells in the absence and presence of apamin (data 

not shown). Thus, the increased glucose-stimulated action potential frequency, the 

unresponsiveness of action potential frequency to apamin, and the reduced AHP amplitude in 

RyR2KO cell all argue that SK channels are not activated during glucose stimulation in RyR2KO 

cells. 
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Figure 5.4.  Glucose-activated action potentials of control and RyR2KO INS-1 cells. (A) Example 

action potentials (APs) elicited by 18mM glucose are more frequent in RyR2KO than control, and 

upon the addition of 1μM apamin action potentials of control INS-1 increase while RyR2KO 

stayed unchanged. (B) Average AP frequency measured in control and RyR2KO INS-1 cells in 

the absence and presence of 1μM apamin. (C) Afterhyperpolarization (AHP) measure in control 

and RyR2KO INS-1 cells in the absence and presence of apamin and representative traces of INS-

1 and RyR2KO in the absence of apamin. AHPs in INS-1 and RyR2KO cells were -11.52 mV 

(N=8, n=9310) and -5.976 mV (N=14, n=21241) respectively in the absence of 1μM apamin, -

5.380 mV (N=6, n=5371) and -6.957 mV (N=6, n=7018) respectively in the presence of 1μM 

apamin. N means the number of single cells, and n means the number of action potentials 

measured.

 

A B 
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5.5.2 IRBITKO GSAP 

 In the light of the marked increase in current density in IRBITKO cells, we also examined 

its role in regulating GSAP in INS-1 cells. However, IRBITKO cells have volatile electrical activity. 

Among 25 cells that responded to glucose stimulation, only three cells showed stable firing for 

more than 500 action potentials. Most of the cells had either short, grouped bursts in between long 

silent intervals or had a progressive decrease in both action potential amplitude and frequency 

during 18mM glucose stimulation. Action potential frequency ranged from 0.57 to 2.93 Hz among 

the 25 cells, with an average of the most stable cells at 1.91 ± Hz (N =2, n =1432) and an average 

of all cells including intermittent bursts or in response to current injection (if glucose did not 

stimulate electrical activity) of 1.62 ± 0.77 Hz (N =25, n =9678) (Figure 5.5). Based on limited 

data, we observed the action potential frequency in IRBITKO with 1μM apamin slightly decreased 

compared to experiments in control INS-1 cells or RyR2KO cells. Moreover, we observed very 

slow action upstrokes and repolarization in the limited stable IRBITKO cells (Figure 5.6).  

 The difficulty of obtaining GSAP of IRBITKO cells does raise some interesting questions. 

Deletion of IRBIT was confirmed to upregulate IP3R activity and potentially influence store-

operated Ca2+ entry (SOCE) and conductance of other ion channels. In addition, long silent 

intervals between grouped bursts, slowed upstroke and APH, and reduced amplitude suggests a 

role for IRBIT in cross-talk with additional ion channels, potentially calcium and potassium 

channels.   
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Figure 5.5.  Example traces of current-clamp measurements of IRBITKO INS-1 cells in response 

to 18mM glucose. (A) 12 cells showed intermittent grouped action potentials in the presence of 

18mM glucose. (B) 13 cells did not respond to 18mM glucose stimulation but did respond to 

current injections.  (C) 2 cells responded to 18mM glucose like control and RyRKO cells. (D) 

One cell responded to 18mM glucose, and 1μM apamin reduced action potential magnitude and 

the frequency slightly from 1.11 Hz (n=60) to 0.66 Hz (n=291).
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Figure 5.6.  Afterhyperpolarization (AHP) measured in control, RyR2KO (Figure 5.4.C), and 

IRBITKO INS-1 cells in the presence of 18 mM glucose. Since IRBITKO INS-1 cells have a very 

slow upstroke and afterhyperpolarization with minimal sample size (N=2), we do not report the 

statistical analysis. 

5.6 PIP2 potentially regulates current density and GSAP in the knock-outs 

5.6.1 PIP2 and ion channel modulation 

 PIP2 is a plasma membrane lipid, contributing to numerous intracellular signaling events, 

including regulation of many ion channels via binding at the plasma membrane (Hille et al., 2015; 

Hilgemann et al., 2018). GqPCR induced PIP2 hydrolysis by phospholipase C (PKC) is the primary 

driver of dynamic PIP2 level change (Suh and Hillie 2002; Harraz et al., 2020). PIP2 contributes to 

the negatively charged inner leaflet of the plasma membrane, attracting cations, including Ca2+ 

(McLaughlin et al., 2002; Won et al., 2006). How PIP2 modulates K+ channels has been extensively 

studied (Hille et al., 2015), and PIP2 enhances rat SK channel activity via CaM-SK channel 

complex (Lu et al., 2002; Zhang et al., 2014).  

 We briefly discussed the PIP2 regulation of KATP channels, TRP channels, and GPCR in 

Chapter 1. However, how exactly PIP2 potentially contributes to Ca2+ dysregulation and pancreatic 

β-cell apoptosis is not well understood. Our preliminary data observed reduced PLC activity 



 

 

192 

(Rantz et al., unpublished) and elevated PIP2 (Harvey et al., unpublished) in RyR2KO INS-1 cells. 

Notably, the deletion of PIP2 induces voltage-independent inhibition of VGCCs (Wu et al., 2002; 

Gamper et al., 2004; Roberts-Crowley et al., 2009). Additionally, production of PIP2 and PIP3 

upon PI3K activation recruits PKB to the membrane, phosphorylating Cavβ2a at S574 and 

increasing the channel expression and conductance (Viard et al., 2004). Thus, we asked whether 

PIP2 plays a regulatory role in upregulating HVA Ca2+ channel activity to compensate for the loss 

of RyR2 and IRBIT.  

5.6.2 PIP2 and Ca2+ current inhibition 

 To closely monitor the quantitative change in Ca2+ current activity regulated by PIP2, we 

introduced a rapamycin-induced dimerization of translocating phosphatases to hydrolyze PIP2 at 

the plasma membrane (Hammond et al., 2012). This enzymatic chimera is fused with the FKBP 

(FK506 binding protein 12)-rapamycin-FRB (fragment of mTOR that binds rapamycin) ternary 

complex, used to recruit enzymes to the plasma membrane (Banaszynski et al., 2005; Varnai et al., 

2006; Inobe and Nukina 2016). This chimera is a fusion protein named Pseudojanin (PJ), 

consisting of two phosphatases and converting PIP2 to PI4P and further dephosphorylating PI4P 

(phosphatidylinositol 4-phosphate) into PI (phosphatidylinositol) (Varnai et al., 2006; Hammond 

et al., 2012). Thus, PJ is recruited to the plasma membrane upon rapamycin induction, decreasing 

PIP2 and PI4P levels (Figure 5.7.A). Interestingly, rapamycin and FK506 target the RyR Calstabins, 

and prolonged exposure induces ER calcium dysregulation and mitochondrial dysfunction 

(Lombardi et al., 2017 a & b).  

 We transfected the control and RyR2KO INS-1 cells with Lyn11-FRB-CFP and PJ or 

Lyn11-FRB-CFP and PJ-dead and applied the whole-cell voltage clamp. We measured the current 

change of two transfections in two cell lines in the absence and presence of 1 μM Rapamycin. First, 

we measured the Ca2+ current change using standard Ba2+ solution set in the +10mV pulse protocol 

held at -80mV. We found that RyR2KO cells had a higher fractional block than wild-type INS-1 

cells in response to rapamycin when PJ is expressed, and PJ dead did not show significant 

alterations (Figure 5.7.B). In addition, we measured the current density of two cell lines. Although 

the current density in RyR2KO is very variable, the decrease from group PJ to PJ-D is consistent 

(Figure 5.7.D). We calculated the fractional decrease of average current density before and after 

rapamycin treatment, and the normalized results supported that RyR2KO cells show a greater Ca2+ 
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current decrease than WT INS-1 cells in response to rapamycin, expressed with or without PJ 

(Figure 5.7.C). The decrease of current density and current in pulse protocols is very consistent. 

Thus, our result still supports our hypothesis that hydrolysis of PIP2 might downregulate HVA 

Ca2+ channel activity.  

 

 

Figure 5.7.  PIP2 hydrolysis and Ca2+ current inhibition in control and RyR2KO INS-1 cells.  (A) 

Rapamycin induces the translocation of FKBP fused with pseudojanin (PJ) and RFP (red 

fluorescence protein) to the plasma membrane (PM) and forms the complex with PM-anchored 

FRB. PJ converts PIP2 into PI(4)P and further into PI. (B) Fractional block of wild-type and 

RyR2KO INS-1 cells expressed with PJ or PJ-D in the presence of 1μM rapamycin. WT: 0.15 ± 

0.25 (N = 13) with PJ, 0.06 ± 0.13 (N = 8) with PJ-D; RyR2KO: 0.34 ± 0.19 (N = 14) with PJ 

(*P < 0.05), -0.09 ± 0.15 (N =4). (C-D) Current density of WT and RyR2KO INS-1 cells 

expressed with PJ or PJ-D in the absence and presence of 1μM rapamycin. (C) Fractional change 

of current density in response to 1μM rapamycin. (D) Boxplot of eight data sets. 
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5.7 Discussion 

5.7.1 Conclusion 

 We generated the RyR2KO INS-1 cell line to understand the role of RyR2 in pancreatic β-

cell functions. These studies were prompt by our lab’s previous work showing that expression of 

the Cav1.2II/III loop disrupts Ca2+ -induced Ca2+ release, likely by uncoupling Cav1.2 activity from 

activation of RyR2 (Jacobo et al., 2009; Wang et al., 2014; Pratt et al., 2015). Meanwhile, we 

observed the downregulation of IRBIT, an IP3R inhibitory binding protein, in RyR2KO cells 

(Harvey and Rantz., unpublished). Thus, we generated the IRBITKO INS-1 cell line to explore the 

ER Ca2+ channel dysregulation and impaired beta-cell function. We characterized the current 

density of the control, RyR2KO, and IRBITKO INS-1 cells using whole-cell voltage-clamp in three 

different solution sets with either Ba2+ or Ca2+ as the charge carrier. We found that the current 

density is doubled in RyR2KO cells compared to the control, and the current density of IRBITKO 

increased by half of the wild-type. Given the dramatic increase in current density, we asked which 

VGCC was upregulated in the knock-out cell lines. Therefore, we applied the L-type selective 

inhibitor nifedipine, and 5μM nifedipine blocked 20 percent of the Ca2+ current among all three 

cell lines. The pharmacological result suggests a consistent upregulation of all VGCCs in the 

knock-out cell lines. 

 Next, we examined how these cells respond to glucose stimulus in a whole-cell perforated 

patch-clamp. We found that the action potential frequency also doubled in RyR2KO compared to 

the wild-type INS-1 cells. IRBITKO cells showed extremely variable electrical activities in 

response to glucose stimulation, including RyR2KO -like GSAP, no response to glucose stimulus 

but current injection and intermittent grouped bursts. Additionally, we applied apamin, the SK 

channel blocker, to investigate whether we are able to see apamin-induced action potential increase 

in knock-out cells. Interestingly, apamin could double the action potential frequency in INS-1 cells 

but not in RyR2KO and IRBITKO cells, suggesting the loss of SK channel activation when RyR2 or 

IRBIT is deleted. SK channel activity is a major contributor to the AHP in INS-1 cells, and AHP 

magnitude in RyR2KO is diminished and similar to that in apamin-treated control INS-1 cells. Thus, 

the alterations in GSAP frequency and the decrease in AHP amplitude in RyR2KO cells that parallel 

those measured in control INS-1 cells in the presence of apamin strongly argue that RyR2 activity 

is required for SK channel activation and modulation of glucose-stimulated electrical activity. 
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 On the other hand, the mystery of upregulated current density has not been solved. Our 

preliminary data revealed reduced PLC activity and increased PIP2 in RyR2KO INS-1 cells, and 

PIP2 modulates various proteins at the plasma membrane, including upregulation of the HVA Ca2+ 

channel activity. Therefore, we proposed that upregulated PIP2 might explain the upregulation of 

the HVA Ca2+ channels. Thus, we introduced the membrane anchor (Lyn11-FRB) and the 

translocatable fluorescence-tagged phosphatase, pseudojanin (PJ), to control the PIP2 activity in 

the plasma membrane in the whole-cell patch-clamp experiments. We transfected control and 

RyR2KO INS-1 cells with Lyn11-FRB and PJ or PJ-dead (PJ-D) and induced the co-localization of 

Lyn11-FRB/PJ at the plasma membrane and PIP2 hydrolysis using 1μM rapamycin. We observed 

a greater current inhibition in RyR2KO than wild-type with active PJ held at +10 mV. Additionally, 

the cells with PJ-D did not show a significant current decrease in response to rapamycin. We also 

examined the current density in four transfection conditions in the absence and presence of 

rapamycin and detected a uniform decrease in current density in the presence of rapamycin through 

all groups. Overall, increased PIP2 hydrolysis on the plasma membrane in RyR2KO might explain 

the upregulation of Ca2+ channel activity in channel expression and GSAP.  

5.7.2 Proposed models 

 We propose several models below to explain our observations in WT, RyR2KO, and 

IRBITKO INS-1 cell lines. IRBIT binds to PIP kinases to form signaling complexes (Ando et al., 

2015). We also observed sharply decreased basal PLC activity, IP3 levels (Rantz et al., 

unpublished), IRBIT protein level, and insulin secretion (Harvey et al., unpublished) in RyR2KO 

cells. We proposed a model below to explain an increase in basal levels of PIP2. 

 Glucose-stimulated L-VGCC activation (mainly Cav1.2) (see Section 1.6) activates 

calcium-induced calcium release (CICR) from IP3R and RyR2 in INS-1 cells. Two Ca2+ binding 

sites with different affinities on RyR2 allow divergent responses to glucose concentrations. At low 

glucose conditions in control INS-1 cells, we propose an unaltered IRBIT level, which keeps the 

inactive form of IP3R and limits the Ca2+ release from ER stores. Thus, a low glucose condition 

allows Ca2+ leak from RyR2 and a regular insulin exocytosis activity. On the other hand, high 

glucose concentration activates the SK channel, slows the afterhyperpolarization, and slows the 

action potential frequency. In the RyR2KO INS-1 cells, a reduced cytosolic IRBIT level enhances 

IP3R releasing Ca2+ from ER stores. As a result, no Ca2+ leak goes through RyR2 and reduces basal 
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insulin secretion. The high glucose condition does not activate the SK channel, and little 

afterhyperpolarization is observed with high action potential frequency (Figure 5.9). 

 

 

 

Figure 5.8.  Models of ER Ca2+ regulation in control and RyR2KO INS-1 cells in response to low 

and high glucose stimulation.   
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  FUTURE DIRECTIONS 

6.1 Development of selective L-VGCC subtype inhibitor 

 We have identified several molecular determinants to differentiate Cav1.2 and Cav1.3 in 

Chapter 3, and we ask whether we can develop a selective L-VGCC subtype antagonist based on 

our existing findings in our future directions. Three classes of L-VGCC antagonists, DHP, PAA, 

and BZT, show higher resistance in Cav1.3 than Cav1.2 but no selectivity. Therefore, developing 

either Cav1.2 or Cav1.3 inhibitors becomes challenging if we try to modify the existing small 

molecules. However, peptide toxins, a popular area in the 80s and 90s, are not considered and 

studied using modern techniques in current research. Previous studies showed that calcicludine 

(CaC), an L-VGCC selective peptide toxin, couples to DHP blockers allosterically and increases 

DHP binding affinity (Wang et al., 2007; Also see Section 1.5.5). Our preliminary data (Wang 

2015) showed that CaC binding site adjacent to the selectivity filter in the extracellular IIIS5-3P 

loop is not conserved in Cav1.3. Our chimeric channel Cav1.3+, the Cav1.2-like Cav1.3 expressed 

Cav1.2 IIIS-3P loop, rescued the CaC sensitivity (Figure 6.1.B) without changing the voltage-

dependent activation and inactivation (data not shown; Wang et al., unpublished).  

 

 

Figure 6.1.  Calcicludine selectively binds to Cav1.2 by interacting with the IIIS5-3P loop. (A) 

Topical view of calcicludine binding to IIIS5-3P loop of Cav1.2 in 3D model. (B) Calcicludine 

inhibits the Ca2+ current conducted by Cav1.2, Cav1.3, and chimeric Cav1.3+ expressed with 

Cav1.2/IIIS-3P loop. Replacing the IIIS-3P loop of Cav1.3 rescued the calcicludine sensitivity. 
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 Next, we ask whether we can find the molecular determinants in CaC that reproduce the 

block of Cav1.2. Several studies suggest the significant amino acids lying in the middle region of 

CaC, containing three positively-charged lysines (Nishio et al., 1999; Gilquin et al., 1999) (Figure 

6.2.A). We first synthesized a cyclized version of peptide A containing an extra N-terminal 

cysteine residue to enable a disulfide crosslink with the native cys 32 (Figure 6.2.A) and confirmed 

peptide A binding Cav1.2/IIIS5-3P in BLI assay (Wang et al., unpublished). 

 Furthermore, we generated additional peptides based on peptide A to use in 

electrophysiological experiments. We inserted a cysteine at position 23 or position 24 to form a 

disulfide bond with native cysteine at position 33 (originally 32) (Figure 6.2.B). We first measured 

the dose responses of peptide 23-33, and they reduced the efficacy compared to the full-length 

CaC. Even at the saturated 10μM, only 20 percent is blocked in Cav1.2. Interestingly, when we 

tested this peptide in Cav1.3 without conserved CaC binding pocket in IIIS5-3P loop, we observed 

a higher sensitivity to peptide 23 (Figure 6.3.A) and 10μM might not saturate the binding given 

the increasing fractional block compared to Cav1.2. However, because of the limited range of 

antagonizing on both Cav1.2 and Cav1.3, we were unable to fit into the dose-response curve and 

report a valid IC50. In addition, we tested 10μM peptide 24 and a fusion peptide with amlodipine, 

which might increase the efficacy of CaC peptide and increases the selectivity of DHP. Peptide 24 

showed a slightly lower but not significantly different binding affinity in Cav1.2 compared to 

peptide 23. Amlodipine-Za showed a stable blocking at 40 percent in a limited sample size (Figure 

6.3.B).  

 We will further examine the binding of peptide 24 and amlodipine-Za with Cav1.2 and 

Cav1.3 in multiple concentrations and examine the potential of DHP-CaC peptide in developing 

selective L-type VGCC antagonists.   

  



 

 

199 

 

Figure 6.2.  A 12 a.a peptide derived from CaC blocks Cav1.2. (A) The amino acid sequence of 

calcicludine and 3-D structure of an external loop containing three positively charged lysines. 

This loop was mimicked using the 12 a.a disulfide cross-linked peptide A (Red).  (B) Alkined 

peptide A forms a disulfide bond at position 23 (Cyclic Calcmin 23-33) and position 24 (Cyclic 

Calcmin 24-33). 

 

 

Figure 6.3.  Dose responses of Cav1.2 and Cav1.3 in response to peptide 23 (A), peptide 24, and 

the DHP-fused peptide (B). (A) Fractional block of Cav1.2 and Cav1.3 in the presence of 200nM, 

500nM, 1μM, and 10μM peptide 23. (N = 4~16 for each concentration). (B) Fractional block of 

Cav1.2 in response to 10μM peptide 23, peptide 24 and amlodipine-Za (N = 3~11). 
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6.2 Explore Cavβ regulation Cav1.3/II-III loop 

6.2.1 Immunoprecipitation of Cav1.3/II-III and β3 

6.2.1.1 No direct interaction between Cav1.3/II-III and β3 

 In the previous sections, we were impressed by the Cavβ3 subunit regulation of Cav1.3 

voltage-dependent inactivation in the presence of the Cav1.3/II-III loop. Therefore, we asked 

whether we can detect direct interaction between the Cav1.3/II-III loop and Cavβ3. We generated 

the Cav1.3/II-III loop fused with FLAG tag (Flag-D23) and expected the co-immunoprecipitation 

with rat Cavβ3 (Castellano et al., 1993). We prepared the protein lysates from transfected tsA-201 

cells (See Section 2.5). Both constructs were examined by electrophoresis (data not shown) and 

immunoblotting (Figure 6.4.A), and both anti-FLAG and anti-β3 antibodies recognize “ladder”-

like bands in both Flag-D23 and Cavβ3. We pulled down the mixed Flag-D23/β3 protein lysates 

using anti-Flag agarose beads, blotted with anti-β3. However, we were unable to detect the β3 bands 

in the elution (Figure 6.4.B). Thus, there might not be strong or direct interactions between the 

Cav1.3/II-III loop and Cavβ3 in denatured form, but we might observe multi-way non-covalent 

interactions or covalent interactions, which only potentially happen on the plasma membrane. 

 

 

Figure 6.4.  Immunoblotting of Cav1.3/II-III loop and Cavβ3. (A) Flag-D23 can be detected by 

anti-FLAG antibody, and Cavβ3 can be detected by the anti-Cavβ3 antibody. (B) Co-

immunoprecipitation of Cav1.3/II-III loop and Cavβ3, pulled-down by anti-FLAG agarose beads 

and blotted by anti-β3. Lane 1-5: Supernatant after IP, Wash collection 1, Wash collection 2, 

Elution 1, and Elution 2. 
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6.2.1.2 C-terminus of L-VGCCs in Cav1.3 inactivation 

 The carboxy-terminal tails of Cav1.2 and Cav1.3 modulate calcium-dependent inactivation 

(CDI) and voltage-dependent inactivation (VDI), as mentioned in sections 1.4.5 and 1.4.7. In 

section 4.2, we observed no change in Cav1.342a inactivation in the presence of the Cav1.3/II-III 

loop. Thus, we were inspired to include the role of the C-terminus in Cavβ regulated Cav1.3 

inactivation.  

 We proposed a three-way co-immunoprecipitation including Cav1.3/C-terminus, Cav1.3/II-

III, and Cavβ3. Interestingly, Gomez-Ospina’s research also showed that the C-terminus of Cav1.2 

was found in the nucleus of neurons but not in the membrane and cytosol, and oppositely, the 

intracellular II-III loop was only found in the membrane and cytosol but not in the nucleus (Gomez-

Ospina et al., 2006). Therefore, to prevent the truncated channels from degradation or misfolding 

during lysis, we will choose to transfect Flag-D23 into INS-1 cell lines with stably expressed C-

terminus (DCTS) with endogenous Cavβ3.   

6.2.2 Examine the effect of other intracellular regions of Cavβ on II-III loop interaction 

with Cavβ 

 Since we are having difficulties detecting the two-way intramolecular interactions of the 

II-III loop and Cavβ, we will consider other intracellular regions of Cavα1. Multiple studies have 

shown that Cavβ interacts with N-, C-termini, and III-IV loop (Qin et al., 1997; Tareilus et al., 

1997; Walker et al., 1998 & 1999). In addition to the C-terminal effect on CDI (See section 1.4.5), 

III-IV interacts with the I-II loop in a Cavβ-dependent manner modulating Cav2.1 VDI (Geib et al., 

2002). Thus, it is very likely that the II-III loop interacts with the I-II loop to modulate Cav1.3 

inactivation instead of a single effect. Nonetheless, the intracellular regions of Cavα1 have not been 

solved, and the exact interactions were not well understood. We can generate I-II loop mutations 

to disrupt the potential interaction with the II-III loop and recover the Cav1.3/II-III-induced 

inactivation shift. 

 In addition, the regulation of Cav1.3/Cavβ inactivation by the Cav1.3/II-III loop and 

corresponding peptides might result from disruption of Cavβ3 oligomerization. We found that most 

of the Cryo-EM structures of Cavβ showed dimerization (Figure 6.5). Thus, Cavβ oligomerization 

can be either homo- or hetero by interaction with other Cavβ subtypes, and it does not affect the 
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channel expression on the plasma membrane (Lao et al., 2010). However, we do not know whether 

these oligomers can interact with multiple intracellular regions of Cavα1.  

 One way to test if the P3-1/P3-2 peptides are disrupting Cavβ3 oligomerization would be to 

run a non-denaturing PAGE followed by immunoblotting for Cavβ3 as in Lao et al., 2010 but in the 

presence or absence of the peptides. Moreover, we can examine the homo- and hetero- 

oligomerization of Cavβ affecting the Cav1.3/II-III-induced inactivation shift as we already showed 

that Cavβ expression is subtype-specific in regulating the inactivation.  

 

 

Figure 6.5.  Cryo-EM structures of Cavβ and sequence alignment of GK domains involved in 

ligand binding (Zuccotti et al., 2011). Boxes indicate key positions for interacting for GK 

domain ligands. 
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6.2.3 Examine P3-1 regulation of isradipine block 

 Small molecule inhibitors of L-VGCC prefer to bind to the inactivated state (30, 63, 64), 

and the potency is greater for Cav1.2 than Cav1.3. We have shown that the P3-1 peptide derived 

from the Cav1.3/II-III loop enhances the inactivation of Cav1.3 at hyperpolarized potentials (See 

Chapter 4).  Thus, we propose that P3-1 could enhance the potency of currently FDA-approved 

drugs for the block of Cav1.3. To examine this possibility, we will express Cav1.3/β3/α21 in HEK 

293 cells and measure the potency of drug block in the presence or absence of 10 µM P3-1 peptide 

in the patch pipette.  

 We will use the DHP isradipine, which penetrates the blood-brain barrier (Rostein et al., 

2015) and is associated with a decrease in risk for Parkinson’s disease (Ritz et al., 2009).  Isradipine 

also reduces cocaine-seeking in rats (Addy et al., 2018). However, Isradipine was ineffective in 

suppressing the subjective effects of cocaine in human subjects (Johnson et al., 2004) and failed 

to show significant slowing of early-stage PD progression (Parkinson Study Group STEADY-PD 

Investigators, 2020). On the other hand, both studies concluded that dosing limitations imposed by 

cardiovascular side effects confounded the study.  

 The IC50 of the isradipine block of Cav1.3 will be assessed as described in Chapter 2 using 

a holding potential of -60 mV or -80mV. At -60 mV, an appreciable fraction of channels are 

inactivated in the presence, but not the absence of P3-1 peptide. At -80 mV, the fraction of 

inactivated channels is negligible in both cases (Figure 5.4.C). Therefore, we expect that any 

difference in potency of isradipine in the presence or absence of P3-1 will be minimal while using 

-80 mV as the holding potential, but that a significant decrease in IC50 will be stimulated by P3-1 

when the holding potential is -60 mV. This result would be physiologically significant since the 

resting membrane potential of dopaminergic VTA neurons is -55 mV (Khaliq et al., 2010). To 

assess the selectivity of any potentiation of the block by P3-1, we will also measure the IC50 for 

the isradipine block of Cav1.2/β3/α21 as described. Since P3-1 does not change the fraction of 

inactivated Cav1.2 channels at these voltages, we expect that the inclusion of P3-1 will not affect 

the IC50 of isradipine at either holding potential.   
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6.3 Characterize ER Ca2+ homeostasis regulatory proteins 

6.3.1 Examine PIP2 hydrolysis and Ca2+ activity in IRBITKO 

 We have characterized the wild-type and RyR2KO INS-1 cells in Section 5.5 and observed 

a greater decrease in VGCC activity in response to rapamycin-induced PIP2 in hydrolysis in 

RyR2KO cells compared to control INS-1 cells. Therefore, we will examine the IRBITKO cell line 

with the same experimental setup. We expect to see a result close to RyR2KO since IRBITKO cells 

also exhibit a current density higher than control.  

6.3.2 Examine PIP2 hydrolysis regulation of Cavβ 

 The research projects of PIP2 regulating ion channels have been focusing on K+ channels, 

and only a few studies showed PIP2 modulation of voltage-gated Ca2+ channels. However, Cavβ2a 

phosphorylation is facilitated by PIP2 and increases VGCC expression on the plasma membrane, 

indicating the positive association between PIP2 and VGCC current activity (Viard et al., 2004). 

Furthermore, our results in Section 5.3 suggest a consistent upregulation of all VGCCs in RyR2KO 

and IRBITKO cells. Therefore, we can explore whether this PIP2 is Cavβ subtype-specific and 

tissue-specific.  

 We can generate Cavβ mutants to disrupt the PIP2 regulation of Cavβ and examine the HVA 

Ca2+ channel activity in WT and knock-out INS-1 cells. We can also use pharmacological methods 

to inhibit Cavβ. A variety of Cavβ antagonists have been developed to disrupt Cavα1-Cavβ 

(especially Cav2.2) and reduces trafficking, including small molecules (Chen et al., 2018; Rajesh 

et al., 2019) and engineered nanobody (Morgenstern et al., 2019) with no Cavβ specificity. 

Therefore, we can introduce Cavβ antagonists to compare the pharmacological disruption of 

Cavα1-Cavβ and PIP2 induced Cavα1-Cavβ alterations.   

6.3.3 Characterize other Ca2+ channel or related knock-outs 

 In addition to RyR2 and IRBIT in β-cells, many other Ca2+ channels and Ca2+ -related 

proteins appeal to us. We have knocked out the L-VGCC Cav1.2 and Cav1.3 and the cytomatrix 

active zone protein piccolo (Harvey et al., unpublished). We characterized the current density, 

GSAP, and nifedipine block of these channels and will explain our observations below. 
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 We generated the current density of Cav1.2KO, Cav1.3KO, and PCLOKO in the standard Ba2+ 

solution set. We found that Cav1.2KO and PCLOKO showed a slightly lower current density than 

that of control, but Cav1.3KO almost doubled the value like RyR2KO cells (Figure 6.6.A). Next, we 

asked how would Cav1.2KO and Cav1.3KO INS-1 cells react to 5 μM nifedipine. Interestingly, we 

could not record Cav1.2KO in the standard Ba2+ solution sets, as they all ran down very fast or 

jumped around (data not shown). This observation was also expected because Cav1.2 is the 

predominant L-VGCCs in INS-1 cells. On the other hand, we examined the fractional block by 

5μM nifedipine in Cav1.3KO cells and found that nifedipine had a slightly higher block than control 

INS-1 cells (Figure 6.6.B). A compensatory Cav1.2 upregulation can explain this higher fractional 

block. Indeed, Cav1.2 is reported to be upregulated in the β-cells of Cav1.3 β-cell-specific knock-

out mice (Namkung et al., 2001). 

 Furthermore, we asked whether Cav1.2KO, Cav1.3KO, and PCLOKO can regulate glucose-

stimulated action potentials differently from control INS-1 cells. However, the observation of 

GSAP in response to 18 mM glucose became challenging, like the IRBITKO recordings in Chapter 

5. Both Cav1.2KO and Cav1.3KO were activated with continuous action potentials at the beginning 

of experiments without glucose or tolbutamide stimulation. A tiny portion of the cells could 

respond to 18 mM glucose or tolbutamide, while most of the cells either did not respond to glucose 

after diazoxide treatment or continued firing action potentials despite the application of diazoxide. 

We showed the action potential frequency of continuous bursts during diazoxide addition, 18 mM 

glucose (or glucose + current injection), 200μM tolbutamide (or tolbutamide + current injection) 

of Cav1.2KO and Cav1.3KO in Figure 6.7.C and Table 6.1. Since Cav1.2 and Cav1.3 are the 

predominant VGCCs controlling the upstrokes of action potentials, our observation of no 

prolonged action potentials in response to either glucose or tolbutamide is consistent with the role 

of Cav1.2 or Cav1.3 in controlling the upstroke of action potentials. PCLOKO cells behaved like 

WT INS-1 cells with a non-significant slight increase in AP frequency (Figure 6.6.D), while the 

Cav1.2KO and Cav1.3KO doubled the GSAP from the small portion of glucose-responsive cells.  

 We extracted some interesting information from Cav1.2KO, Cav1.3KO, and PCLOKO INS-1 

cells, but they are not enough to answer the questions that remained in Chapter 5. The next target 

will be the generation of IP3R knock-out, which will be directly related to the results of RyR2KO 

and IRBITKO. We will examine IP3RKO regulation of β-cell electrical activity and associated 

insulin secretion and β-cell survival.  
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Figure 6.6.  Characterization of current density, nifedipine block, and GSAP in Cav1.2KO, 

Cav1.3KO, and PCLOKO INS-1 cells. (A) The current density (pA/pF) of WT and knock-outs. 

WT: 16.71 ± 2.26 (N = 11); Cav1.2KO: 15.82 ± 9.03 (N = 16); Cav1.3KO: 31.44 ± 12.63 (N = 8) 

(****P < 0.0001), and PCLOKO: 12.53 ± 2.10 (N = 18) (****P < 0.0001). (B) 5μM nifedipine 

block of WT and Cav1.3KO INS-1 cells: WT: 0.20 ± 0.055 (N = 20); Cav1.3KO: 0.26 ± 0.16 (N = 

10). (C) Action potential frequency of glucose/ tolbutamide stimulated action potentials in 

Cav1.2KO and Cav1.3KO INS-1 cells. Values are reported in Table 6.1. (D) Action potential 

frequency (Hz) of 18 mM glucose-stimulated action potentials in WT, Cav1.2KO, Cav1.3KO, and 

PCLOKO INS-1 cells. WT: 0.94 ± 0.27 (N = 9); Cav1.2KO: 2.00 ± 0.06 (N = 5); Cav1.3KO: 2.03 ± 

0.32 (N = 2); PCLOKO: 1.17 ± 0.69 (N = 10). 
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Table 6.1.  Action potentials of Cav1.2KO and Cav1.3KO in response to 18 mM glucose and 200 

μm tolbutamide in whole-cell perforated patch-clamp. 
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