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Abstract 

Cav2.1 P/Q-type voltage-gated calcium channels are essential for neurotransmission in many 

regions of the mammalian central nervous system (CNS). Alternative splicing generates 

functional diversity between Cav2.1 splice isoforms and is thought to be a mechanism by which 

fine-tuning and complexity of Cav2.1-mediated activities occur. The Cav2.1 +SSTR splice 

variant, located in the S3-S4 linker of domain III, has been identified in rodent brain although its 

effects on the biophysical and pharmacological properties of Cav2.1 have not been previously 

studied. Here, by performing splice variant-specific quantitative real-time PCR on selected 

regions of the rat CNS I demonstrate that +SSTR variant channels are differentially expressed 

spatially with predominant expression in the brainstem, reticular thalamus and spinal cord. Using 

whole-cell patch-clamp electrophysiology performed on transfected HEK 293 cells I have shown 

that compared to ΔSSTR channels, +SSTR variants exhibit faster activation kinetics and a 

hyperpolarizing shift in the voltage-dependence of activation and inactivation. Additionally, the 

+SSTR and ΔSSTR variants respond differently to increasing durations of action potential 

waveforms (APWs) with the charge transference through +SSTR channels being significantly 

less sensitive to APW broadening than ΔSSTR channels. Together, these data suggest that the 

unique biophysical properties of the Cav2.1 splice variants contribute to distinct roles in CNS 

synaptic physiology by relaying different types of action potential-encoding synaptic 

information. Lastly, I examined whether the +SSTR variant affected the sensitivity of Cav2.1 to 

the gating modifier peptide toxin ω-Agatoxin-IVA. Using whole-cell patch-clamp 

electrophysiology I found that the effects of ω-Agatoxin-IVA on current block did not 

significantly differ between the +SSTR and ΔSSTR splice variants suggesting that SSTR 

insertion does not affect the binding of ω-Agatoxin-IVA to Cav2.1 channels. The differential 
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expression of Cav2.1 splice variants and their unique channel properties provides insight into the 

mechanisms by which complexity of P/Q-type calcium channel-mediated signaling contributes to 

CNS physiology.  
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Chapter 1: Introduction 

Calcium is an essential ion contributing to many cellular processes including gene 

regulation, muscle contraction, cell excitability and neurotransmitter release (Clapham, 2007; 

Simms and Zamponi, 2014). One route of calcium ion entry into cells is via voltage-gated 

calcium channels (VGCCs). VGCCs are a family of transmembrane proteins that activate upon 

depolarizations of the cell membrane and allow rapid calcium influx driven by an 

electrochemical gradient across the cell membrane. Diversity in VGCC biophysical properties, 

expression and modulation allows for the complex control of channel activity while retaining 

strict regulation of calcium levels. Genetic mutations in VGCCs cause dysfunction of VGCC 

activity which can lead to serious disorders of the nervous system (Lorenzon and Beam, 2000).  

Consequently, proper understanding of the complex impact of VGCCs on central nervous system 

(CNS) physiology and disease pathophysiology is essential in order to develop effective 

therapeutics and treatment options for VGCC-implicated disorders. 

 

1.1 Voltage-gated calcium channels 

VGCCs convert depolarizing changes in membrane potential into rapid increases in 

localized intracellular calcium concentrations (Lipscombe et al., 2013). VGCCs can be generally 

categorized into two main groups; high voltage-activated (HVA) which require large 

depolarizations of the cell membrane in order to activate and low voltage-activated (LVA) which 

are activated by smaller depolarizations of the cell membrane that are closer to neuronal resting 

membrane potentials (Armstrong and Matteson, 1985; Simms and Zamponi, 2014). The main 

subunit that composes VGCCs is the α1 subunit which contains most of the major functional 
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components of the channel including the ion-conducting pore, voltage sensor, gating machinery 

and most sites of modulation by drugs, toxins and second messengers (Catterall et al., 2005).  

The α1 subunit is composed of four structurally homologous domains (I, II, III and IV) 

with each domain consisting of six transmembrane segments (S1-S6) (Figure 1.1).  Positively 

charged residues in segment 4 (S4) of each domain enable it to serve as a voltage sensor for 

channel activation and are predicted to move outward following membrane depolarization to 

initiate a conformational change that opens the calcium-selective pore (Bezanilla, 2000; 

Catterall, 2000; Bezanilla, 2002; Catterall et al., 2007; Catterall, 2010). The S5 and S6 segments 

along with the membrane-associated pore-loop (P-loop) connecting these segments form the pore 

lining of the channel and allow selectivity and permeation of calcium ions (Catterall, 2000).  

The α1 subunit of neuronal HVA calcium channels interacts with auxiliary β and α2δ 

subunits which modulate channel biophysical properties, second-messenger dependent regulation 

and trafficking (Figure 1.1) (Dolphin, 2012). The intracellular β subunit binds in the I-II 

cytoplasmic linker region of the α1 subunit (Pragnell et al., 1994). The α2 and δ subunits are 

encoded by the same gene whose translated protein product is cleaved and subsequently 

disulfide-linked to yield the mature α2δ subunit (De Jongh et al., 1990). Originally, the 

association of the α2δ subunit to the plasma membrane was thought to be due to the δ component 

being a transmembrane protein however more recent studies have provided evidence of a 

glycosylphosphatidylinositol (GPI) anchor attached to δ (Davies et al., 2010). The interaction 

site(s) between the α1 and α2δ subunits however are not yet fully understood (Dolphin, 2012). 

The skeletal muscle L-type VGCC is believed to also co-assemble with an additional subunit, γ , 

however whether this subunit also co-assembles with neuronal VGCCs has not yet been 

established (Catterall, 2000; Dolphin, 2012). Interestingly, while HVA channels have been 
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purified together with β and α2δ subunits and require their co-assembly in heterologous systems 

in order to conduct measurable currents, the LVA channels function well in heterologous 

systems with only an α1 subunit (Catterall et al., 2005).  

 

 

Figure 1.1: The proposed subunit composition of the Cav2.1 P/Q-type calcium channel 

The α1 subunit is composed of four homologous domains (labelled I, II, III and IV) with each 

domain consisting of six transmembrane segments. The S4 segments of each domain (dark 

purple shading with +) are the voltage sensors which sense depolarizations in the cell membrane 

and move outward resulting in a conformational change in the channel and thus channel 

activation . The S5 and S6 segments along with the P-loop (shown in red) connecting the 

segments make up the conduction pore which allows selectivity and permeation of calcium ions. 

The EF hand (dark blue rectangles), IQ domain (dark green ellipse) and calmodulin-binding 

domain (CBD) (brown circle) allow calcium-dependent regulation of the channel. The synprint 

site (pink) mediates interaction with synaptic vesicle and presynaptic membrane proteins. The 

intracellular β subunit (light blue) binds at the I-II intracellular linker and regulates kinetics and 

trafficking of the channel. The α2 (light green) and δ (yellow) subunits are associated by disulfide 

bonds and the δ component is either attached to the membrane by a GPI-anchor (as shown in this 

figure) or is a transmembrane protein. The α2δ subunit has been shown to affect channel 

trafficking.   
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In mammals, there are ten different genes that encode the α1 subunits of VGCCs and can 

be grouped into three major subfamilies; Cav1, Cav2 and Cav3 which differ in properties such as 

expression patterns, voltage-dependence, kinetics, conductance, modulation and pharmacology 

(Figure 1.2) (Ertel et al., 2000).  

The Cav1 subfamily includes four members; Cav1.1, Cav1.2, Cav1.3 and Cav1.4 all of 

which conduct L-type currents that are blocked by organic antagonists such as dihydropyridines, 

phenylalkylamines and benzothiazepines (Striessnig, 1999; Xu and Lipscombe, 2001; Catterall et 

al., 2005). L-type channels are widely expressed in muscle and endocrine cells where they are 

involved in the initiation of contraction and secretion but are also found in many types of 

neurons and cardiac pacemaker cells (Catterall et al., 2005).  

The Cav2 subfamily includes three members; Cav2.1, Cav2.2 and Cav2.3 which conduct 

P/Q-type, N-type and R-type currents, respectively. These channels are predominantly expressed 

in neurons where they are involved in neurotransmission initiation at most fast synapses as well 

as calcium entry into dendrites and the soma (Catterall et al., 2005). Cav2 channels are often 

distinguished by their sensitivities to specific polypeptide toxins isolated from the venom of 

spiders and marine cone snails (Mintz et al., 1992b; Hillyard et al., 1992; Catterall et al., 2005).   

The Cav3 subfamily consists of the LVA VGCCs and includes three members; Cav3.1, 

Cav3.2 and Cav3.3 all of which conduct T-type currents. They are expressed in many different 

cell types where their roles include shaping of action potentials and controlling repetitive firing 

patterns (Ertel et al., 2000). Detailed pharmacology of these channels has not yet fully been 

determined although they are generally more sensitive to low concentrations of nickel compared 

to the HVA VGCCs (Perez-Reyes, 2003).  
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Figure 1.2: Diversity of voltage-gated calcium channels 

There are two major categories of voltage-gated calcium channels (VGCCs), the high threshold 

voltage-activated (HVA) and low threshold voltage-activated (LVA) VGCCs. There are ten 

types of VGCCs encoded by different genes and can be divided into three major families: Cav1, 

Cav2 and Cav3. Each family contains multiple members that can differ in functional properties 

such as voltage-dependence, kinetics, modulation, expression and pharmacology.  
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1.2 Cav2.1 voltage-gated calcium channels 

Mammalian Cav2.1 channels are encoded by the CACNA1A gene consisting of 47 exons 

(Ophoff et al., 1996).  Cav2.1 channels are widely expressed throughout the central nervous 

system (CNS) where they are essential for the initiation of neurotransmission (Takahashi and 

Momiyama, 1993; Westenbroek et al., 1998). Consequently, mutations in the CACNA1A gene 

are known to cause serious disorders of the CNS (Ophoff et al., 1996; Zhuchenko et al., 1997). 

Pharmacologically, Cav2.1 channels are sensitive to blockade by the gating modifier peptide 

toxin ω-Agatoxin-IVA isolated from funnel web spider venom (Mintz et al., 1992b; Adams, 

2004).  Co-assembly of Cav2.1 with different  subunits and modulation by distinct second-

messenger pathways results in Cav2.1 currents displaying a variety of biophysical characteristics 

(Stea et al., 1994; Zamponi & Snutch, 1998). Further structural diversity is achieved by 

alternative splicing which in turn results in diverse functional effects across splice variant 

isoforms (Soong et al., 2002). In particular, there are two main isoforms of Cav2.1 channels 

described in neurons, P- and Q-type, which differ in the type of current they conduct (P-type or 

Q-type current, respectively), their sensitivity to ω-Agatoxin-IVA and their spatial and temporal 

expression profiles (Randall and Tsien, 1995; Bourinet et al., 1999).  

 

1.2.1 Expression and physiological importance of Cav2.1 channels 

Cav2.1 channels show a wide distribution throughout the rodent CNS including the 

hippocampus, spinal cord, cortex and brainstem and with their highest expression being in the 

cerebellum (Mori et al., 1991; Starr et al., 1991; Hillman et al., 1991; Mintz et al., 1992a; Stea et 

al., 1994; Westenbroek et al., 1998). Studies examining the subcellular distribution of Cav2.1 

channels show that they are highly concentrated at presynaptic nerve terminals but are also 
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expressed post-synaptically in many dendrites and soma (Hillman et al., 1991; Usowicz et al., 

1992; Westenbroek et al., 1995; Day et al., 1997; Westenbroek et al., 1998).  Reflective of their 

high concentration at presynaptic nerve terminals, Cav2.1 channels play an essential role in 

mediating neurotransmission in the CNS including the cerebellum, hippocampus, spinal cord, 

neuromuscular junction, cerebral cortex, striatum and calyx of Held (Uchitel et al., 1992; 

Hillyard et al, 1992; Turner et al., 1993; Takahashi and Momiyama, 1993; Luebke et al., 1993; 

Regehr and Mintz, 1994; Wheeler et al., 1994; Ishikawa et al., 2005). Their somatodendritic 

expression is thought to mediate additional roles such as calcium-dependent gene expression, 

neural excitability, synaptic integration and plasticity and cell survival (Eilers et al., 1996; 

Bayliss et al., 1997; Magee et al., 1998; Pineda et al., 1998; Sutton et al., 1999; Fletcher et al., 

2001). 

  A small region, the synprint site located in the II-III intracellular linker (Figure 1.1), in 

part mediates the channel’s interactions with presynaptic membrane proteins syntaxin 1 and 

SNAP-25 as well as the vesicle membrane proteins synaptobrevin and synaptotagmin I (Rettig et 

al., 1996; Martin-Moutot et al., 1996; Kim and Catterall, 1997; Mochida et al., 2003). These 

interactions allow the close coupling of the calcium source, Cav2.1, to the calcium sensor 

synaptotagmin I which induces vesicle fusion and neurotransmitter exocytosis upon the binding 

of two calcium ions (Charvin et al., 1997). In addition to their physical interaction, these proteins 

can also regulate the activity and expression of one another. For example, when co-expressed 

separately in heterologous systems with Cav2.1 channels, both syntaxin and SNAP-25 decrease 

Cav2.1 channel availability by shifting the voltage-dependence of inactivation to more 

hyperpolarized membrane potentials (Bezprozvanny et al., 1995; Zhong et al., 1999).  Further, 

when SNAP-25 is expressed alongside syntaxin-1A and synaptotagmin the inhibition of Cav2.1 
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activity is lifted suggesting that the formation of a “mature” snare complex reactivates Cav2.1 

channels and thus enables an efficient mechanism of the calcium source near active zones with 

docked synaptic vesicles primed for release (Zhong et al., 1999). At another level, it has been 

shown that selective influx through Cav2.1 channels activates expression of syntaxin-1A 

suggesting that a complex activity-dependent feedback mechanism allows Cav2.1 channels to 

play a role in the synaptic efficacy and proper functioning of the nervous system by regulation of 

synaptic activity (Sutton et al., 1999). 

  

1.2.2 Cav2.1 channelopathies 

Given their widespread expression and their multiple roles in regulating synaptic activity, 

it is not surprising that mutations in Cav2.1 have been implicated in severe human neurological 

disorders. Mutations in the CACNA1A gene encoding the α1 subunit of Cav2.1 channels have 

been shown to cause serious neurological disorders in humans, termed “channelopathies,” and 

include familial hemiplegic migraine type 1 (FHM1), episodic ataxia type 2 (EA2) and 

spinocerebellar ataxia type 6 (SCA6) which can often have overlapping symptoms (Ophoff et al., 

1996; Zhuchenko et al., 1997).  Cav2.1 channels are also implicated in the neurological disease 

Lambert-Eaton myasthenic syndrome wherein VGCC autoantibodies show a preference for 

Cav2.1 channels resulting in a reduction in neurotransmitter release and other symptoms 

including motor weakness (Pinto et al., 2002).  

 

Familial hemiplegic migraine type 1 

Familial hemiplegic migraine type 1 (FHM1) is a rare, autosomal-dominant disorder that 

is classified as a subtype of migraine with aura. Migraine with aura is characterized by recurring 
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attacks of unilateral headaches that may be preceded by an aura phase consisting of additional 

transient neurological sensations. The defining characteristic of FHM1 is the additional symptom 

of motor weakness during the aura phase. Additionally, based on the type of FHM1 mutation, 

some FHM1 patients exhibit cerebellar symptoms such as progressive cerebellar ataxia, 

nystagmus or cerebellar atrophy (Ophoff et al., 1996; Pietrobon, 2010). The aura phase is 

thought to be due to cortical spreading depression (CSD), a slowly propagating wave of intense 

neuronal and glial depolarization along the cortex (Lauritzen, 1994). The headache component 

begins with activation of trigeminal sensory afferents which activate trigeminovascular neurons 

in the trigeminal nucleus caudalis and thalamic nuclei which further activate areas of the 

brainstem and forebrain involved in processing of pain and additional migraine symptoms 

(Pietrobon, 2013). The initiation of either the CSD or headache components are still not fully 

understood but it has been hypothesized that CSD triggers initiation of the headache (Bolay et 

al., 2002; Moskowitz et al., 2004). The 21 distinct FHM1 mutations identified thus far are all 

missense mutations generally located in important functional regions of the Cav2.1 channel 

including the voltage sensors and pore lining regions (Pietrobon, 2010). Studies conducted on 

FHM1 mutations show overall gain-of-function effects on Cav2.1 channel properties such as 

increased channel open probability and single channel calcium influx, mainly as a result of a 

shift in channel activation to lower voltages and faster activation kinetics (Hans et al., 1999a; 

Tottene et al., 2002; Tottene et al., 2005; Catterall et al., 2008; Pietrobon, 2013; Di Guilmi et al., 

2014).  
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Episodic ataxia type 2 

 Episodic ataxia type 2 (EA2) is a rare disorder characterized by sudden attacks of 

cerebellar dysfunction displayed by ataxic gait, limb incoordination, slurring and nystagmus 

(Pietrobon, 2010).  More than 50 different EA2 mutations have been reported so far with the 

majority of them being either nonsense mutations or mutations that disrupt the open reading 

frame causing truncations of the protein leading to an overall decrease in the amount of 

functional channels (Pietrobon, 2010). The EA2 missense mutations identified thus far are 

predominantly located in the pore forming regions of the channel and show overall loss-of-

function effects due to a shift in the current-voltage relationship to more positive potentials, 

enhanced channel inactivation, slower recovery from inactivation, decreased current density 

and/or decreased trafficking of channels to the plasma membrane (Wappl et al., 2002; Spacey et 

al., 2004; Imbrici et al., 2004; Wan et al., 2005; Pietrobon, 2010; Rose et al., 2014).  

 

Spinocerebellar ataxia type 6 

 Spinocerebellar ataxia type 6 (SCA6) is a late-onset neurodegenerative ataxic disorder of 

the cerebellum that generally progresses slowly and can be preceded by gaze-evoked nystagmus, 

dysarthria, imbalance and vertigo (Jodice et al., 1997; Kordasiewicz and Gomez, 2007; Giunti et 

al., 2015).  SCA6 is caused by small polyglutamine (polyQ) expansions, encoded by CAG 

trinucleotide repeats at the C-terminus of CACNA1A (Zhuchenko et al., 1997). Interestingly, 

although Cav2.1 channels are expressed in both Purkinje and granule cells of the cerebellum, 

SCA6 pathophysiology shows a preference for the loss of Purkinje cells while granule cells are 

relatively spared (Ishikawa et al., 1999; Kordasiewicz and Gomez, 2007; Tsunemi et al., 2008). 

Whether SCA6 falls into the category of channelopathy or polyQ disorder is a somewhat 
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controversial topic with evidence for both sides (Frontali, 2001; Giunti et al., 2015). For 

example, some studies have shown that CAG expansions affect Cav2.1 functional properties and 

cause shifts in the voltage-dependences of activation and inactivation, alterations in the rate of 

inactivation and impairment of G protein-dependent regulation (Matsuyama et al., 1999; Toru et 

al., 2000; Restituito et al., 2000). In contrast, studies performed on dissociated Purkinje cells 

from knock-in mice with CAG expansions have reported no effects on channel properties 

suggesting that the depletion of Purkinje cells is more in line with polyQ diseases wherein 

cytotoxic aggregation of polyQ-containing protein is thought to trigger a yet to be fully 

characterized cell death pathway (Ishikawa et al., 1999; Saegusa et al., 2007; Watase et al., 

2008; Gatchel and Zoghbi, 2005).  

 

1.2.3 Modulation of Cav2.1 channels 

Diversity in Cav2.1 properties can be achieved by the co-assembly of its α1 subunit with 

any of the four different isoforms of each auxiliary β (β1-β4) and α2δ (α2δ1-α2δ4) subunits 

(Dolphin, 2012). In general, Cav2.1 channel activity is dramatically increased when co-expressed 

with β and α2δ subunits (Mori et al., 1991). All isoforms of the β subunit increase the current 

amplitude and overall whole-cell current however different isoforms have diverse effects on the 

inactivation kinetics and voltage-dependence, most likely resulting from the differences in their 

binding affinities to the Cav2.1 α1 subunit (Stea et al., 1994; De Waard and Campbell, 1995; 

DeWaard et al., 1995). Of note, the α2δ subunit has been shown to control the number of Cav2.1 

channels localized at presynaptic terminals by affecting channel trafficking (Hoppa et al., 2012).  

Cav2.1 channels also undergo two different types of calcium-dependent feedback 

modulations due to a complex interaction involving calcium-binding to calmodulin (CaM) 
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through an IQ-domain, EF-hand motif and CaM-binding domain (CBD) (Figure 1.1) (Lee et al., 

1999; Christel and Lee, 2012). Calcium-dependent facilitation (CDF) is a rapid activity-

dependent enhancement of channel opening while calcium-dependent inactivation (CDI) is a 

subsequent, slower process of channel inactivation following calcium influx (Chang et al., 2007).  

G proteins have also been shown to directly inhibit Cav2.1 channels, with activation of G-

protein-coupled receptors causing a decrease in peak current amplitude and slowing of activation 

and inactivation kinetics (Zamponi and Snutch, 1998). Studies have shown that this occurs 

through the binding of the Gβγ subunit to the I-II linker region of the channel (Herlitze et al., 

1996; De Waard et al., 1997). This G-protein-dependent inhibition of Cav2.1 channels can be 

relieved by high frequency trains of action potentials (Brody et al., 1997).  

 

1.2.4 The ω-Agatoxin-IVA peptide toxin 

The 48 amino acid peptide toxin ω-Agatoxin-IVA (ω-Aga-IVA) is isolated from the 

venom of the funnel web spider, Agelenopsis aperta, and shows high selectivity for Cav2.1 

channels (Mintz et al., 1992b; Adams, 2004). The P- and Q-type isoforms of Cav2.1 however 

display different sensitivities for the toxin (Mintz et al., 1992b; Randall and Tsien, 1995; Adams, 

2004). Native P-type Cav2.1 channels have a higher sensitivity for ω-Aga-IVA with an IC50 of ~1 

nM whereas Q-type Cav2.1 channels have a lower sensitivity to ω-Aga-IVA with an IC50 of ~90 

nM (Randall and Tsien, 1995). 

 The mechanism by which ω-Aga-IVA inhibits Cav2.1 currents is not through direct 

blocking of the channel pore but rather by the altering of the voltage-dependence of channel 

gating, classifying it as a gating modifier (McDonough et al., 1997b). ω-Aga-IVA stabilizes the 

closed state of Cav2.1 channels with respect to the open state, thereby making voltages that 
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normally activate the channel too weak to activate ω-Aga-IVA-bound channels (McDonough, 

2007).  It is thought that ω-Aga-IVA binds to the S3-S4 linker of domain IV and “traps” the S4 

voltage sensor in the inward, resting position thereby preventing channel activation 

(McDonough, 2007; Catterall et al., 2007). Application of strong depolarizations results in the 

unbinding of ω-Aga-IVA from bound channels relieving channel blockade (McDonough 1997b). 

ω-Aga-IVA can also affect Cav2.1 channel kinetics including slowing of channel activation and 

acceleration of channel deactivation (McDonough, 2007).   

 

1.3 Alternative splicing  

An important mechanism that allows for substantial diversity in Cav2.1 channel 

characteristics is alternative splicing (Lipscombe et al., 2013). Splicing is the process of 

converting precursor mRNA (pre-mRNA) into mature mRNA that can then be directly translated 

into protein. Non-coding regions (introns) are recognized and removed from the pre-mRNA by 

the spliceosome protein complex (Hoskins and Moore, 2012). Spliceosome activity is influenced 

by the intron sequence, spliceosome composition and various splicing factors. Alterations in the 

choice of splice sites utilized can produce different mRNA sequences which generate 

considerable protein diversity (Black, 2003).  

There are multiple patterns of alternative splicing that can occur. One type of splicing is 

where there is exclusion or inclusion of an entire cassette exon (Figure 1.3A).  A second type 

involves mutual exclusion between two or more adjacent exons wherein only one exon out of the 

group is included in the final mRNA sequence (Figure 1.3B).  Third and fourth types of 

alternative splicing occur when alternative 5’ (Figure 1.3C) or 3’ (Figure 1.3D) splice sites allow 

either the lengthening or shortening of the preceding or following exon. A fifth type is by the use 
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of alternative 5’ promoters (Figure 1.3 E) and a sixth type is by the use of alternative 3’ 

polyadenylation cleavage sites (Figure 1.3 F). Lastly, an intron present in the pre-mRNA can 

evade the splicing process and be retained in the mature mRNA sequence (Figure 1.3G).  Of 

note, the final mRNA sequence can be a product of a combination of the different alternative 

splicing patterns described (Black, 2003). 

 

Figure 1.3: Patterns of alternative splicing 

Alternative splicing of pre-mRNA can occur by a variety of different patterns leading to distinct 

mature mRNAs. This schematic summarizes the known variations of alternative splicing. Exons 

are shown as blue rectangles and alternative exons are shown as striped or checkered rectangles. 

(A) A cassette exon can be included or excluded (B) A group of exons can be mutually excluded 

(C) Alternative 5’ donor sites (D) Alternative 3’ acceptor sites (E) Alternative promoters which 

are shown as bent arrows. (F) Alternative poly(A) cleavage sites (G) An intron can be retained in 

the final mRNA sequence. Mature mRNA transcripts can be a result of a combination of the 

various alternative splicing patterns. Figure adapted with permission from Annual Reviews 

(Black, 2003). 
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1.3.1 Alternative splicing of Cav2.1 channels 

A number of both rodent and human Cav2.1 splice variants have been discovered and 

many exhibit differential expression throughout the CNS. Additionally, due to the location of 

changes in important functional regions of the channel many result in significant effects on 

channel biophysical and pharmacological properties (Bourinet et al., 1999; Krovetz et al., 2000; 

Soong et al., 2002; Chaudhuri et al., 2004).  

One site of alternative splicing is located at the beginning of exon 10 in the intracellular 

loop connecting domains I and II (Figure 1.4; #1). Here, there can be an insertion of both a 

valine and glycine (10; +VG), insertion of only a glycine (Δ10A; +G) or no insertion of either 

amino acid (Δ10B; designated “-”) resulting from alternative splice acceptor sites (Figure 1.3D) 

(Bourinet et al., 1999; Soong et al., 2002). The +VG variant is found at approximately 17% 

abundancy in human cerebellum with the remaining 83% consisting of the Δ10A (+G) and Δ10B 

(-) variants combined (Soong et al., 2002). The valine insertion (+VG) has been shown to slow 

channel inactivation kinetics and enhance both G-protein-dependent inhibition and PKC-

dependent upregulation when compared to the glycine insertion alone (+G) (Bourinet et al., 

1999).  

A second site of alternative splicing is found in segment 6 of domain II where exons 16 

and 17 can be either included (+16/17) or excluded (-16/17) in an exon inclusion/exclusion 

manner (Figure 1.3A) (Figure 1.4; #2). Interestingly, although the -16/17 variant was identified 

during transcript scanning of Cav2.1 cDNA fragments it has not been detected in cDNA from 

human cerebellum with the +16/17 variant being present in 100% of transcripts (Soong et al., 

2002).    
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A third splicing site is located in the intracellular loop connecting domains II and III 

where there can be inclusion (+VEA; 17) or exclusion (-VEA; Δ17A) of the tripeptide VEA due 

to alternative donor sites at the 5’ end of intron 17 (Figure 1.3C) (Figure 1.4; #3). A majority of 

transcripts from human cerebellum lacked the VEA insertion with the –VEA variant having an 

abundancy of ~99% (Soong et al., 2002). 

A further site is located in the extracellular loop between segment 3 and 4 in domain IV. 

Here, there can be either inclusion (+NP; +31*) or exclusion (-NP; -31*) of exon 31 which 

encodes the dipeptide NP (Figure 1.3A) (Figure 1.4; #4). This site is of significant importance as 

the inclusion or exclusion of NP is the determining factor for the Q-type or P-type classification 

of Cav2.1 channels, respectively. Insertion of NP (i.e. Q-type currents) shifts the V50 of activation 

to more positive potentials (Bourinet et al., 1999). More notably, the Q-type isoform has a 

significantly lower sensitivity to ω-Agatoxin-IVA than the P-type with kd values of 100 nM and 

2 nM, respectively (Bourinet et al., 1999). Their expression can also differ between cell type, for 

example the P-type (-NP) isoform is predominantly expressed in cerebellar Purkinje cells 

whereas the Q-type (+NP) isoform is more highly expressed in granule cells (Randall and Tsien, 

1995; Bourinet et al., 1999). In human cerebellum the +NP variant was found to be present in 

95% of Cav2.1 transcripts (Soong et al., 2002).  

Another splice site can be found at the proximal end of the C-terminal protein tail region 

where there is mutual exclusion of two different versions of exon 37, exon 37a or 37b which 

results in the channel possessing either of two possible versions of an EF-hand motif (EFa or 

EFb, respectively) (Figure 1.3B) (Figure 1.4; #5) (Soong et al., 2002). The EF-hand contains 

calcium binding sites that are important for the calcium-dependent regulation of Cav2.1 channels. 

The presence of the EFa-hand motif allows both calcium-dependent facilitation (CDF) and 
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calcium-dependent inactivation (CDI) whereas presence of the EFb-hand motif greatly 

suppresses CDF but leaves CDI unaffected (Chaudhuri et al., 2004). Whole brain mouse samples 

show predominant EFb expression overall. In mouse and rat cerebellum samples however there 

is an early developmental switch from predominantly EFb to predominantly EFa expression 

during the first 1-2 weeks following birth (Chang et al., 2007). Interestingly, a developmental 

switch in expression in human cerebellum from predominantly EFa to EFb was only seen in 

males between the ages of 30 and 40 years with cerebellum samples from females showing 

mostly EFb expression at all ages (Chang et al., 2007).  

A sixth site is located closer to the C-terminus where there can be inclusion or exclusion 

of exons 43 and 44 in all four possible combinations (43±/44±) due to two exon inclusion or 

exclusion splicing events (Figure 1.3A) (Figure 1.4; #6)  (Krovetz et al., 2000; Soong et al., 

2002). Although the 43+/44+ variant is found in more than 90% of cDNA from human 

cerebellum, its abundancy in other regions such as the amygdala, cerebral cortex, hippocampus, 

hypothalamus, thalamus and substantia nigra is reduced to approximately equal proportions as 

the 43+/44- variant (Soong et al., 2002). The 43-/44- variant also shows a significant amount of 

variation in its expression between different brain regions with a range of 2-26% abundancy 

whereas the 43-/44+ variant exhibits low abundance in all regions examined. Inclusion of exon 

43+ has been shown to produce significantly larger currents than the 43- variant suggesting that 

it may play a role in the regulation of trafficking channels (Soong et al., 2002). The inclusion of 

the 44+ exon has been shown to increase the rate of channel inactivation when compared with 

44- variant channels (Krovetz et al., 2000).  

Another splice region occurs at the distal end of the C terminus where as a result of 

alternative acceptor sites (Figure 1.3D) there can be insertion of a pentanucleotide (GGCAG) 



18 

 

which causes a frame shift leading to full translation of exon 47 (+47) rather than an in-frame 

stop codon which results in a shorter C-terminal tail (Δ47) (Figure 1.3D) (Figure 1.4; #7) (Soong 

et al., 2002). Analysis of adult human cortex RNA shows expression levels of 79% and 21% for 

the +47 and Δ47 variants whereas in human cerebellum the values are 65% and 35%, 

respectively (Soong et al., 2002; Adams et al., 2009). The Δ47 variant has been shown to have a 

faster rate of recovery from inactivation and less accumulation of inactivation during tonic 

depolarizations than the +47 variant (Adams et al., 2009).  

In the intracellular linker of domain II and III, two splice variants that have large 

deletions in the synprint site with deletion lengths of 193 (Δ1) and 154 (Δ2) amino acids have 

been identified from whole rat brain samples (Figure 1.4; #8) (Rajapaksha et al., 2008). The Δ1 

variant shows a decrease in whole-cell currents and a shift in the voltage-dependence of 

inactivation to more depolarized voltages whereas Δ2 does not seem to have any detectable 

differences when compared with the full-length synprint site variant. Both variants show wide 

distribution throughout the rat brain with the Δ1 variant having a significantly higher expression 

than Δ2 in all regions except for the hippocampus.  

 

1.3.2 The +SSTR splice variant 

Most recently, the +SSTR Cav2.1 splice variant, which encodes the insertion of four 

amino acids (SSTR) in the S3-S4 linker of domain III, has been identified (Figure 1.4; #9) (Allen 

et al., 2010; Snutch Lab unpublished data). The +SSTR splice variant has been found present in 

whole brain mouse and rat samples with an abundancy of 10% and 24%, respectively (Allen et 

al., 2010; Snutch Lab unpublished data). The expression of the +SSTR splice variant in isolated 

CNS regions has yet to be reported. Additionally, the biophysical and pharmacological properties 
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of the +SSTR and ΔSSTR Cav2.1 splice variants have not yet been compared. As previous 

studies have shown substantial effects of alternative splicing on Cav2.1 channel characteristics, 

we wanted to define the potential differences in expression and functional properties between the 

+SSTR and ΔSSTR splice variants. 

 

 

Figure 1.4: Sites of alternative splicing of Cav2.1 identified in rat and human CNS 

This figure shows the location of some of the alternative splice variants that have been identified 

in either human or rat CNS samples.  

(1) Insertion of either +VG (10) or +G (Δ10A) or no insertion of either amino acid (Δ10B). 

(2) Inclusion (+16/17) or exclusion (-16/17) of exons 16 and 17. 

(3) Inclusion (17) or exclusion (Δ17A) of the tripeptide VEA. 

(4) Inclusion (+NP) or exclusion (-NP) of exon 31. 

(5) Mutual exclusion of exons 37a or 37b resulting in the EFa or EFb isoform of the EF-hand 

motif, respectively. 

(6) Inclusion or exclusion of exons 43 and 44 (43±/44±). 

(7) Full length translation of C-terminus (+47) or inclusion of an in-frame stop codon 

resulting in a shorter C-terminus (Δ47). 

(8) Deletions in the synprint site with lengths of either 193 (Δ1) or 154 (Δ2) amino acids or 

no deletions. 

(9) Inclusion (+SSTR) or exclusion (ΔSSTR) of four amino acids (SSTR).  

(Soong et al., 2002; Rajapaksha et al., 2008; Allen et al., 2010) 
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1.4 Thesis hypotheses and significance of project  

1.4.1 Hypotheses 

Previous studies on Cav2.1 splice variants have shown that their expression levels can vary 

significantly between different regions of the mammalian CNS. The +SSTR splice variant has 

been found to be present in whole brain rodent samples however its relative expression in 

different regions of the CNS has yet to be studied.  

1. I hypothesized that the +SSTR and ΔSSTR splice variants are differentially 

expressed in the rat central nervous system. In order to test this hypothesis, I 

performed splice variant-specific analysis using quantitative real-time PCR on samples 

dissected from ten different regions of the adult male Sprague Dawley rat central nervous 

system. 

 

Alternative splicing in key functional regions of the Cav2.1 channel have been shown to 

significantly affect channel properties such as voltage-dependence and kinetics. The SSTR 

insertion site is in close proximity to the domain III S4 voltage sensor that contributes to channel 

gating in response to depolarizations and may result in it differentially affecting channel 

biophysical properties in different brain regions. 

2. I hypothesized that the inclusion or exclusion of SSTR differentially affects the 

biophysical properties of the channel. In order to test this hypothesis, I performed 

whole-cell patch-clamp electrophysiology on HEK 293 cells transiently transfected with 

Cav2.1 cDNA that included or excluded SSTR. 
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The NP insertion in the S3-S4 linker of domain IV has been shown to disrupt ω-Agatoxin-

IVA binding causing a significant decrease in sensitivity of Cav2.1 currents to the toxin 

(Bourinet et al., 1999). However, it has been suggested that the other three channel domains 

could also be involved in the toxin’s mechanism of action as all four domains need to move upon 

depolarization in order for the channel to activate (Winterfield and Swartz, 2000).  The SSTR 

insertion site in the S3-S4 linker of domain III is in a homologous region as the NP insertion site 

and may also affect ω-Agatoxin-IVA binding.  

3. I hypothesized that the inclusion or exclusion of SSTR can affect the sensitivity of 

Cav2.1 channels to ω-Agatoxin-IVA. To test this hypothesis I performed whole-cell 

patch-clamp electrophysiology to compare the sensitivity of the +SSTR and ∆SSTR 

variants to ω-Agatoxin-IVA. 

 

1.4.2 Significance of project 

Previous studies investigating alternative splicing of Cav2.1 channels show significant 

differences in the expression of splice variants throughout the CNS and on functional properties 

of the channel. This diversity in expression and properties due to alternative splicing is thought 

to provide fine-tuning of Cav2.1 channel activity and modulation that fulfills physiological 

functions in specific types of cells and tissues as well as for different types of stimuli (Krovetz et 

al., 2000; Liao et al., 2009). This allows for efficiency and regulatory complexity of Cav2.1-

mediated processes throughout the CNS. Examining the expression profiles and biophysical 

properties of the +SSTR and ΔSSTR splice variants would help towards understanding their 

specific roles and importance in CNS physiology.   
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Additionally, although Cav2.1 channels are widely distributed throughout the CNS, 

mutations in the channel cause different types of disorders that manifest in selected CNS regions. 

This spatial localization of pathophysiology is thought to be influenced by the contextual 

expression of alternative splice variants and their diverse effects on channel properties together 

with the nature of individual mutations (Adams et al., 2009; Liao et al., 2009). Splice variant-

specific disease pathology can occur in two ways. Firstly, a mutation can be located in an 

alternatively spliced exon that is either included or excluded in the mature mRNA. As a result, 

the severity of disease pathology in a specific cell or tissue will be dependent on the level of 

expression of the mutation-containing alternative exon. For example, EA2 premature stop codon 

mutations that are only located in the alternatively spliced EFa exon cause loss of Cav2.1 current 

mediated by EFa-containing channels but leave EFb-containing channels unaffected (Graves et 

al., 2008). Additionally, the CAG expansions seen in SCA6 are only able to form in the +47 

variant of Cav2.1 channels which is the predominant variant expressed in Purkinje cells of SCA6 

patients where selective degeneration of Purkinje cells causes the symptoms exhibited in SCA6 

(Tsunemi et al., 2008).  

The second mechanism of splice variant-specific disease effects is by mutations causing 

differential effects on channel properties based on the splice variant included in the channel. For 

example, FHM1 mutations show more pronounced effects on the voltage-dependent properties of 

channels containing the Δ47 rather than the +47 variant (Adams et al., 2009). Furthermore, the 

CAG expansions seen in SCA6 only cause a negative shift in the voltage-dependence of 

inactivation of Cav2.1 channels when expressed with the –NP variant (which is predominantly 

expressed in Purkinje cells) and may explain the Purkinje cell-specific depletion in SCA6 

whereas +NP variant-expressing granule cells are unaffected (Toru et al., 2000). Additionally, 
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the dramatic loss-of-function effects caused by EA2 mutations are only exhibited in the +47 

variant of Cav2.1 channels which are dominantly expressed in human cerebellum (Jeng et al., 

2006). As such, investigating the expression of the +SSTR and ΔSSTR variants in specific CNS 

regions could provide insight into their potential influence in Cav2.1-related disorders. 

Furthermore, in order to develop effective therapeutics for Cav2.1-implicated disorders, 

investigation of the pharmacological properties of splice variants is necessary as alternative 

splicing can significantly affect channel pharmacology. For example, the sensitivity to ω-Aga-

IVA between the +NP and –NP splice variants of Cav2.1 are dramatically different (Bourinet et 

al., 1999). Therefore, comparing the effects of ω-Aga-IVA on current block between the +SSTR 

and ΔSSTR variants will clarify whether +SSTR-containing Cav2.1 channels are potential targets 

for therapeutics developed based on the structural properties of ω-Aga-IVA.   
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Chapter 2: The +SSTR and ΔSSTR Variants are Differentially 

Expressed Throughout the Rat Central Nervous System 

 

2.1 Introduction 

Ten distinct genes encode the primary α1 subunit of voltage-gated calcium channels that 

differ in characteristics such as biophysical properties, pharmacology, modulation and expression 

(Ertel et al., 2000). Further diversity of VGCCs is achieved through the process of alternative 

splicing through which different mRNA and consequently different protein sequences can be 

generated from the same gene (Black, 2003). It has been suggested that each gene encoding the 

α1 subunit has the potential to produce thousands of unique splice isoforms due to the influence 

of cell-specific splicing factors (Lipscombe et al., 2013). Alternative splicing in key functional 

regions of the Cav2.1 channel can lead to significant differences in the channel’s kinetics, 

voltage-dependence, modulation and pharmacology (Bourinet et al., 1999; Soong et al., 2002; 

Chaudhuri et al., 2004; Adams et al., 2009). Furthermore, the level of expression of Cav2.1 

splice variants can vary significantly between different CNS regions and cell types (Randall and 

Tsien, 1995; Soong et al., 2002).  

Cav2.1 channels play an essential role in neurotransmission throughout the CNS and 

alternative splicing is thought to be a mechanism by which Cav2.1 activity can be specialized in 

order to satisfy specific cell or tissue conditions and various types of signals or stimuli (Krovetz 

et al., 2000; Liao et al., 2009). As such, the region-specific expression levels of splice variants 

provide initial insights into the potential impact the variants have towards CNS physiology and 

possibly disease pathophysiology.  
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Abundancy of the +SSTR variant of Cav2.1 has been previously shown to be ~10% and 

~24% in whole brain mouse and rat, respectively (Allen et al., 2010; Snutch Lab unpublished 

data). A more thorough examination of its expression in more defined CNS regions has not yet 

been conducted. We hypothesized that the abundance of the +SSTR and ΔSSTR variants would 

likely vary across different regions of the CNS and differ significantly from the whole brain 

abundancy values previously reported.   

To test this hypothesis, I performed quantitative real-time PCR on ten different regions of 

the adult Sprague Dawley rat central nervous system using ΔSSTR- and +SSTR-specific probes.  

I found that in contrast to whole rat brain RNA, the +SSTR variant is in significantly greater 

abundance than ΔSSTR in the brainstem, reticular thalamus and spinal cord. Additionally, I was 

curious to see whether there is an association between the expression of the +SSTR and -NP 

variants as it has been theorized that they may be regulated by the same splicing factor (Allen et 

al., 2010). Therefore, I also performed qPCR on the same ten regions using +NP- and –NP-

specific probes and found that in regions where +SSTR is in greater abundance than ΔSSTR, the 

–NP variant is significantly more abundant than +NP suggesting similar splicing regulatory 

mechanisms might exist for the +SSTR and –NP splice variants.  

 

2.2 Methods 

2.2.1 Dissections, RNA isolation and cDNA generation 

Ten different CNS regions of three adult (P120) male Sprague Dawley rats (Charles 

River Laboratories; CD 001) were dissected independently. The regions studied were; brainstem, 

cerebellum, occipital cortex, reticular thalamus, sensory thalamus, caudate putamen, frontal 

cortex, hippocampus, somatosensory cortex and spinal cord. Following dissection, samples were 
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immediately immersed in TRI Reagent Solution (Ambion; AM9738) and homogenized by 

pipetting in TRI Reagent Solution approximately 10x the volume of the sample.  Samples were 

stored in a -80
o
C freezer until further use. RNA was extracted from samples using the MagMax-

96 for Microarrays Kit (Ambion; AM1839) and cDNA was generated using the Applied 

Biosystems™ High Capacity cDNA Reverse Transcription Kit (Fisher Scientific; 4368814). The 

cDNA synthesis thermocycler procedure was 25
o
C for 10 minutes, 37

o
C for 120 minutes and 

85
o
C for 5 seconds with holding at 4

o
C using a 2720 Thermal Cycler (Applied Biosystems). 

2.2.2 Quantitative real-time PCR procedure and probes 

The qPCR reactions were set up in triplicates using KAPA PROBE FAST qPCR Master 

Mix (2x) (KAPA Biosystems; KM4702) in hard-shell 384-well PCR plates (Bio-Rad 

Laboratories; HSP3805). The qPCR probes contained FAM at the 3’ end, BkFQ quencher at the 

5’ end and a ZEN quencher between the 9
th

 and 10
th

 base. Probes were designed by Dr. John 

Tyson and made by Integrated DNA Technologies (Table 2-1). The machine used for detection 

was the C1000 Touch Thermal cycler CFX384 Touch
TM

 Real-Time (PCR Detection) System 

(Bio-Rad). Run protocol: 95
o
C for 3 minutes, (95

o
C for 15 seconds, 60

o
C for 45 seconds) x 40.  

Table 2.1: Sequences for qPCR probes. 

Variant Forward Primer Reverse Primer Probe sequence 

ΔSSTR  GGACTTCATAGTGG

TCAGTGG 

GACTTGATGGTGTTGA

TGTCC 

CTTTGCCTTCACTGGCAAT

AGCAAAGG 

+SSTR GGACTTCATAGTGG

TCAGTGG 

GACTTGATGGTGTTGA

TGTCC 

TTCACGAGCAGTACACGTG

GCAAT 

–NP  GTCACCGAGTTTGG

GAATAAC 

CGGAGGAGTTTGATGA

GTCG 

ACCTGAGCTTTCTCCGCCT

CTTC 

+NP CAGCATCACAGACA

TCCTCG 

CGGAGGAGTTTGATGA

GTCG 

ACCGAGTTTGGGAATCCGA

ATAACTTCATC 
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2.2.3 Analysis of qPCR data 

Quantification cycle (Cq) values were obtained using the Bio-Rad CFX Manager version 

3.1 (Bio-Rad Laboratories) and were normalized to GAPDH. Amounts of each variant were 

averaged between the triplicates and a ratio was calculated by dividing the “alternative” variants 

(i.e. +SSTR and +NP) by the respective “reference” variants (i.e. ΔSSTR and –NP). Ratios were 

then averaged between the three different animals to generate Figure 2.1 which shows the values 

of the ratios of +SSTR/ΔSSTR (Figure 2.1A) and +NP/–NP (Figure 2.1B) (± SEM ) with the 

“reference” variants (i.e. ΔSSTR and –NP) set at 1. 

 

2.3 Results 

2.3.1 The +SSTR and ΔSSTR variants are differentially expressed in the rat CNS 

In order to generate regional expression profiles, I performed quantitative real-time PCR 

using different probes for the +SSTR and ΔSSTR splice variants in ten different regions of the 

adult male Sprague Dawley rat CNS. Figure 2.1A shows the expression ratio of the +SSTR 

variant relative to ΔSSTR (+SSTR/ΔSSTR) with ΔSSTR values for each region set at 1. I found 

that the brainstem, reticular thalamus and spinal cord show significantly higher expression levels 

of +SSTR relative to ΔSSTR with +SSTR/ΔSSTR ratios of 2.15 ± 0.19, 1.56 ± 0.11 and 2.28 ± 

0.78, respectively.   
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Figure 2.1: The +SSTR splice variant is differentially expressed throughout the rat CNS 

Averaged Cq values acquired in triplicates from qPCR performed using splice variant-specific 

probes were normalized to GAPDH Cq values to obtain the amount of each variant in the CNS 

region sample. Ratios were calculated by dividing “alternative” variants (i.e. +SSTR and +NP) 

by their respective “reference” variants (i.e. ΔSSTR and –NP) and averaged between the three 

different male adult Sprague Dawley rats. Bar graphs in this figure show the mean ratios (± 

SEM) with the “reference” variants set at 1. **p<0.01, *p<0.05 (one-way ANOVA). (A) Ratio of 

+SSTR relative to ΔSSTR showing significantly higher expression of +SSTR in the brainstem, 

reticular thalamus and spinal cord. (B) Ratio of +NP relative to –NP showing that regions where 

+SSTR is in greater abundance –NP is significantly more expressed than +NP. 

(B) 

(A) 



29 

 

2.3.2 CNS regions with higher +SSTR expression levels mostly express –NP 

In order to determine whether there was an association between +SSTR and –NP 

expression I also performed qPCR using +NP and –NP specific probes. Figure 2.1B shows +NP 

splice variant expression relative to the –NP expression (+NP/–NP) with –NP values for each 

region set at 1. Of note, in the regions where +SSTR is more abundant than ΔSSTR (the 

brainstem, reticular thalamus and spinal cord) the –NP splice variant is in much greater 

abundance than +NP with +NP/–NP ratios of 0.39 ± 0.07, 0.30 ± 0.03 and 0.43 ± 0.04, 

respectively. Although –NP is overall in greater abundance in all regions studied except for the 

hippocampus, a substantial lower amount of transcripts containing the +NP insertion is seen in 

the brainstem, reticular thalamus and spinal cord. 

 

2.4 Discussion 

Performing qPCR using splice variant-specific probes on different regions of the rat 

CNS, I found that +SSTR is the more abundant variant in a subset regions of the rat CNS 

including the brainstem, reticular thalamus and spinal cord (Figure 2.1A).  This is in contrast to 

previous results from whole brain rat RNA that showed +SSTR abundancy of ~24% and 

demonstrates that studies performed on whole brain do not necessarily provide an accurate 

representation of splice variant expression. This most likely is a result of whole brain samples 

mainly being composed of cortical tissue which may mask the expression levels of variants in 

smaller brain regions.  

The neuron-specific alternative splicing factor Nova-2 protein is expressed throughout 

the CNS and has been previously shown to enhance the expression of transcripts including 

+SSTR (Yang et al. 1998; Ule et al., 2006; Allen et al., 2010). Nova-2 binds to pre-mRNA 
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YCAY clusters and either represses or enhances inclusion of the target alternative splice exon 

depending on whether it binds upstream or downstream, respectively (Ule et al., 2006; Allen et 

al., 2010). Approximately 10% of Cav2.1 transcripts from wild-type whole mouse brain RNA 

contain +SSTR whereas Nova-2 knockout mice show no detectable amounts of +SSTR-

containing transcripts suggesting that Nova-2 has an enhancing action on +SSTR insertion 

(Allen et al., 2010). In regions where +SSTR is predominantly expressed, Nova-2 might be in 

greater abundance and/or more active resulting in increased +SSTR transcripts. Alternatively, 

exon selection is often influenced by the collaborative action of several different splicing factors 

and it is possible that the SSTR splicing site is regulated by multiple splicing factors (Lipscombe 

et al., 2013). For example, members of the RNA-binding FOX and polypyrimidine tract-binding 

(PTB) splicing factor families have been shown to regulate alternative splicing of many other 

types of VGCCs (Tang et al., 2009; Tang et al., 2011; Gehman et al., 2011). 

In comparing the expression profiles of +SSTR and –NP, I uncovered an association 

between the two splice variants with areas wherein +SSTR is more abundant also having a much 

greater abundancy of the –NP variant. These results support a previous study that suggested 

Nova-2 enhances +SSTR insertion and suppresses NP insertion thus favoring the +SSTR and –

NP combination of Cav2.1 channels (Allen et al., 2010). While suggestive, the notion of an 

association between +SSTR and –NP is speculative as these data are from specifically amplified 

PCR products. More appropriately, the examination of full-length Cav2.1 transcripts would 

provide a clearer picture of the exact contextual combinations of native Cav2.1 channel splice 

variants. 

It is also important to keep in mind that this study was only conducted on samples from 

adult male rats and that previous studies have demonstrated that Cav2.1 splice variant expression 
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can significantly vary depending on gender and developmental stages (Chaudhuri et al., 2004; 

Chaudhuri et al., 2005; Chang et al., 2007). 

In summary, the results from this study show that the +SSTR variant is predominantly 

expressed in certain regions of the CNS supporting the hypothesis that +SSTR and ΔSSTR 

channels may possess distinct functional properties important for proper Cav2.1 channel-

mediated signaling in specific regions. Furthermore, the predominant expression of +SSTR in 

certain regions may influence the localized pathophysiology of Cav2.1-implicated disorders. For 

example, studies have shown that FHM1 mutations can exert different levels of functional 

impact on channel properties between alternative splice variants (Adams et al., 2009). As such, 

in the future it would be of particular importance to compare the effects of FHM1 mutations on 

+SSTR variant channels as they are highly expressed in the brainstem and thalamus which are 

thought to be involved in FHM1 pathophysiology (Pietrobon, 2010; Park et al., 2014). 
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Chapter 3: Effects of +SSTR and ΔSSTR on the Biophysical Properties 

of CaV2.1 Channels 

 

3.1 Introduction 

VGCCs are activated upon depolarizations of the cell membrane allowing the rapid influx 

of calcium ions (Catterall, 2000). The gating of VGCCs relies on the movement of the S4 voltage 

sensors of each domain in response to depolarization which results in conformational changes 

that drive activation (Bezanilla, 2000; Bezanilla, 2002; Catterall et al., 2007; Catterall, 2010). 

Alternative splicing in key functional domains has previously been shown to significantly alter 

the gating and biophysical properties of the Cav2.1 channel (Bourinet et al., 1999; Krovetz et al., 

2000; Soong et al., 2002; Rajapaksha et al., 2008; Adams et al., 2009). This diversity in Cav2.1 

properties is thought to be the mechanism by which complexity and fine-tuning of Cav2.1-

mediated processes such as neurotransmitter release at CNS synapses can occur (Krovetz et al., 

2000; Lipscombe, 2013) 

The +SSTR splice variant includes the insertion of four amino acids in the S3-S4 

extracellular linker of domain III which is in close proximity to the S4 voltage sensor. We 

hypothesized that SSTR insertion could potentially affect the biophysical properties of the 

channel including voltage-dependence and kinetics of channel activation and inactivation. I 

performed whole-cell patch-clamp electrophysiology on HEK 293 cells transfected with either 

the ΔSSTR and +SSTR Cav2.1 splice variants (together with auxiliary subunits β4 and α2δ1). The 

results showed that channels containing the +SSTR have faster activation kinetics and more 

hyperpolarized V50act and V50inact values than the ΔSSTR splice variant channels.  
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Furthermore, we studied the impact of the differences in biophysical properties between 

the splice variants on their response to different action potential waveforms (APWs). I analyzed 

currents elicited by APWs with different durations and found an increase in charge transference 

through +SSTR containing channels that was substantially less sensitive to APW broadening 

than ΔSSTR channels. This difference in APW response between the two splice variants as a 

result of their unique biophysical properties suggests each variant could have distinct roles in 

processing different types of action potentials.  

 

3.2 Methods 

3.2.1 Cell culture maintenance and transfections 

Human embryonic kidney (HEK) 293 cells were grown in Dulbecco’s Modified Eagle’s 

Medium (Life Technologies; 12800-082) that was supplemented with 10% heat-inactivated fetal 

bovine serum (Sigma Aldrich; F1051) and 1% Gibco® MEM non-essential amino acids (Life 

Technologies; 11140-050). Cells were maintained in a humidified water-jacketed incubator at 

37
o
C with 5% CO2. Cells were seeded at 15-20% confluency on 12mm sterile glass coverslips 

(Marienfeld Superior; 0111520) that were coated with 0.1mg/mL poly-D-lysine hydrobromide 

(Sigma-Aldrich; P7886).  The following day, cells were transiently transfected with full-length 

human Cav2.1 cDNA that was either ΔSSTR or +SSTR along with the auxiliary subunits β4 and 

α2δ1 and eGFP reporter plasmid in a 1:1:1:0.5 molar ratio using Turbofect Transfection Reagent 

(Thermo Scientific; R0531). The splice variants present in the full-length Cav2.1 cDNA (pTPS 

3063) were: +G, +16/17, -VEA, -NP, 37a, +43, +44 and -47. The cDNA and Turbofect were 

mixed together in opti-MEM® I Reduced Serum Medium (Life Technologies; 31985070) and 

incubated for 13 minutes at room temperature before being applied to the cells.   
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3.2.2 Electrophysiological recordings 

The day following transfection, the whole-cell patch-clamp electrophysiology technique 

was performed in order to record macroscopic barium currents. The internal pipette solution 

contained 105mM CsCl, 25mM TEACl, 11mM EGTA, 10mM HEPES, 5mM Mg-ATP and 

1mM CaCl2 (pH 7.2 adjusted with CsOH and osmolality 290 mOsm/kg adjusted with D-

mannitol). The 5mM barium external solution contained 87.5mM CsCl, 40mM TEACl, 10mM 

HEPES, 10mM glucose, 5mM BaCl2 and 1mM MgCl2 (pH 7.4 adjusted with TEAOH and 

osmolality 310 mOsm/kg adjusted with D-mannitol). Borosilicate glass patching pipettes (Sutter 

Instrument; BF 150-86-10) were prepared using a horizontal puller (Sutter Instrument; Model P-

97) and fire polished using a microforge (Narishige; MF-900). Pipette resistances were between 

2 and 5 MΩ when containing internal solution. The bath for the external solution was grounded 

with an Ag/AgCl Disc electrode (Warner Instruments; 64-1314, E242).  The liquid junction 

potential was calculated with Clampex software version 9.0 (Axon Instruments) using the 

mobility, valence and concentration of each ion in the internal and bath solutions and was found 

to be 1.1mV at room temperature (25
o
C). Reported voltages have not been corrected for the 

junction potential. Current recordings were acquired using an Axopatch 200B amplifier 

(Molecular Devices) with Clampex software version 9.0 (Axon Instruments) and filtered at 2 

kHz bandwidth. Series resistance was compensated by 70% and whole cell parameters were 

turned off during recordings. Data were acquired using a Digidata 1322A (Molecular Devices) 

interface and were analyzed using Clampfit software version 9.0 (Axon Instruments) and Origin 

software version 8.6 (OriginLab Corporation).  Recordings were performed at room temperature. 
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3.2.3 Electrophysiological recording protocols and data analysis 

Current-voltage relationships were studied by applying a series of 260 millisecond 

depolarizing test pulses at membrane potentials ranging from -50 mV to +45 mV in 5 mV 

increments from a holding potential of -90 mV (Figure 3.1A). Peak currents were plotted as a 

function of membrane potential and were fit with the modified Boltzmann equation Im= 

[Gmax(Vm-Erev)]/[1+ e
[(Vm-V50)/k]

 ] where Gmax is the maximum slope conductance, Vm is the test 

membrane potential, Erev is the extrapolated reversal potential, V50act is the membrane potential at 

which 50% of the channels are activated and kact is the slope factor of activation which reflects 

voltage sensitivity (Figure 3.2A). Goodness of fit R
2
 values were ≥ 0.998. V50act and kact were 

analyzed using one-way ANOVA at significant levels of 0.01 and 0.05, respectively. Cells with 

current density less than 20pA/pF were omitted from calculations.  Extrapolated reversal 

potentials were used to calculate conductances in order to generate activation curves which were 

fit with the Boltzmann equation I/Imax=A2 + (A1-A2)/[1+e
[(Vm-V50act)/kact]

]
 
where Imax is the 

maximum current, V50act is the membrane potential at which 50% of the channels are activated 

and kact is the slope factor of activation (Figure 3.2B).  

 The kinetics of activation (τact) were measured by fitting the peak current trace from the 

IV protocol recordings with a standard single exponential function I=Ae
-t/τ 

, where A is the 

current amplitude and τ is the time constant.  

 The degree of inactivation was measured by calculating the residual current for each test 

pulse. Residual current was calculated by dividing the remaining current at the end of the test 

pulse by the peak current value for the same test pulse (Figure 3.4B). 

Voltage-dependence of inactivation was studied using a steady-state inactivation protocol 

which consisted of a 5 second conditioning pre-pulse at membrane potentials ranging from -120 
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mV to +10 mV with 10 mV increments followed by an 80 ms test pulse at 0 mV (Figure 3.5A). 

Current obtained from the test pulse was plotted as function of the conditioning pre-pulse 

membrane potential (Figure 3.6A).  The data was fit with the Boltzmann equation I/Imax=A2 + 

(A1-A2)/[1+e
[(Vm-V50inact)/kinact]

]
 
where Imax is the maximum current, V50inact is the membrane 

potential at which 50% of the channels are inactivated and kinact is the slope factor of 

inactivation. Goodness of fit R
2
 values were ≥ 0.998. V50inact and kinact were analyzed using one-

way ANOVA at the 0.05 significance level.  

 To study whether the differences in voltage-dependence and kinetics between the splice 

variants could affect their response during an action potential waveform (APW) I tested three 

different APWs with half-durations of 0.60 ms, 1.5 ms and 3.5 ms and a holding potential of -80 

mV (top graph in Figure 3.7A). The APW half-duration (also referred to as “half-width” or 

“half-height width”) represents the width of the APW at the half-maximal of the spike amplitude 

and is commonly used to measure spike width (Bean, 2007). The original APW used in this 

study was recorded from a Purkinje neuron and given to Snutch lab by Dr. David Yue. Charge 

transference was calculated by integrating the area under the current trace. Values from the 

longer APWs (i.e. 1.5 ms and 3.5 ms) were divided by the values from the shortest APW (i.e. 0.6 

ms) of that cell in order to determine the relative changes in charge transference due to 

increasing APW duration. 

 

3.3 Results 

3.3.1 The SSTR insertion affects the voltage-dependence of Cav2.1 activation 

Whole-cell patch-clamp electrophysiology was performed using a current-voltage (IV) 

relationship protocol to study biophysical properties including voltage-dependence of activation 
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and kinetics of channel activation and inactivation (Figure 3.1A).  Figures 3.1B and 3.1C show 

representative traces of barium currents obtained using the IV protocol for the ΔSSTR and 

+SSTR splice variants, respectively. 

Figure 3.2A shows the IV curve generated by plotting the normalized peak current from 

each test pulse as a function of membrane potential with ΔSSTR shown in black and +SSTR 

shown in red. The IV curve was fit with the modified Boltzmann equation to get the V50act which 

corresponds to the membrane potential at which half of the channels are activated and the 

Boltzmann slope factor kact which represents voltage sensitivity. I found a 4.9 mV difference in 

V50act with the +SSTR splice variant having a more hyperpolarized V50act than the ΔSSTR (V50act 

in mV = -19.56 ± 0.29 and -14.66 ± 0.44, respectively). There was also a small but statistically 

significant difference in the kact between the two splice variants with the +SSTR variant showing 

a slightly lesser sensitivity to voltage than ΔSSTR (kact= -4.85 ± 0.08 and -4.56 ± 0.10, 

respectively). Activation curves seen in Figure 3.2B were generated from the extrapolated 

reversal potentials from the IV curves and were fit with the Boltzmann equation. 
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Figure 3.1: Current-voltage protocol and current waveforms of the ΔSSTR and +SSTR 

Cav2.1 splice variants 

Barium currents were evoked using a current-voltage (IV) protocol in order to study the current-

voltage relationship of the two splice variant isoforms. (A) The IV protocol consisted of 260 ms 

test pulses ranging from -50 mV to +45 mV in 5 mV increments from a holding potential of -90 

mV that were applied every seven seconds. (B) and (C) Representative barium current traces of 

ΔSSTR and +SSTR Cav2.1 splice variants elicited by the IV protocol, respectively. 
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Figure 3.2: SSTR affects the voltage-dependence of activation of Cav2.1 

(A) IV curves for the ΔSSTR (black) and +SSTR (red) Cav2.1 splice variants were generated by 

plotting the normalized peak current value at each test pulse as a function of the membrane 

potential. Data were fit with the modified Boltzmann equation. (B) Activation curves for ΔSSTR 

(black) and +SSTR (red) were generated from the extrapolated reversal potentials from fitting of 

the IV curve. Activation curves were fit with the Boltzmann equation. (C) Bar graph showing 

mean V50act values (±SEM) with +SSTR having a more hyperpolarized V50act than ΔSSTR. (D) 

Bar graph displaying mean kact values (±SEM) showing that +SSTR has lower voltage sensitivity 

than ΔSSTR. (E) Table showing mean values of V50act and kact (±SEM). **p<0.01; *p<0.05 (one-

way ANOVA). 
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ΔSSTR  (n=13) -14.66 ± 0.44 -4.56 ± 0.10 

+SSTR (n=23) -19.56 ± 0.29** -4.85 ± 0.08* 

**Significant at 0.01 level. *Significant at 0.05 level. 
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3.3.2 The SSTR insertion affects the activation kinetics of Cav2.1 

To determine the effects of +SSTR on the activation kinetics of the channel, the peak 

current trace obtained from the IV protocol for each cell was fit with a single exponential 

function to obtain the time constant of activation (τact). I found a 0.35 ms difference in the τact 

between the Cav2.1 splice variants with the +SSTR splice variant having faster activation 

kinetics than the ΔSSTR variant (τact in ms= 1.25 ± 0.09 and 1.60 ± 0.13, respectively) (Figures 

3.3A, B, C).   
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Figure 3.3: SSTR affects Cav2.1 activation kinetics 

(A) Overlapped representative peak barium current traces of ΔSSTR (black) and +SSTR (red) 

demonstrating the faster activation kinetics of +SSTR relative to ΔSSTR. Peak currents were fit 

with a single exponential function in order to obtain the activation time constant (τ
act

). (B) Bar 

graph showing mean τ
act

 values (±SEM) with +SSTR having a smaller τ
act 

and thus faster 

activation kinetics than ΔSSTR. (C) Table showing mean values of activation time constants 

(±SEM). *p<0.05 (one-way ANOVA). 
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3.3.3 The SSTR insertion does not affect the degree of Cav2.1 inactivation 

The inactivation time constant could not be determined due to the very slow inactivation 

of Cav2.1 current in barium external solution (Figure 3.4A). As an alternative method to study 

potential differences in the inactivation kinetics between the splice variants, I calculated the 

residual current. The residual current provides the degree of inactivation that occurs during the 

duration of a prolonged test pulse. For currents elicited by the IV protocol test pulses, residual 

current can be calculated by divided the remaining current at the end of the 260 ms test pulse by 

the peak current value from the same test pulse (Figure 3.4B). I calculated the residual current 

for test pulses between -25 mV and 20 mV and found no significant difference in the amount of 

inactivation between the two splice variants suggesting that there is unlikely to be a significant 

difference in the inactivation kinetics between the channel isoforms (Figure 3.4C). 
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Figure 3.4: SSTR does not affect the degree of Cav2.1 inactivation 

 (A) Overlapped representative peak barium current traces from the IV protocol for the ΔSSTR 

(black) and +SSTR (red) splice variants showing the slow inactivation of current in barium-

containing external solution. (B) Residual current (IResidual) was calculated by dividing the current 

remaining at the end of a test pulse (IPedestal) by the peak current of the same test pulse (IPeak). (C) 

Residual current for each splice variant was plotted against membrane potential and shows no 

significant difference in the amount of inactivation between the two splice variants. 
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3.3.4 The SSTR insertion affects voltage-dependence of Cav2.1 inactivation 

The steady-state inactivation protocol consisted of a series of 500 ms conditioning pre-

pulses ranging from -120 mV to +10 mV in 10 mV increments followed by an 80 ms test pulse 

to 0 mV (Figure 3.5A). Figures 3.5B and 3.5C show representative current traces elicited from 

the 80 ms test pulse to 0 mV which follow the conditioning pre-pulse for the ΔSSTR and +SSTR 

Cav2.1 splice variants, respectively. The peak current from each trace was plotted as a function 

of the pre-pulse potential and was fit with the Boltzmann equation (Figure 3.6A). I found a 5.04 

mV difference in the membrane potential where half of the channels are inactivated (V50inact) 

with the +SSTR splice variant having a more hyperpolarized V50inact than ΔSSTR (V50inact in mV 

= -47.13 ± 1.26 and -42.09 ± 1.55, respectively). There was no significant difference in the 

Boltzmann slope factor (kinact) between the +SSTR and ΔSSTR variants (kinact= 6.09 ± 0.15 and 

6.18 ± 0.13, respectively).  
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Figure 3.5: Barium currents evoked by the steady-state inactivation protocol to study the 

voltage-dependence of inactivation 

Barium currents were evoked using a steady-state inactivation protocol in order to study the 

voltage-dependence of inactivation of the two splice variants. (A) Steady-state inactivation 

protocol consisting of a 500 ms conditioning pre-pulse at membrane potentials ranging from -

120 mV to +10 mv in 10 mV increments followed by an 80 ms test-pulse to 0 mV. (B) and (C) 

Representative cells showing the barium currents evoked by the 80 ms test-pulse following the 

conditioning pre-pulse for ΔSSTR and +SSTR Cav2.1 channels, respectively.  
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Figure 3.6: SSTR affects the voltage-dependence of inactivation of Cav2.1 

(A) Steady-state inactivation curve for ΔSSTR (black) and +SSTR (red) Cav2.1 splice variants 

generated by plotting the normalized peak current values as a function of the conditioning pre-

pulse membrane potential. Steady-state inactivation curves were fit with the Boltzmann equation. 

(B)  Bar graph showing mean V50inact (±SEM) with the +SSTR variant having a more 

hyperpolarized V50inact  than ΔSSTR. (C) Bar graph showing mean kinact (±SEM) with no 

significant difference between the ΔSSTR and +SSTR splice variants. (D) Table showing mean 

V50inact and kinact values (±SEM). *p<0.05 (one-way ANOVA). 
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3.3.5 The ΔSSTR and +SSTR Cav2.1 splice variants respond differently to APW 

broadening 

Due to the distinct activation kinetics and voltage-dependent properties of the splice 

variants, we wanted to determine whether these differences could affect the responses of the 

channels to APWs of different durations. I measured barium currents elicited by APWs with 

half-durations of 0.60 ms, 1.5 ms and 3.5 ms. Figure 3.7A shows the different APWs used (top 

graph) and representative current traces for the ΔSSTR (middle graph) and +SSTR (bottom 

graph) variants elicited by each APW. I found that the peak current amplitude for the ΔSSTR 

variant increased with increasing APW duration whereas the +SSTR variant showed decreasing 

peak current amplitude with increasing APW duration. Charge transference was measured by 

integrating the area under the current trace. While the charge transference through both variants 

increased with increasing APW duration, the rate of increase in charge transference was much 

greater for ΔSSTR channels than +SSTR containing channels with slopes of 0.47 ± 0.006 and 

0.22 ± 0.03, respectively (Figure 3.7B and 3.7C).  
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Figure 3.7: The ΔSSTR and +SSTR Cav2.1 splice variants respond differently to APW 

broadening 

(A) The top graph shows the three APW commands with half-durations of 0.6 ms, 1.5 ms and 

3.5 ms that were used to elicit barium currents. The middle and bottom graphs show 

representative traces of currents elicited from the different APWs for the ΔSSTR and +SSTR 

channels, respectively.  (B) Line graph showing the relative increase in charge transference 

(±SEM) with increasing APW duration relative to the shortest APW duration (0.6 ms). Charge 

transference through ΔSSTR channels (in black) is more sensitive to increasing APW duration 

than +SSTR channels (in red). (C) Table showing the mean values (±SEM) of the relative 

increase in charge transference with increasing APW duration. *p<0.05 (one-way ANOVA). 
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3.4 Discussion 

In comparing the properties of macroscopic barium currents between the Cav2.1 ΔSSTR 

and +SSTR splice variants I found that channels possessing +SSTR have faster activation 

kinetics and more hyperpolarized V50act and V50inact values.  These findings suggest that SSTR 

insertion in the S3-S4 linker of domain III affects the gating of the Cav2.1 channel, perhaps due 

to its close proximity to the S4 voltage sensor which moves upon membrane depolarization 

driving the channel to activate (Bezanilla, 2000; Bezanilla, 2002; Catterall et al., 2007; Catterall, 

2010) 

Activation and deactivation kinetics of VGCCs are strongly voltage-dependent and as a 

result calcium influx evoked by an action potential (AP) can have a great dependence on the 

duration and shape of the AP (Bean, 2007). Differences in the response to APs are especially 

important at presynaptic terminals, where Cav2.1 channels are heavily concentrated, and modest 

changes in APWs can result in significant changes in calcium entry and subsequently the 

strength and timing of neurotransmitter release (Sabatini and Regehr, 1999; Bean, 2007). As 

such, it was of interest and relevance to determine whether the differences in the biophysical 

properties, especially the activation kinetics, between the splice variants could alter channel 

responses to APWs with varying durations.  

I compared the currents elicited by the different APWs and found that the ΔSSTR and 

+SSTR variants show a difference in their responses to increasing APW durations. For ΔSSTR-

containing channels, increasing the APW duration led to an increase in the peak current 

amplitude, most likely resulting from greater recruitment of activated channels during a longer 

rising phase before the driving force is increased at the repolarization phase. In contrast, the 

faster activating +SSTR-containing channels showed decreasing peak current amplitudes with 
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increasing APW duration, most likely because their maximum activation occurs with the shortest 

APW duration as they activate faster followed by partial deactivation once the driving force is 

finally increased (Geiger and Jonas, 2000).  

The integral of the current is a more accurate predictor of neurotransmission initiation 

than the peak current amplitude and corresponds to the charge transference through the channel 

(Borst and Sakmann, 1999). In calculating the charge transference, I found that although both 

variants showed the expected increase in charge transference due to increasing APW duration, 

entry through ΔSSTR splice variant channels was significantly more sensitive to changes in 

APW duration and had a steeper slope for charge transference increase than +SSTR variant 

channels. These differences suggest that each channel variant could have specific roles in 

processing different types of AP-mediated information. The lesser sensitivity of charge 

transference through +SSTR Cav2.1 channels with changes in APW would allow these channels 

to be more reliable reporters of action potential frequency whereas ΔSSTR Cav2.1 channels due 

to their sensitivity to different APW durations would allow more variation in the amount of 

neurotransmitter release resulting from different types of AP stimuli (McCobb and Beam, 1991; 

Sabatini and Regehr, 1999).  

Together, the results from this study show that alternative splicing in a key functional 

region of Cav2.1 channels produces significant changes in biophysical properties which can 

translate into variations in the response of the channel to different AP stimuli. This diversity in 

functional activity should help us define the specific roles that splice variants play in the 

processing of synaptic information and further aid in our understanding of mechanisms that 

contribute to the complexity and efficiency of CNS physiological processes. 
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Chapter 4: Effects of SSTR Insertion on the Sensitivity of CaV2.1 

Channels to ω-Agatoxin-IVA 

 

4.1 Introduction 

The peptide toxin ω-Agatoxin-IVA inhibits Cav2.1 channels by altering the voltage-

dependence of gating of the channel (Mintz et al., 1992b; McDonough et al., 1997b). In binding 

to the S3-S4 extracellular linker of domain IV ω-Aga-IVA is thought to “trap”  the voltage 

sensor that normally moves outward upon depolarization in its inward resting position thereby 

preventing the channel from undergoing a conformational change required to activate 

(McDonough, 2007; Catterall et al., 2007). As a result, moderate depolarizations that normally 

activate the channel are too weak and more energy is needed in order for the channels to activate. 

Studies have shown that insertion of NP in the S3-S4 linker of domain IV can alone cause a 10-

fold decrease in Cav2.1 sensitivity to ω-Aga-IVA by sterically hindering or weakening the 

toxin’s binding site (Hans et al.,1999b; Bourinet et al., 1999; Winterfield and Swartz, 2000; 

McDonough 2007). However, it has been suggested that the other three channel domains could 

also play a role in the mechanism of action of current inhibition since the voltage sensors of all 

four domains need to move in order for the channel to activate (Winterfield and Swartz, 2000; 

McDonough 2007). 

The SSTR insertion in the S3-S4 linker of domain III is in a homologous region as the 

NP insertion in the S3-S4 linker of domain IV and we hypothesized that the SSTR insertion may 

also affect the sensitivity of Cav2.1 channels to ω-Aga-IVA. Using whole-cell patch-clamp 

electrophysiology, I compared the effects of 10 nM ω-Aga-IVA on ΔSSTR and +SSTR Cav2.1 
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channels. I found that there was no significant difference in current block due to ω-Aga-IVA 

between the splice variants suggesting that SSTR insertion does not alter Cav2.1 channel 

sensitivity to ω-Aga-IVA and most likely does not disrupt the binding site of the toxin. 

Knowledge of the pharmacological properties of Cav2.1 isoforms is important as ω-Aga-

IVA is commonly used to block Cav2.1 channels in studies conducted on primary neurons that 

express a variety of VGCCs. Additionally, the mechanism of action of ω-Aga-IVA on Cav2.1 

channel activity can be mimicked in order to develop therapeutic drugs for diseases in which 

gain-of-function effects due to Cav2.1 channel mutations are observed. 

 

4.2 Methods 

4.2.1 ω-Agatoxin-IVA solutions 

Bovine serum albumin (BSA) (Sigma-Aldrich ; Cat: A-2153, Lot 29H0946) was added to 

the 5 mM barium external solution (see Chapter 3 methods) at a concentration of 0.25mg/mL in 

order to prevent nonspecific binding of the toxin to the perfusion tubing and testing chamber. 

Recombinant ω-Agatoxin-IVA (Alomone Labs; Cat: STA-500, Lot: STA500TX0401) was 

reconstituted in H2O and 50 uM stock aliquots were stored at -20
o
C and thawed immediately 

before use and were not refrozen. The working concentration of 10 nM ω-Aga-IVA in BSA-

containing 5 mM barium external solution was made and added to the perfusion tube 

immediately before it was perfused into the testing chamber at a speed of 1.5mL/minute.  

4.2.2 Time course protocol and data analysis 

Peak barium current was elicited by a 30 ms test pulse to 0 mV from a holding potential 

of -90 mV and was delivered every seven seconds.  Prior to the 0 mV test pulse, the time course 

protocol also contained a 5 ms step pulse to -85 mV in order to monitor potential changes in 
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series resistance throughout testing to rule out the possibility that decrease in current amplitude 

was a result of increase in series resistance (Figure 4.1A). The peak current value from each trace 

was plotted as a function of time to generate a time course of current inhibition. The percentage 

of remaining current was calculated by dividing the remaining current value at the end of toxin 

application by the peak current value prior to toxin application. The time constant for the 

development of current block was determined by fitting the portion of the time course during 

which the effect of the toxin is seen (Figure 4.4A) with a single exponential function, I=Ae
-t/τ

, 

where A is the current amplitude and τ is the time constant.    

 Because rundown of current amplitude was seen as a result of continuous stimulation 

during testing, the current decay due to rundown was compared to current inhibition by ω-Aga-

IVA. The amount of current decrease in Figure 4.5 was determined at the 30 minute mark as this 

was a time point where the most number of cells that were studied reached during testing. 

Rundown between the splice variants was also compared in order to make sure that it was not 

significantly different between the splice variants. The slope of the rundown of current amplitude 

was determined by fitting the time course with a linear function, I=Imax + mt, where Imax   is the 

maximum normalized current at rundown initiation, I is the normalized current, t is time (in 

minutes) and m is the slope (corresponding to the percentage of current decay per minute).  

 

4.3 Results 

4.3.1 NP insertion decreases sensitivity of Cav2.1 to ω-Agatoxin-IVA 

In order to validate the experimental set-up I first tested and compared the sensitivities of 

the +NP and –NP splice variants of Cav2.1 to ω-Aga-IVA. Barium currents were elicited every 
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seven seconds by a 30 ms test pulse to 0 mV from a holding potential of -90 mV. Figures 4.1B 

and 4.1C show every seventh current trace elicited (equivalent to every 49 seconds) during the 

recording process in order to show the progression of current inhibition following 10 nM ω-Aga-

IVA application at the 2 minute and 20 seconds mark for -NP and +NP,  respectively. The peak 

current from each trace was plotted as a function of time in order to generate the representative 

time courses seen in Figure 4.1D. The bar graph in figure 4.1E shows the averaged percentage of 

current remaining following toxin application. I found a significant difference in the amount of 

current remaining following application of 10 nM ω-Aga-IVA between the -NP and +NP splice 

variants with the +NP variant showing a much smaller decrease in current amplitude (remaining 

current % = 9.44 ± 1.44 and 44.98 ± 7.23, respectively). Therefore, in agreement with previous 

reports, I have shown that NP insertion significantly decreases the sensitivity of Cav2.1 channels 

to ω-Aga-IVA (Bourinet et al., 1999).  
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Figure 4.1: NP insertion significantly decreases the sensitivity of Cav2.1 to ω-Agatoxin-IVA 

(A) Protocol used to evoke continuous peak current stimulation during toxin application. 

Protocol consisted of a 5 ms depolarizing pulse to -85 mV from a holding potential of -90 mV to 

monitor any changes in series resistance followed by a 30 ms test pulse to 0 mV in order to 

evoke peak current amplitude. Pulses were applied every seven seconds. (B) and (C) 

Representative traces of every seventh test pulse elicited (i.e. every 49 seconds) to show 

progression of current inhibition following application of 10 nM ω-Aga-IVA for the –NP and 

+NP splice variants, respectively. (D) Representative time courses of current inhibition of the –

NP (black squares) and +NP (blue triangles) splice variants following application of 10 nM ω-

Aga-IVA generated by plotting normalized peak current value from each test pulse as a function 

of time. (E) Bar graph showing the average percentage of current remaining following 

application of 10 nM ω-Aga-IVA calculated by dividing the remaining current at the end of toxin 

application by the peak current value before toxin application.  **p<0.01 (one-way ANOVA).  
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4.3.2 SSTR insertion does not affect current block by ω-Agatoxin-IVA 

Figures 4.2A and 4.2B show the barium currents elicited by every seventh test pulse 

(equivalent to every 49 seconds) during the recording process in order to show the progression of 

current inhibition following 10 nM ω-Aga-IVA application at the 2 minute and 20 seconds mark 

for ΔSSTR and +SSTR, respectively. Figure 4.2C displays representative time courses for each 

splice variant with ΔSSTR in black and +SSTR in red. In measuring the percentage of remaining 

current (dividing the remaining current by the peak current prior to ω-Aga-IVA application) I 

found no significant difference in the degree of current block seen with application of 10 nM ω-

Aga-IVA between the ΔSSTR and +SSTR variants (remaining current % = 9.44 ± 1.44 and 

11.85 ± 1.53, respectively) (Figure 4.2D). Figures 4.2E and 4.2F show representative IV curves 

of each splice variant before (filled in symbols) and after (checked symbols) 10 nM ω-Aga-IVA 

application to show the extent of current block. 
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Figure 4.2: SSTR insertion does not affect current block by 10 nM ω-Agatoxin-IVA 

(A) and (B) Representative traces of every seventh test pulse elicited (i.e. every 49 seconds) to 

show progression of current inhibition following application of 10 nM ω-Aga-IVA for the 

ΔSSTR and +SSTR splice variants, respectively. (C) Representative time courses of current 

inhibition during toxin application for the ΔSSTR variant (black squares) and +SSTR variant 

(red circles) generated by plotting peak current from each test pulse as a function of time. (D) 

Bar graph showing percentage of current remaining following toxin application. (E) and (F) 

Representative IV curves before (solid symbol) and after (checkered symbol) toxin application 

showing the extent of current block for ΔSSTR and +SSTR, respectively.  
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4.3.3 SSTR insertion does not affect the time constant of development of block by ω-

Agatoxin-IVA 

I also wanted to determine whether there was any difference in the time constant of 

development of current block between the splice variants. Because the time course of current 

inhibition due to 10 nM ω-Agatoxin-IVA application followed a single exponential function I 

was able to fit the time course and obtain the time constant.  Only the portion of the time course 

that exhibited an effect of the toxin was fit with the single exponential function (see Figure 

4.3A). I found no significant difference in the time constant of development of current block 

between the ΔSSTR and +SSTR splice variants (τon in minutes = 11.15 ±1.46 and 10.22 ± 0.81, 

respectively).   
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Figure 4.3: SSTR insertion does not affect the time constant of development of current 

block due to 10 nM ω-Agatoxin-IVA 

(A) Example of fitting of time course (shown in yellow) with a single exponential function to 

obtain the time constant (τon). Only the portion of the time course exhibiting an effect of the 

toxin (between the green bars) was fit. (B) Portion of time courses used for fittings to get the 

time constant showing that although there is variability between different cells, there is no 

significant difference between the ΔSSTR (in black) and +SSTR (in red) splice variant-

expressing cells.  (C) Bar graph displaying mean values for time constants of development of 

current block with no significant differences between the two splice variants. (D) Table showing 

mean values (±SEM) of time constant of development of current block. 
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4.3.4 The decrease in current amplitude is not solely due to rundown  

Rundown of HVA current amplitude is often seen during whole-cell patch-clamp 

experiments with continuous stimulation due to depletion of the plasma membrane phospholipid 

PIP2 (Wu et al., 2002; Suh et al., 2010). Although Mg-ATP, shown to prevent rundown of 

current amplitude, was added to the internal solution I still observed a decrease in current 

amplitude during continuous stimulation over extended periods of testing (Wu et al., 2002; Suh 

et al., 2010). Therefore in order to confirm that the decrease in current amplitude seen during 

toxin application was not a reflection solely due to rundown I performed control experiments by 

perfusing external solution containing only BSA onto cells under the same experimental 

conditions as before including the rate of perfusion and duration of stimulation. I found that for 

both splice variants there was a significant difference in the amount of total current decrease with 

or without toxin application following a 30 minute testing procedure signifying that rundown 

was not the main source of current decay during toxin application (Figure 4.4C and D). 

Additionally, figures 4.4A and 4.4B show that the time course of current decay due to rundown 

follows a linear path whereas current inhibition due to toxin application follows a single 

exponential function.  
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Figure 4.4: Decrease in current amplitude following ω-Agatoxin-IVA application is not 

solely due to current rundown during continuous stimulation 

Rundown of current amplitude is often seen during continuous stimulation of HVA channels in 

whole-cell patch-clamp electrophysiology experiments. This figure verifies that the current 

inhibition seen in previous figures due to ω-Aga-IVA application is not solely due to rundown 

but is mainly a result of the effects of the toxin. (A) and (B) Representative time courses for 

ΔSSTR and +SSTR with (filled symbols) or without (open symbols) 10 nM ω-Aga-IVA 

application demonstrating that current decay due to ω-Aga-IVA application follows a single 

exponential function whereas current decay due to rundown is linear. (C) Bar graph displaying 

the percentage of current remaining following 30 minutes of testing with or without toxin 

application showing that for both splice variants there is a clear distinction between the amount 

of current inhibition with or without toxin application. (D) Table showing the values of the 

amount of current remaining. **p < 0.01 (one-way ANOVA). 
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4.3.5 Rundown between the ΔSSTR and +SSTR Cav2.1 splice variants is not significantly 

different 

It was also important to demonstrate that there was no significant difference between the 

rundown of the splice variants which could potentially influence the toxin application results. 

Firstly, I fit the rundown time course of each cell with a linear function in order to obtain the 

slope of the rundown which corresponds to the percentage of current decay per minute (Figures 

4.5A and B). I found that there was no significant difference in the slope of run down between 

the ΔSSTR and +SSTR splice variants (% current decay/minute = -1.32 ± 0.15 and -1.48 ± 0.05, 

respectively). Secondly, in comparing the amount of current decay following 30 minute testing 

by dividing the remaining current by the peak current before the testing duration I found that 

there was no significant difference in the amount of current remaining between the splice 

variants (% of current remaining = 56.0 ± 4.0 and 52.8 ± 2.2). Because I did not find significant 

differences in the rundown characteristics between the splice variants I did not have to adjust the 

values obtained from my ω-Aga-IVA studies.  
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Figure 4.5: Rundown is not significantly different between the ΔSSTR and +SSTR Cav2.1 

splice variants 

(A) and (B) The portion of the time courses fit with a linear function in order to obtain the slope 

of rundown for ΔSSTR and +SSTR, respectively. (C) Bar graph comparing the slope of the 

rundown between the splice variants which represents the amount of current decay per minute. 

There was no significant difference in slope of the rundown between the two splice variants.  (D) 

Bar graph showing percentage of current remaining after 30 minutes with no significant 

difference between the two splice variants. (E) Table showing mean values (±SEM) of slope of 

rundown and percentage of remaining current.  
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4.4 Discussion 

The splice variant insertion of two amino acids, NP, in the S3-S4 extracellular linker of 

domain IV results in a significant decrease in the sensitivity of Cav2.1 channels to the peptide 

toxin ω-Aga-IVA (Bourinet et al., 1999). The +SSTR splice variant has an insertion of four 

amino acids, SSTR, in the S3-S4 extracellular linker of domain III bringing into question 

whether it too could affect Cav2.1 sensitivity to ω-Aga-IVA.  However, I found that the insertion 

of +SSTR does not have a significant effect on the sensitivity of Cav2.1 channels to ω-Aga-IVA 

as there were no significant differences in the amount of current block by 10 nM ω-Aga-IVA nor 

was there a significant difference in the time constant of development of block. These results 

suggest that unlike +NP insertion in domain IV, +SSTR insertion in domain III does not disrupt 

the binding site for ω-Aga-IVA. As a result, +SSTR-containing channels are targets for ω-Aga-

IVA blockade in vivo and in vitro. Further, +SSTR-containing channels would be targets for 

therapeutic drugs developed based on the functional properties of ω-Aga-IVA to treat Cav2.1 

gain-of-function disorders.  
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Chapter 5: Discussion 

 

5.1 Main findings 

The +SSTR splice variant, consisting of a four amino acid insertion in the S3-S4 

extracellular linker of domain III, is estimated to be included in approximately 10% and 24% of 

Cav2.1 transcripts in whole mouse brain and rat brain, respectively (Allen et al., 2010; Snutch 

Lab unpublished data). Prior to this study, detailed analysis of its spatial expression profile in the 

rodent CNS as well as effects on the biophysical and pharmacological properties of Cav2.1 

channels had not yet been reported. The main goal of this thesis was to begin the characterization 

of the +SSTR splice variant in order to help uncover its distinct functional properties and 

potential impact on CNS physiology.  My hypothesis was that the +SSTR splice variant channels 

would be differentially expressed throughout the CNS and also that the SSTR insertion could 

potentially impact distinct biophysical and pharmacological properties compared to the more 

prevalent ΔSSTR-variant channels. 

My first objective was to generate an expression profile of the +SSTR splice variant by 

analyzing expression levels in different regions of the rat CNS. Performing splice variant-

specific quantitative real-time PCR on ten different regions of the adult Sprague Dawley rat 

CNS, I found that in contrast to the overall abundance observed for whole brain RNA, there are 

three specific regions of the CNS wherein +SSTR-variant channels are significantly more 

abundant than ΔSSTR-variant channels.  These regions are the brainstem, reticular thalamus and 

spinal cord. The widely expressed splicing factor Nova-2 has been shown to enhance SSTR 

insertion and could be more active or more abundantly expressed in these regions (Allen et al., 
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2010). Alternatively, additional splicing factors may also affect +SSTR splicing and could 

collectively be causing the differential expression of the +SSTR variant throughout the CNS. 

A second objective was to determine the effects of SSTR insertion on the biophysical 

properties of Cav2.1 as the SSTR insertion is in close proximity to the S4 voltage sensor that has 

to move following depolarization in order for the channel to activate (Bezanilla, 2000; Catterall 

et al., 2007; Catterall, 2010). Using whole-cell patch-clamp electrophysiology I found that the 

+SSTR splice variant channels exhibit faster activation kinetics and more hyperpolarized V50act 

and V50inact values than the ΔSSTR variant channels. Further, to study the effects of these 

differences in biophysical properties on the response of the channel to more physiological 

depolarizations, I tested the response of the two splice variants to APWs with different durations. 

I found that although both variants exhibited an increase in charge transference with APW 

broadening, the +SSTR variant showed less sensitivity to APW duration than the ΔSSTR variant. 

The differences in sensitivity between the splice variants to APW broadening may underlie 

distinct roles these two variants play in transmitting different types of action potential-encoded 

information. It has been suggested that insensitivity of charge transference to APW broadening, 

such as is seen for the +SSTR variant, results in greater accuracy of action potential frequency 

whereas sensitivity to APW duration allows for more variation in the amount of neurotransmitter 

release in response to different types of APWs (McCobb and Beam, 1991).  

My third objective was to determine the potential effects of SSTR insertion on the 

sensitivity of Cav2.1 to the gating modifier peptide toxin ω-Aga-IVA. It has been established 

previously that the insertion of NP in the S3-S4 extracellular linker of domain IV causes a 

significant decrease in the sensitivity of Cav2.1 to ω-Aga-IVA (Bourinet et al., 1999). However, 

as it has been suggested that the other three domains of the channel could also be involved in the 
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mechanism of current inhibition by the toxin we wanted to test whether SSTR insertion in the 

S3-S4 extracellular linker of domain III might also affect the sensitivity of Cav2.1 to ω-Aga-IVA 

(Winterfield and Swartz, 2000). I found that with 10 nM ω-Aga-IVA there were no significant 

differences in the current inhibition between the +SSTR and ΔSSTR variants suggesting that 

SSTR insertion does not disrupt an ω-Aga-IVA binding site and does not affect the sensitivity of 

Cav2.1 to ω-Aga-IVA. Therefore, +SSTR-containing Cav2.1 channels are eligible targets for 

block by ω-Aga-IVA as well as potential therapeutic mimetics of the toxin. 

 

5.2 Possible physiological relevance of findings 

Findings from this thesis give further evidence that alternative splice variants of Cav2.1 

are differentially expressed throughout the CNS and that alternative splicing in key functional 

regions of Cav2.1 can cause significant differences in biophysical properties.  Additionally, I 

have shown that the differences in biophysical properties between splice variants can translate 

into distinct responses to different types of AP stimuli.  

For the faster activating +SSTR variant Cav2.1 channels, I found that the charge 

transference was less sensitive to AP duration which may allow the channels to be better 

reporters of AP frequency which is essential for synapses that rely on precise timing (McCobb 

and Beam, 1991). For example, in the auditory pathway that connects the inner ear and 

brainstem, the synapse between the calyx of Held and soma of a medial nucleus of the trapezoid 

body neuron depends on precise timing for accurate sound localization (Sakmann, 2006). In fact, 

the results in Chapter 2 show that the +SSTR variant is predominantly expressed in the brainstem 

where it may play a role in facilitating various processes, such as sound localization, that depend 

on accurate timing of synaptic transmission (Figure 2.1A).  
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For ΔSSTR variant Cav2.1 channels I found that charge transference was more sensitive 

to AP duration thereby allowing more variation in the amount of response (McCobb and Beam, 

1991). This capability can enhance synaptic strength as a result of increased calcium entry during 

AP broadening which, for example, can occur in an activity-dependent manner in hippocampal 

mossy fibers (McCobb and Beam, 1991; Wheeler et al., 1996; Sabatani and Regehr, 1997; 

Geiger and Jonas, 2000; Zucker and Regehr, 2002). The studies in Chapter 2 have shown that the 

ΔSSTR variant channels are more abundantly expressed in the hippocampus where they may in 

fact help facilitate such occurrences (Figure 2.1A).  

The findings from this thesis support the theory that alternative splicing provides fine-

tuning of VGCC activity in order to fulfill the specific needs of different cell and tissue types or 

stimuli to effectively mediate synaptic transmission (Krovetz et al., 2000; Liao et al., 2009; 

Lipscombe et al., 2013). As such, the combination of unique properties and specific ranges of 

expression of splice variants contributes to the complexity and efficiency of CNS synaptic 

signalling.  

5.3 Potential limitations 

The electrophysiology experiments using HEK 293 cells transfected with Cav2.1 cDNA 

provided a controlled environment that was ideal to study differences in functional properties 

between the +SSTR and ΔSSTR variants. This heterologous system however does not reflect an 

accurate representation of native channel populations in which a variety of different 

combinations of splice variants can be incorporated into each channel isoform and could have 

diverse impacts on the functional properties of the +SSTR and ΔSSTR variants. As such, full-

length cDNA sequences of the entire population of expressed Cav2.1 channels would provide a 
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clearer picture of the predominance of certain splice variants along with their proper context and 

would help better characterize native Cav2.1 channel isoforms.  

I also only examined the functional properties of the Cav2.1 splice variants in co-

assembly with the β4 and α2δ1 isoforms of the auxiliary subunits. In native cells, there are 

multiple isoforms of each auxiliary subunit that can co-assemble with the channels and can 

potentially cause distinct effects between the splice variants. The heterologous system also lacks 

other possible Cav2.1-interacting proteins such as G proteins, γ subunits and synaptic membrane 

proteins (Zamponi and Snutch, 1998; Rettig et al., 1996; Martin-Moutot et al., 1996; Kim and 

Catterall 1997; Dolphin, 2012). 

Additionally, the electrophysiology experiments were performed in external solution 

containing barium rather than physiological calcium as the charge carrier thus eliminating the 

possibility of effects on the calcium-dependent feedback regulation that Cav2.1 channels undergo 

via calmodulin binding (Christel and Lee, 2012). Consequently, potential differences between 

the +SSTR and ΔSSTR Cav2.1 splice variants towards calcium-dependent facilitation or 

calcium-dependent inactivation in response to calcium influx are not considered. 

 

5.4 Future directions 

An important set of future experiments consist of analyzing and comparing the effects of 

mutations implicated in FHM1, EA2 and SCA6 disorders on ΔSSTR and +SSTR channel 

properties to determine whether there are any splice variant-specific differential effects. Diverse 

effects between the splice variants resulting from mutations could help clarify the localization of 

pathophysiology of these diseases to specific regions of the CNS. For example, the +SSTR 

variant is more abundantly expressed in the brainstem and thalamus regions which may be 
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involved in FHM1 pathophysiology (Pietrobon, 2010; Park et al., 2014). Therefore, it would be 

of great interest to see whether the +SSTR variant has more pronounced gain-of-function effects 

generally seen with FHM1 mutations than the ΔSSTR variant (Pietrobon, 2010). Additionally, 

one EA2 mutation also causes absence epilepsy symptoms which could be a result of it imparting 

more pronounced effects on +SSTR channels which are expressed in high abundance in the 

reticular thalamus (Imbrici et al., 2004). In support of this hypothesis, the thalamus of genetic 

absence epilepsy rats from Strasbourg (GAERS), in comparison to nonepileptic control rats, 

expresses a greater abundance of a Cav3.2 channel splice variant that exhibits significant gain-of-

function effects due to an absence epilepsy mutation (Powell et al., 2009). Lastly, if the +SSTR 

and –NP variants do in fact have similar contextual expression patterns due to common 

regulatory splicing factors, +SSTR may also have an influence on the Purkinje-specific cell loss 

seen in SCA6 as Purkinje cells predominantly express the –NP variant.  

Splice variant-specific effects due to Cav2.1 mutations allows for the possibility of 

targeting only dysfunctional Cav2.1 channels with therapeutic methods while leaving normal 

functioning channels unaffected and thus preventing harmful off-target side effects. In fact, the 

specificity of polyQ expansions that underlie SCA6 pathophysiology for the +47 variant of 

Cav2.1 inspired one group to develop splice variant-specific RNAi that specifically target the +47 

splice variant (Tsou et al., 2011). Impressively, this method managed to suppress polyQ-

containing Cav2.1 channels selectively.  

Another therapeutic avenue is through the development of drugs that are based on the 

structural properties of naturally occurring peptide toxins. As my findings show that the +SSTR 

variant does not alter the sensitivity of Cav2.1 to ω-Aga-IVA, +SSTR variant Cav2.1 channels are 

eligible targets for potential ω-Aga-IVA mimetics that could treat hyperactive cells or tissues in 
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Cav2.1 channelopathies (McDonough, 2007; Nimmrich and Gross, 2012). This method is 

currently being developed for Cav2.2 N-type channels which are implicated in chronic pain 

(Swayne and Bourinet, 2008). Mimetics of ω-conotoxin-GVIA, a highly selective Cav2.2 

channel blocker, are being developed by adjusting physiochemical properties in order increase 

effectiveness via lowering the molecular weight and binding affinity (Tranberg et al., 2012; 

Gleeson et al., 2015). 

A recent study has also shown that the synthetic phenolic compound 2,5’-di(tertbutyl)-

1,4,-benzohydroquinone (BHQ) can “correct” the gating and synaptic transmission defects 

caused by a severe FHM1 mutation in Cav2.1 channels by altering channel properties (Inagaki et 

al., 2014). BHQ inhibits the voltage-dependence of activation, slows deactivation and potentiates 

CDF in order to offset the harmful gain-of-function effects of the FHM1 mutation. The binding 

location and potential splice variant-specific effects of BHQ have not yet been determined.  

 

5.5 Conclusions 

VGCCs represent a major mechanism by which cells mediate the levels of calcium ions 

essential for many different physiological processes.  Although basic diversity of VGCC 

functions are provided by the ten different genes encoding the α1 subunits, further complexity is 

achieved through alternative splicing in key domains. This leads to a greater diversity in channel 

properties and subsequently channel activity that is thought to refine calcium entry and regulate 

VGCC-mediated processes.  Here, I have shown the differential expression of the Cav2.1 channel 

+SSTR and ΔSSTR splice variants in the rat CNS suggesting that the variants play distinct roles 

spatially in the CNS and may influence the localized pathophysiology of Cav2.1-implicated 

disorders. Further, I have described the effects of the SSTR insertion on the biophysical 
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properties of Cav2.1 channels which in at least one instance translate into distinct responses 

between the +SSTR and ΔSSTR variants to different APWs. As such, the different splice 

variants likely mediate specific roles essential to CNS synaptic physiology. Lastly, I have shown 

that the SSTR insertion does not affect the sensitivity of Cav2.1 channels to ω-Aga-IVA 

indicating that SSTR-containing Cav2.1 isoforms are suitable targets for the development of 

therapeutic drugs that are based on ω-Aga-IVA properties. 
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