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Abstract 
 

 

Title of Dissertation: Calcium and BK Potassium Channel Regulation of Circadian 

Rhythms in the Suprachiasmatic Nucleus 

Amber Plante, Doctor of Philosophy, 2021 

Dissertation directed by: Andrea Meredith, Ph.D., Professor, Department of Physiology 

Mammalian circadian rhythms are driven by a network of neurons in the 

suprachiasmatic nucleus (SCN) of the hypothalamus. The SCN exhibits daily (24-hour) 

rhythms in spontaneous action potential (AP) firing rate that encodes a time-of-day signal 

that coordinates the timing of circadian physiological and behavioral processes. Large-

conductance Ca2+-activated K+ (BK) channels have a major role in driving the diurnal 

patterns of spontaneous firing in SCN neurons. BK K+ currents are larger at night, 

correlating with reduced neuronal excitability. The diurnal variation in BK current in the 

SCN is required for setting the day-night difference in firing frequency. BK currents 

undergo multi-level regulation by genetic and posttranslational mechanisms as well as 

functional coupling to Ca2+ channels. Intracellular Ca2+ (Ca2+
i) is required for BK channel 

activation and previous studies have shown BK current is predominantly coupled to two 

types of Ca2+ sources in the SCN: L-type Ca2+ channels (LTCCs), and ryanodine 

receptors (RyRs). Circadian rhythms in Ca2+
i have also been identified in SCN neurons. 

However, the Ca2+ channels involved in generating both AP and Ca2+
i rhythms have not 

been clearly identified. First, to determine which Ca2+ channels are involved in AP 

rhythms, this study measured the impact of Ca2+ channel agonists and antagonists on the 

circadian parameters of spontaneous AP activity from organotypic SCN slice cultures 



  

grown on multi-electrode arrays. Next, to determine which Ca2+ channels are involved in 

Ca2+
i rhythms, this study tested the effects of the same Ca2+ channel pharmacology on the 

circadian parameters of Ca2+
i measured from SCN slice cultures transfected with a 

fluorescent Ca2+ sensor. Lastly, this investigated a potential mechanism by which LTCCs 

contribute to firing rate in SCN neurons by examining their ability to activate BK 

channels under controlled conditions. This study provides insight into the roles of 

specific Ca2+ sources in neural coding of the circadian time signal in the SCN. 
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Chapter 1. General Introduction 

1.1 Mammalian circadian rhythms are timed by the suprachiasmatic nucleus 

Circadian rhythms are cycles in biological processes that repeat every ~24 hours 

and persist under constant environmental conditions, even in the absence of external 

inputs (Rusak and Zucker 1979). Circadian rhythms are present in nearly all forms of life 

on Earth, including plants, animals, fungi and bacteria (Rusak and Zucker 1979). These 

rhythms serve to synchronize the daily metabolic, physiological and behavioral functions 

of an organism to its environmental light-dark cycle (Reppert and Weaver 2002).  

The circadian clock ensures that biological processes occur at specific times 

throughout each 24-hour cycle. This evolutionary adaptation enhances the health and 

longevity of an organism by enabling the brain and body to anticipate and prepare for the 

different physiological demands that arise from changes in the environment (Patke et al. 

2020). Some of the most well-characterized circadian rhythms in behavior include eating, 

drinking and locomotion (Brown et al. 2019; Zucker and Stephan 1973). Behavioral 

rhythms are accompanied by daily changes in physiological processes that follow a 24-

hour cycle, including metabolism (Jha et al. 2015; Poggiogalle et al. 2018), immune 

responses (Cermakian et al. 2013) and cognition (Waterhouse 2010). A prominent 

example is the sleep-wake cycle (Colwell and Donlea 2018; Czeisler 2016). Diurnal 

(daytime) animals, such as humans, are more active and alert during the day, and sleep 

during the night (Czeisler and Gooley 2007), while nocturnal (nighttime) animals, such as 

mice, predominantly sleep during the day and are more active and alert at night 

(Kyriacou and Hastings 2010)(Figure 1.1). 
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Figure 1.1. Circadian rhythms and outputs of the suprachiasmatic nucleus. Location 

of the SCN in the mouse brain. SCN neurons contain a molecular clock comprised of a 

transcription-translation feedback loop (TTFL). The TTFL triggers downstream rhythms 

in intracellular Ca2+, action potential frequency and neuropeptide release. The SCN 

receives light cues via glutamatergic inputs from the retinohypothalamic tract (RHT), 

which activates Ca2+ influx leading to light-induced phase shifts in the molecular clock. 

SCN outputs are communicated to the rest of the brain and body to coordinate the timing 

of downstream rhythms. Rhythms are measured at multiple levels (inset). Action 

potential firing is recorded from individual SCN neurons and from multiple neurons from 

the whole SCN (circuit) using extracellular multi-electrode arrays. Circadian rhythms in 

behaviors, such as locomotor activity, are recorded from living animals. (Bottom) Plot of 

the phase relationship between circadian gene PER2 transcript expression, intracellular 

Ca2+ and firing rate in the SCN. During the light portion of the cycle, average neuronal 

Ca2+ levels peak first, followed by the peak in firing rate and PER2 (Enoki et al. 2017b). 

This figure was modified with permission from Harvey et al. 2020. 
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These rhythms are endogenous, timed by an intrinsic biological clock mechanism 

to occur at specific times throughout the circadian cycle. Nearly every cell in the body 

contains a molecular clock comprised of an autoregulatory transcription-translation 

feedback loop (TTFL), in which a set of core clock genes are transcribed, translated and 

contribute to their own repression and degradation in a self-perpetuating cycle that takes 

~24 hours to complete (Figure 1.1). The inner workings of the molecular clock have been 

extensively reviewed (Hastings et al. 2018; Herzog et al. 2017; Huang 2020; Nitabach et 

al. 2005; Patke et al. 2020). Outputs from the TTFL trigger downstream tissue-specific 

molecular and cellular pathways, enabling individual tissues and organ systems to carry 

out their distinct functions at the appropriate time. For example, during the active period, 

the liver increases bile acid production in preparation for food consumption (Tahara and 

Shibata 2016).  

These molecular clocks, located in cells and tissues throughout the body, are all 

synchronized by a circadian ‘master’ clock, comprising a specific subset of cells within 

the central nervous system (CNS). In mammals, this central clock is located within a 

distinct region of the anterior hypothalamus, known as the suprachiasmatic nucleus 

(SCN) (Figure 1.1) (Weaver 1998). This bilateral nucleus is seated posterior to the optic 

chiasm and encompasses the lateral aspect of the third ventricle (Cassone et al. 1988). 

Prior studies have shown the SCN is the principle circadian timekeeper necessary and 

sufficient for the expression of both behavioral (Stephan et al. 1971; Stephan and Zucker 

1972) and physiological rhythms (Moore and Eichler 1972). Surgical ablation of the SCN 

in rodents abolishes rhythms in feeding and locomotor activity (Stephan et al. 1971; 

Stephan and Zucker 1972), and hormone production (Moore and Eichler 1972). 
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Replacement of the lesioned SCN with donor SCN tissue rescues the expression of some 

of these rhythms, which exhibit the phase and period of rhythms exhibited of the donor 

animal (Ralph et al. 1990).  

The SCN acts as an autonomous oscillator and does not require external cues to 

produce circadian outputs. The SCN is comprised of a network of intrinsically excitable 

neurons that generate 24-hour oscillations in spontaneous action potential firing 

frequency (Figure 1.1) (Groos and Hendriks 1982; Harvey et al. 2020; Shibata et al. 

1982). Individual SCN neurons exhibit a higher firing frequency that reaches a peak 

during the middle of the day (light phase), and a lower firing frequency that reaches a 

trough at night (dark phase) (Figure 1.1) (Harvey et al. 2020; Kuhlman and McMahon 

2006; McNally et al. 2019). Individual SCN neurons in dissociated cultures are capable 

of generating circadian patterns in action potential firing (Welsh et al. 1995). Even when 

the SCN is isolated from the rest of the brain, either in vivo (Inouye and Kawamura 

1979), or dissected and maintained in vitro (Green and Gillette 1982), SCN neurons 

continue to generate circadian oscillations in firing frequency (Harvey et al. 2020; 

Weaver 1998). This circadian rhythm in firing frequency is the major output signal that 

communicates time-of-day information to the rest of the brain and peripheral tissues 

(Harvey et al. 2020; Reppert and Weaver 2002).  

Action potential rhythms are accompanied by circadian rhythms in intracellular 

Ca2+. Ca2+ rhythms are also diurnal, with Ca2+ levels peaking slightly before or during the 

peak in action potential firing (Figure 1.1). Recent studies using imaging techniques have 

shown Ca2+ rhythms in SCN neurons are also cell-autonomous, although the specific 

mechanisms involved in driving Ca2+ rhythms are less well understood (Harvey et al. 
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2020). Current work is focused on understanding how specific ion channels contribute to 

the rhythms in action potential firing and intracellular Ca2+. 

The phase, or the timing of circadian rhythms relative to external (solar) time, can 

be shifted by external stimuli called zeitgebers, which include light, food, temperature 

changes, physical activity or mechanical stimulation (Patke et al. 2020). As the principle 

circadian pacemaker, the SCN has the unique ability to respond to light cues directly 

from melanopsin-expressing retinal-ganglion cells (Meijer et al. 1988). Neurons in the 

ventral SCN receives these light cues via glutamatergic inputs directly from the 

retinohypothalamic tract (RHT) (Colwell 2011). The response of SCN neurons to this 

excitatory input aligns the rhythmic activity of the SCN to match the environmental light-

dark cycle (Golombek and Rosenstein 2010). This shifting of the rhythms in the SCN in 

response to these external stimuli is called entrainment and ensures that the rhythms in 

the SCN (firing frequency and gene expression) occur during the correct time of the day 

(light) or night (dark). In this thesis, the day condition is referred to as the light portion of 

the cycle and night is referred to as the dark portion of the cycle.  

These temporal changes in tissue-specific functions are critical for human health. 

The erroneous exposure to zeitgebers, such as bright lights or eating during the night, are 

common in contemporary society and can severely impact the body’s ability to perform 

essential physiological processes, such as sleep. Disruptions in the timing of sleep and 

other fundamental rhythms are linked to the onset of a wide range of metabolic, 

cardiovascular and psychiatric disorders (Hastings et al. 2003; Logan and McClung 2019; 

Potter et al. 2016). These wide-ranging impacts that arise from circadian dysfunction 

show how important these rhythms are for everyday life. 
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1.2 BK K+ channels are critical regulators of action potential firing in the SCN 

The circadian oscillations in action potential frequency in the SCN are driven by 

changes in ionic conductance that alter the neuronal excitability of individual SCN 

neurons between the day and night (Harvey et al. 2020; Kuhlman and McMahon 2006). 

The sets of ionic currents responsible for this daily rhythm include Na+ currents, Ca2+ 

currents, hyperpolarization-activated currents, and K+ currents (Brown and Piggins 2007; 

Colwell 2011; Harvey et al. 2020). A greater proportion of K+ channels are active in SCN 

neurons during the night phase, leading to more hyperpolarized membrane potentials and 

reduced excitability (De Jeu et al. 2002; Kent and Meredith 2008; Kuhlman and 

McMahon 2004; Meredith et al. 2006).  

Large-conductance Ca2+- and voltage-activated (BK) K+ channels are critically 

important for the robust day-to-night differences in firing rate and membrane excitability 

of the circadian clock (Kent and Meredith 2008; Meredith et al. 2006; Pitts et al. 2006; 

Whitt et al. 2016). BK channels are encoded by a single gene (Kcnma1, or Slo1) 

(Adelman et al. 1992; Atkinson et al. 1991; Butler et al. 1993). Kcnma1 is rhythmically 

expressed in the SCN, with transcripts and protein more highly expressed in the SCN 

during the night phase (Meredith et al. 2006; Panda et al. 2002; Shelley et al. 2013; Whitt 

et al. 2016). BK K+ currents are increased during the night phase (Meredith et al. 2006; 

Pitts et al. 2006), when firing frequency is low and resting membrane potential is more 

hyperpolarized (Bean 2007; Harvey et al. 2020). BK K+ currents are responsible for 

reducing the activity of SCN neurons during the night  (Kent and Meredith 2008; 

Meredith et al. 2006; Montgomery and Meredith 2012) and have a role in setting baseline 

membrane potential (Whitt et al. 2016). Genetic knockout of the Kcnma1 gene (Kcnma1-
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/-) in mice reduces the hyperpolarizing K+ currents in the SCN, correlating with more 

depolarized membrane potentials and increased firing frequency during the night (Kent 

and Meredith 2008; Meredith et al. 2006). This increased nighttime excitability of SCN 

neurons in Kcnma1-/- mice abolishes the day-night differences in firing frequency, 

resulting in reduced amplitude of neural activity rhythms. This decreased amplitude of 

circadian action potential rhythm in the SCN leads to a reduction in the day-night 

differences in physiological and behavioral rhythms, including daily changes in body 

temperature and locomotor activity (Meredith et al. 2006).  

1.3 Properties of BK K+ channels  

The BK channel is a distinct member of the K+ channel family. These K+-

selective channels exhibit a large unitary conductance (100-300 pS), giving them the 

nickname ‘Maxi K’ or ‘Big K+’ channels (Latorre et al. 1982; Marty 1981; Pallotta et al. 

1981). BK channels are opened by membrane depolarization, as well as direct binding of 

Ca2+ ions to the cytoplasmic domain (Latorre et al. 2017). These activation mechanisms, 

along with ubiquitous expression of BK channels throughout the body, enables BK K+ 

currents to participate in a multitude of physiological processes in excitable and non-

excitable cells, alike.  

Structure 

The BK channel KCNMA1 gene is  located on chromosome 10q22.3 (Adelman et 

al. 1992; Atkinson et al. 1991), produces a single pore-forming α subunit of the homo-

tetrameric BK channel (Figure 1.2). Each α subunit consists of seven transmembrane 

domains (S0-S6) and a large intracellular domain that includes helices S7-S10 (Figure 

1.2A, B). S0-S6 contain the voltage sensing and pore domains.  
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Figure 1.2. BK channel structure and current properties. A) Structure of the pore-

forming BK channel α subunit with auxiliary β and γ subunits. The α subunit contains the 

transmembrane helices (S0-S6), voltage sensor S4, and cytosolic gating ring (S7-S10) 

comprising the regulators of K+ conductance domains (RCK1, RCK2). Ion binding and 

alternative splicing sites are indicated in the gating ring. B) Macroscopic BK K+ currents 

elicited from inside-out patches from BK channels expressed in heterologous cells using 

the voltage protocol shown above in symmetrical K+ solutions with 0, 1, 10, or 100 µM 

intracellular Ca2+. In higher Ca2+, BK currents were larger, exhibited a faster and more 

complete activation than BK currents recorded in lower Ca2+ conditions. C) Normalized 

conductance-voltage (G-V) curves calculated from BK currents at the step to -80 mV in 

each Ca2+ condition in B. BK currents were elicited by depolarizing voltage steps, 

producing a sigmoidal activation curve that saturates at the higher voltages. In higher 

Ca2+, BK currents were activated at more hyperpolarized voltages, producing a left shift 

in the G-V curve. D) Half-maximal voltage of activation (V1/2) of BK currents in each 

Ca2+ condition. The V1/2 is decreased as intracellular Ca2+ is increased.  
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The cytoplasmic domain, known as the ‘gating ring’, comprises the majority (~80 

%) of the BK channel structure and is made up of two regulators of conductance of K+ 

domains (RCK1 and RCK2) that mediate channel gating in response intracellular 

signaling molecules, including the binding of divalent cations (Ca2+ and Mg2+) and post-

translational modifications (Latorre et al. 2017). 

The channel pore contains a canonical K+ channel selectivity filter sequence 

(GYG) (Eisenman et al. 1986; Heginbotham et al. 1994; Latorre et al. 2017). BK 

channels also have a ring of four negatively charged glutamate residues located in the 

intracellular vestibule that effectively doubles the outward K+ conductance by increasing 

the concentration of K+ ions at the entrance of the pore through an electrostatic 

mechanism (Brelidze et al. 2003).   

Each BK α subunit contains two high-affinity Ca2+ binding sites with a Kd 

between ~ 0.8 to 11 μM (Lingle 2002; Salkoff 2006; Schreiber and Salkoff 1997). The 

first Ca2+ binding site is located in RCK1 (Xia et al. 2002), and the second is the ‘Ca2+ 

Bowl’ located in RCK2 (Bao et al. 2004; Bao et al. 2002). The Ca2+ bowl is comprised of 

a 28-amino-acid motif containing five conserved aspartic acid residues (Bao et al. 2004; 

Schreiber and Salkoff 1997). RCK1 also contains a low affinity Mg2+ binding site with a 

Kd between 0.4-0.6 mM (Miranda et al. 2016), which is coordinated between residues in 

the RCK1 domain and S0-S1 intracellular loop (Cui 2010; Golowasch et al. 1986; 

Oberhauser et al. 1988; Yang et al. 2007; Yang et al. 2015). Mg2+ binding to this site 

enhances BK activation by increasing channel open probability through electrostatic 

interactions with the voltage sensor (Chen et al. 2011; Horrigan and Ma 2008; Shi et al. 

2002; Yang et al. 2007). 
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Activation mechanisms 

Depolarizing the cell membrane activates BK channels (Figure 1.2B, C) (Cui et 

al. 1997; Horrigan and Aldrich 1999; Horrigan et al. 1999). Voltage-dependent activation 

of BK channels is mediated by positively charged residues in the voltage sensor S4 helix, 

which respond to voltage depolarization by moving the transmembrane segments toward 

the extracellular side of the membrane. Interactions between the S4 and the pore domain 

via the S4-S5 linker and S6 triggers opening of the pore gate (Latorre et al. 2017; Lee and 

Cui 2010).  

Ca2+-dependent activation involves direct binding of Ca2+ to the RCK domains, 

which produces a conformational change in the gating ring that is translated to opening of 

the channel pore (Horrigan and Aldrich 2002; Latorre et al. 2017). Increasing Ca2+ at the 

cytosolic side of the channel to concentrations between ~0.5 to 100 μM shifts the half-

maximal voltage of activation (V1/2) of BK currents toward more negative potentials 

(Figure 1.2C), saturating at ∼100 μM to 1 mM Ca2+ (Cox et al. 1997; Cui et al. 1997; 

Wei et al. 1994).  

Although BK channels can open in response to membrane depolarization or 

increases in intracellular Ca2+ separately, both activation mechanisms typically function 

in concert to activate BK channels in a physiological setting, such as in neurons (Fakler 

and Adelman 2008; Latorre et al. 2017). 

Regulatory mechanisms 

BK currents are regulated in a tissue-specific manner by interactions with 

auxiliary β (β1-4) and γ (γ1-4) subunits (Gonzalez-Perez and Lingle 2019; Zhang and 

Yan 2014), alternative splicing (Latorre et al. 2017) and post-translational modifications 
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(Kyle and Braun 2014). Multiple regulatory mechanisms have been shown to contribute 

to the modulation of BK currents in the SCN. The β2 and β4 subunit are both expressed 

in the SCN. The β2 subunit, which produces inactivation of the BK channel, is important 

for decreasing BK currents during the day (Whitt et al. 2016). Several alternatively 

spliced BK channel variants have been cloned from SCN. One splice variant, BKVYR, 

undergoes exon-specific phosphorylation, which shifts the V1/2 of BK currents to more 

depolarized potentials in heterologous cells (Plante et al. 2019; Shelley et al. 2013). 

Another splice variant BKQEERL, produces currents with a V1/2 that is shifted to more 

hyperpolarized potentials (Plante et al. 2019; Shelley et al. 2013). The BKVYR variant is 

more highly expressed in SCN during the day (Shelley et al. 2013), whereas BKQEERL is 

more highly expressed at night (Shelley et al. 2013), indicating that changes in alternative 

splicing and/or phosphorylation of the BK channel over the circadian cycle could also 

have a role in regulating BK currents in the SCN.   

1.4 BK channel activation in neurons by local Ca2+ sources  

The dual activation by voltage and Ca2+ enables the BK channel to couple 

intracellular Ca2+ signaling to changes in membrane potential. In order for BK channels 

to be activated in neurons, the amount of intracellular Ca2+ must be sufficiently high (≥ 

10 μM) (Fakler and Adelman 2008), suggesting that BK channels must be located in 

close proximity to a Ca2+ source. Current evidence suggests that these local Ca2+ sources 

could be either plasma membrane-bound voltage-gated Ca2+ channels (VGCCs) or 

intracellular Ca2+ channels, since blocking these channels leads to the inhibition of BK 

currents. BK channel activation has been shown to rely on Ca2+ influx from VGCCs in 

many types of central neurons, including hippocampal neurons (Lancaster and Nicoll 
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1987; Marrion and Tavalin 1998), Purkinje neurons (Edgerton and Reinhart 2003; 

Womack et al. 2004), striatal cholinergic interneurons (Goldberg and Wilson 2005) and 

adrenal chromaffin cells (Marcantoni et al. 2010; Vandael et al. 2010). BK channels can 

also be activated by Ca2+ release from intracellular stores through ryanodine receptors 

(RyRs) in cochlear inner hair cells (Beurg et al. 2005), dorsal cochlear nucleus cartwheel 

cells (Irie and Trussell 2017), and dentate granule cells (Wang et al. 2016). 

The dependence of BK currents on the availability of local Ca2+ is supported by 

evidence that BK and Ca2+ channels co-localize with each other. BK-LTCC complexes 

have been isolated from heterologous cells (Berkefeld et al. 2006; Vivas et al. 2017) and 

native tissues (Berkefeld et al. 2006; Grunnet and Kaufmann 2004), indicating there are 

physical interactions between BK and LTCCs (Berkefeld et al. 2006; Vivas et al. 2017). 

BK-CaV1.3 complexes have been observed with super-resolution microscopy in HEK 

cells and hippocampal neurons, in which BK and CaV1.3 are clustered within tens of 

nanometers (Vivas et al. 2017). Likewise, IP3Rs and BK channels have been shown to 

co-localize within lipid rafts in glioma cells (Weaver et al. 2007). Disrupting the structure 

of these lipid rafts separates BK from IP3Rs, leading to a reduction in BK current 

(Weaver et al. 2007). SCN neurons also contain submembrane cisternae, which are 

portions of the ER that come in close proximity to the plasma membrane (Cassone et al. 

1988). SCN submembrane cisternae are typically enriched with IP3Rs and RyRs (Walton 

et al. 1991), making it likely that BK channels positioned over these cisternae can be 

activated by intracellular Ca2+ release.  

Recently, data from our lab has confirmed that both plasma membrane and 

intracellular Ca2+ channels are capable of providing Ca2+ to activate BK channels in SCN 
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neurons (Whitt et al. 2018), revealing that BK currents predominantly rely on Ca2+ from 

L-type Ca2+ channels (LTCCs) and ryanodine receptors (RyRs) (Whitt et al. 2018). 

However, whether Ca2+ currents from LTCCs and RyRs are sufficient to activate BK 

currents during a physiologically relevant stimulus, such as during an action potential, is 

still an open question.  

The activation of BK currents by Ca2+ could be a major mechanism regulating 

firing frequency over the circadian cycle in the SCN. Recently, data from our lab has 

confirmed that both plasma membrane and intracellular Ca2+ channels provide Ca2+ to 

activate BK channels in SCN neurons (Whitt et al. 2018), showing that the amplitude of 

macroscopic BK currents are reduced when  L-type Ca2+ channels (LTCCs) or ryanodine 

receptors (RyRs) are inhibited (Whitt et al. 2018).  
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Chapter 2: Specific Aims 

 

The critical roles of circadian rhythms, and the detrimental effects of their 

dysfunction on human health, emphasize the importance of understanding how robust 

circadian time signals are generated in the brain. This study tested the central hypothesis 

that intracellular Ca2+ is important for action potential rhythms in the SCN, the brain’s 

central clock. The specific aims below were designed to identify the Ca2+ channels 

contributing to circadian parameters of action potential firing and intracellular Ca2+ 

rhythms in SCN neurons and determine whether specific Ca2+ sources modulate firing 

frequency by activating Ca2+-dependent BK K+ channels during an action potential. 

Lastly, this study tested the effects of genetic variation on BK currents in a range of 

physiologically relevant conditions. The results of these experiments highlight the 

functional diversity of the BK channel, and provide novel insight into how Ca2+ and BK 

K+ currents contribute to circadian SCN outputs (Figure 2.1).  

  

Figure 2.1. Schematic of cellular pathways involved in each specific aim. 
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2.1 Identify the Ca2+ sources contributing to circadian action potential rhythms in SCN. 

Ca2+ currents could have an important role in regulating firing in the SCN. The goal of 

Aim 1 is to determine which Ca2+ channels are involved in generating circadian action 

potential rhythms in SCN neurons. VGCCs are likely to contribute to action potential 

firing because they are directly activated by depolarization of the plasma membrane and 

are regulated by the circadian clock.  

Hypothesis: Voltage-gated Ca2+ channels (VGCCs), are the predominant Ca2+ source 

contributing to action potential frequency and rhythmicity in the SCN. 

Approach: Measure the effects of voltage-gated and intracellular Ca2+ channel inhibitors 

on firing frequency in day and night and on the circadian parameters of action potential 

rhythms in the SCN.  

2.2 Identify the Ca2+ sources contributing to circadian Ca2+ levels in SCN neurons. 

Circadian rhythms in intracellular Ca2+ have been identified in SCN neurons. However, it 

is unclear which Ca2+ sources are responsible for generating these rhythms. Aim 2 will 

test which Ca2+ channels are contributing to the day-night difference in Ca2+ levels.  

Hypothesis: Ca2+ release from internal stores through RyRs is the predominant source of 

intracellular Ca2+.  

Approach: Use quantitative imaging to test the effects of Ca2+ channel inhibitors on 

cytosolic Ca2+ levels in the SCN at the peak and trough of the circadian cycle.  
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2.3 Determine whether Ca2+ from L-type Ca2+ channels can activate BK K+ channels 

during an action potential. 

Intracellular Ca2+ is required to activate BK channels during a neuronal action potential. 

Aim 3 will measure the activation of BK channels by Ca2+ from two L-type Ca2+ 

channels, CaV1.2 and CaV1.3, which have distinct current properties, to determine 

whether these two Ca2+ sources can differentially activate BK channels in response to an 

action potential stimulus.  

Hypothesis: CaV1.3 channels contribute to firing rate by providing the Ca2+ that activates 

BK channels prior to the action potential threshold, a critical phase known to control 

action potential initiation and thus regulate firing frequency in SCN neurons.  

Approach: Co-express BK channels with CaV1.2 or CaV1.3 channels in heterologous cells 

and measure BK currents activated in the presence of Ca2+ from each subtype during an 

action potential voltage command. 

2.4 Measure effects of single nucleotide polymorphisms in the human BK K+ channel. 

Hundreds of single nucleotide polymorphisms (SNPs) have been identified in the human 

BK channel alpha subunit. However, the functional effects of most SNP substitutions that 

change the amino acid sequence of the BK channel are unknown. In Aim 4, we identify 

potentially pathogenic SNP substitutions in the human BK channel and test their effects 

on BK currents.  

Hypothesis: SNP substitutions that are linked to disease or located in regions of the BK 

channel known to regulate voltage- or Ca2+-dependent activation would alter BK current 

properties.  
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Approach: Record macroscopic currents from wildtype and SNP-containing BK channels 

expressed in heterologous cells. Measure the effects of SNPs on BK currents evoked by 

standard voltage step protocol and by action potential commands.  
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Chapter 3: Ca2+ channel effects on action potential firing and 

rhythmicity in SCN1 

3.1 Introduction 

Ca2+ currents can participate in the regulation of firing rate by contributing to 

membrane depolarization during the action potential upstroke, or by activating Ca2+-

dependent K+ currents (Cloues and Sather 2003; Jackson et al. 2004; Pennartz et al. 

2002). Substantial evidence supports the idea that Ca2+ currents in the SCN are important 

for circadian rhythm outputs in action potential firing. However, the roles that specific 

VGCCs and intracellular Ca2+ channels have in regulating the circadian rhythms in action 

potential firing in the SCN have not been comprehensively addressed. 

There is significant evidence linking VGCCs to the circadian outputs in action 

potential firing in the SCN. The SCN expresses the major voltage-gated Ca2+ channel 

(VGCC) subtypes including L-type Ca2+ channels (LTCCs), P/Q-type Ca2+ channels 

(P/QTCCs), N-type Ca2+ channels (NTCCs), R-type Ca2+ channels (RTCCs) and T-type 

Ca2+ channels (TTCCs) (Cloues and Sather 2003; Nahm et al. 2005; Pennartz et al. 

2002). LTCC mRNA is abundantly expressed in the SCN (Nahm et al. 2005) and is 

subject to circadian functional regulation via alternative splicing (LTCC subtype CaV1.2) 

(Partridge and Carter 2017), and RNA-editing (CaV1.3) (Huang H 2012). LTCC currents 

are also regulated in a circadian pattern, comprising a larger percentage of the total Ca2+ 

current during the day (~30%) compared to the night (~18%) (McNally et al. 2019; Whitt 

et al. 2018). The upregulation of LTCC currents during the day contributes to 

subthreshold oscillations in membrane potential and the activation of Ca2+-dependent K+  

 
1McNally, B. A., Plante, A. E., & Meredith, A. L. (2020). Diurnal properties of voltage‐gated Ca2+ 

currents in suprachiasmatic nucleus and roles in action potential firing. The Journal of physiology, 598(9), 

1775-1790. 
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currents in SCN neurons (Jackson et al. 2004; McNally et al. 2019; Pennartz et al. 2002; 

Whitt et al. 2018). Consistent with this, selective inhibition of LTCCs has been shown to 

reduce the firing frequency of SCN neurons specifically during the day but has little 

effect on firing rate at night (Whitt et al. 2018). Furthermore, LTCCs are important for 

the SCN to respond to light inputs. In rats, genetic knockout of LTCC CaV1.2 reduces the 

ability of SCN neurons to shift their action potential firing rhythms in response to light in 

vivo (Schmutz et al. 2014). Pharmacological inhibition of LTCCs abolishes glutamate-

induced shifts in action potential firing in SCN slices in vitro (Kim et al. 2005). These 

data support the hypothesis that LTCCs are critical for the circadian outputs in action 

potential firing in the SCN.  

Other VGCCs are potentially involved in the day-night regulation of firing rate in 

the SCN, although the data for these subtypes are more limited. Ni2+-sensitive RTCCs 

appear to contribute a large percentage of the total Ca2+ currents (~50%) (Cloues and 

Sather 2003) and inhibition of RTCC currents has been shown to significantly reduce the 

action potential afterhyperpolarization (AHP) in SCN neurons (Cloues and Sather 2003). 

TTCC currents show circadian variation in retinorecipient neurons within the SCN (Kim 

et al. 2005), and genetic knockout of TTCC CaV3.1 (α1G) produces altered sleep 

oscillations and increased waking periods in mice (Lee et al. 2004). P/QTCCs have been 

shown to regulate the release of GABA, a major neurotransmitter in the SCN (Chen and 

van den Pol 1998). N- and P/QTCC inhibitors have also been shown to produce a slight 

decrease in firing rate and small changes in the AHP in SCN during the day (Cloues and 

Sather 2003; McNally et al. 2019). Altogether, this evidence suggests several VGCCs (L-

, N-, P/Q-, R- and T-type) could be involved in action potential firing and rhythmicity in 
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the SCN, emphasizing the need to investigate how each of these channels affects action 

potential firing over the circadian cycle. 

Besides Ca2+ from VGCCs at the plasma membrane, intracellular Ca2+
 channels 

have also been implicated in the circadian generation of action potential firing and 

rhythms in the SCN. Ryanodine receptors (RyRs), or intracellular Ca2+ stores, may have a 

role in regulating SCN action potential activity. In vitro, RyR inhibition with dantrolene 

blocks glutamate-induced phase shifts in firing rhythms of SCN slices during the early 

night (Ding et al. 1998). Similarly, activation of RyRs with 10 µM ryanodine has been 

shown to induce phase shifts in firing rate in SCN slices  (Diaz-Munoz et al. 1999). 

Indeed, RyR isoforms 1 and 2 (RyR1 and RyR2) have been identified in the SCN (Diaz-

Munoz et al. 1999). RyR2, which appears to be the most abundantly expressed isoform, 

exhibits a circadian pattern in expression with RyR2 mRNA and protein more highly 

expressed during the day (Diaz-Munoz et al. 1999; Pfeffer et al. 2009). This increase in 

RyR2 expression during the day is consistent with the increase in intracellular Ca2+
 levels 

during the daytime, implicating a role for RyR-mediated Ca2+ release in the circadian 

regulation of intracellular Ca2+.  

Even though RyR expression is increased during the day, multiple studies have 

shown RyRs may affect SCN action potential firing rate in day and night. One study has 

shown activating RyRs with 100 nM ryanodine can significantly reduce action potential 

frequency during the day (Aguilar-Roblero et al. 2016; Whitt et al. 2018) and the night 

(Aguilar-Roblero et al. 2016). However, the effects of RyR inhibitors have been less 

conclusive since the effects of on firing can vary greatly from cell to cell in SCN slices. 

One study has shown RyR inhibition with dantrolene produces an overall increase in 
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firing rate during the night, without significantly affecting firing during the day (Whitt et 

al. 2018). Other studies have shown RyR inhibitors can have more heterogeneous effects 

on firing, producing either an increase, a decrease, or had no effect on firing rate, 

depending on the cell (Aguilar-Roblero et al. 2007; Aguilar-Roblero et al. 2016). This 

evidence supports the prediction that RyRs can indeed influence action potential firing in 

the SCN but their overall contribution to the net signal in firing rate in day and night 

remains unclear and the involvement of RyRs on action potential rhythmicity have not 

yet been tested.  

There is even less data on the effects of 1,4,5-inositol trisphosphate receptors 

(IP3Rs) in action potential firing and rhythmicity in the SCN. Multiple IP3R isoforms (1 

and 3) have been detected in the SCN (Hamada et al. 1999b). IP3R3 expression is 

restricted to astrocytes, while IP3R1 is mainly expressed in SCN neurons (hamada 

1999b). There is some evidence that neuronal expression of IP3R1 mRNA exhibits a 

circadian pattern, with transcript levels peaking in the early night (Hamada et al. 1999b). 

The inhibition of IP3Rs with 50-100 µM 2-APB has been shown to block optic nerve 

stimulation-evoked field potentials in the SCN and block phase shifts in action potential 

firing in response to glutamate during the early night, suggesting that Ca2+ release 

through IP3Rs could potentially be involved in the circadian regulation of firing rate 

(Hamada et al. 1999a), but there is not enough data to determine the contributions of 

IP3Rs to firing rate and their effects on action potential rhythms are unknown.  

Altogether, these data substantiate the need to further test the roles of these 

different Ca2+ channel subtypes in action potential firing and rhythmicity in the SCN. In 

this study, we identify which Ca2+ channel subtypes contribute to firing frequency in day 
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versus night, and whether these Ca2+ currents affect the circadian parameters of action 

potential rhythms in the SCN. The effects of pharmacological inhibitors of VGCCs and 

intracellular Ca2+ channels on day and night action potential frequency were assessed 

using extracellular action potential recordings from acutely dissected SCN slices during 

the light portion or the dark portion of the circadian cycle. The effects of pharmacological 

inhibition of VGCCs and intracellular Ca2+ channels on circadian parameters (percentage 

of rhythmic recordings, χ2 amplitude, period length) of firing rhythms were assessed 

using extracellular multi-unit action potential frequency recordings from organotypic 

SCN slices cultured on multi-electrode arrays.  

3.2 Methods 

Animals 

Wild-type (WT) C57BL/6J mice (Jackson Laboratories) were bred and housed on 

a standard 12:12-hour light–dark cycle (for day timepoint harvests) or a reverse 12:12-h 

light–dark cycle (for night harvests).  Male and female mice were sacrificed for 

experiments at 3-8 weeks old for acute SCN slice experiments, or postnatal day 4 for 

organotypic SCN cultures. All procedures involving mice were carried out according to 

the University of Maryland School of Medicine Animal Care and Use Guidelines and 

approved by the Institutional Animal Care and Use Committee. 

Acute SCN slice preparation and electrophysiology 

As described previously (Whitt et al. 2018), mice were anesthetized with 

isoflurane, decapitated and enucleated under dim red light at 1-3 hrs after lights on 

(zeitgeber time, ZT 1-3) for day timepoints or 2-4 hrs after lights off (ZT 14-16) for night 

recording timepoints, which corresponded to a local time of 7:00-10:00 h. Brains were 
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rapidly removed and placed in ice-cold sucrose-substituted artificial cerebral spinal fluid 

(ACSF) containing (in mM): 1.2 MgSO4, 26 NaHCO3, 1.25 Na2HPO4, 3.5 KCl, 3.8 

MgCl2, 10 glucose and 200 sucrose. Coronal slices (300 µm) were cut using a vibratome 

(Leica Biosystems; VT1000S) and oxygenated by bubbling with mixed 5% carbon 

dioxide and 95% oxygen gas at 3–4 °C. 

SCN slices were incubated 1-3 hrs at room temperature (25-27°C) in a recovery 

chamber submerged in oxygenated ACSF containing (in mM): 125 NaCl, 1.2 MgSO4, 26 

NaHCO3, 1.25 Na2HPO4, 3.5 KCl, 2.5 CaCl2 and 10 glucose with osmolality adjusted to 

~300 mOsM with glucose. SCN slices were transferred to a recording chamber (Figure 

3.1) (Warner Instruments, Hamden, CT, USA; RC26GLP/PM-1) and constantly bath-

perfused with oxygenated ACSF at a rate of ~1 ml min-1 via gravity flow at 25°C. 

Neurons were visualized with a Luca-R DL-604 EMCCD camera (Andor, Belfast, UK) 

under 40X magnification on an FN1 upright microscope (Nikon, Melville, NY, USA).  

 

Figure 3.1. Acutely dissected SCN slice. Coronal section of an acutely dissected mouse 

SCN slice under 4X magnification. Bilateral SCN nuclei are located lateral to the third 

ventricle (3V) and posterior to the optic chiasm (OC). The regions of the SCN used for 

current- and voltage-clamp experiments are circled in red. 
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Experiments were performed in a 4-hr time window across the peak of action 

potential activity for day recordings (between ZT 4-8) or across the trough of action 

potential activity (ZT 17-21) for night recordings, which corresponded to a local time of 

10:00-14:00 h. Extracellular action potential frequencies (spikes/second = Hz) were 

recorded in current-clamp mode from neurons within the boundaries of the SCN using 

borosilicate glass electrodes (Sutter Instruments, Novato, CA, USA; BP150-86-10) with 

resistances of 10-40 MΩ filled with 2 M NaCl. Data were acquired at a 50 kHz sampling 

rate and on-line filtered at 1 kHz with a MultiClamp 700B amplifier and Digitdata 1440A 

digitizer with pCLAMP v10.3 software (Molecular Devices, Sunnyvale, CA, USA). 

Action potentials were recorded in 0.5 to 1-minute sweeps throughout the dorsomedial 

and ventrolateral regions of the SCN (Figure 3.1). Firing frequency was determined by 

threshold-based templates using Clampfit v10.3 software (Molecular Devices, Sunnyvale, 

CA, USA), setting the threshold > 50% above the noise. Baseline control action potential 

frequencies were recorded in ACSF alone. Ca2+ channel inhibitors were individually 

bath-applied by gravity perfusion.   

Organotypic SCN culture and MEA recordings 

Before first use, multi-electrode array (MEA) probes (Alpha MED Scientific Inc., 

Osaka, Japan; MED-P210A) were submerged in distilled water overnight, filled for 12 

hrs with 0.01% polyethyleneimine (PEI) solution (1% PEI (Sigma, Darmstadt, Germany; 

P3143) stock solution diluted to a working concentration of 0.1% in 25 mM borate buffer 

(pH 8.0), then rinsed 4X with sterile distilled water as per the manufacturer’s instructions 

(available at: http://www.med64.com/documentation/). Probes were sterilized with 70% 

ethanol and exposure to UV light and stored submerged in sterile distilled water at 4°C 
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until use. On the day before plating slices, probes were and pre-coated with 500 µL of 0.1 

mg/mL calf-skin collagen (Sigma, Darmstadt, Germany; C8919) for 6 hours at room 

temperature, or 12 hours at 4°C then rinsed 4Xwith sterile distilled water as described 

(Montgomery et al. 2013; Whitt et al. 2016). Between experiments, MEA probe dishes 

were cleaned with 0.25% trypsin (Thermo Fisher Scientific, Waltham, MA, USA; 

25200114), sterilized with 70% ethanol and exposure to UV light (for 15 minutes) and 

rinsed 4X in sterile distilled water. MEA probes were re-used ~10 times or until 

electrodes exhibited baseline electrical noise with an amplitude > 10 µV. Immediately 

before plating slices, MEA probes were filled with 500 µL of culture media and 

equilibrated for ≥ 1 hour in a 5% CO2 incubator at 37°C.  

Organotypic SCN slices were prepared as described in (Montgomery et al. 2013; 

Whitt et al. 2016) with some modifications (Figure 3.2). Brains were dissected from four- 

 
Figure 3.2. Organotypic SCN slice culture preparation and experiment workflow. 
The hypothalamus from postnatal day 4 (P4) mouse brains are dissected and sliced into 

coronal sections on a manual tissue slicer. SCN slices are plated onto MEA probes and 

cultured for 10 days, and then spontaneous extracellular activity is recorded for 3 days of 

baseline and for 3 days following a medium exchange (50%) containing vehicle or drugs.  
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day-old mouse pups in ice-cold dissection medium containing 1X bicarbonate-free 

DMEM (Gibco; 12100-046), 10 mM HEPES (pH 7.2; Thermo Fisher Scientific, 

Waltham, MA, USA; BP310-100), 100 U/mL Penicillin/Streptomycin (Mediatech, 

Manassas, VA, USA; 30-002-CI), 2 mM L-glutamine (Mediatech, Manassas, VA, USA; 

25-005-CI). Coronal slices (300 µm) were made on a manual tissue chopper (Stoelting, 

Wood Dale, IL, USA). Slices containing the rostro-caudal center of the SCN were plated 

directly onto MEA probes and cultured as surface interface explants in 300 µL of culture 

medium in an incubator at 37°C with 5% CO2. Culture medium contained: 50 % MEM 

(Gibco, Gaithersburg, MD, USA; 11095-080), 25 mM HEPES (pH 7.2; Thermo Fisher 

Scientific, Waltham, MA, USA; BP310-100), supplemented with 25% horse serum 

(Gibco, Gaithersburg, MD, USA; 16050-130), 100 mg glucose, 100 U/mL 

Penicillin/Streptomycin (Mediatech, Manassas, VA, USA; 30-002-CI), and 2 mM L-

glutamine (Mediatech, Manassas, VA, USA; 25-005-CI).  

During the first 8 days in culture, the MEA probe dishes were left unsealed to 

allow free gas exchange but placed in 100 mm petri dishes and surrounded with 10 mL 

sterile distilled water to maintain humidity. 100 mm petri dishes were sealed with 

parafilm to prevent evaporation. Culture medium was changed every 48 hours for the first 

8 days in culture, and every 72 hours thereafter (50% volume exchange). 20 μM cytosine 

β-D-arabinofuranoside (Ara-C, Sigma, Darmstadt, Germany; C6645) was added to the 

culture medium on day 2 to inhibit glial cell proliferation (Welsh et al. 2005).  

On day 8, MEA probe dishes were sealed with sterilized vacuum grease and a 

glass coverslip and connected to the amplifier headstage. Extracellular action potential 

recordings were performed at days 10-24 in culture using a MED64-Plex8 amplifier 
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system (Alpha MED Scientific Inc., Osaka, Japan). Spontaneous action potential activity 

from each SCN slice was acquired from 5 sec sweeps every 5 minutes for 3 days of 

baseline recording and 3 days after drug application. Data were acquired with input range 

2.3 mV, low cut frequency at 100 Hz and high cut frequency at 10000 Hz (Mobius 

vWin7, Alpha MED Scientific Inc., Osaka, Japan), and firing frequency was determined 

from negative-going action potential events during each 5 sec sweep using threshold-

based counting at ~1.5X the level of baseline noise (typically between -10 to -25 µV).  

The baseline noise level was typically ± 5 µV.   

Drugs or vehicle controls were added to the culture media along with a 50% 

media exchange applied during the middle of the third trough in baseline activity 

(identified based on the timing of the second trough in baseline activity). Drugs were 

diluted to 2X the working concentration in culture medium, pre-warmed in a 5% CO2 

incubator at 37°C, then used for a 50% medium exchange to achieve a final working 

concentration of 1X. 

Data analysis and statistics 

For MEA experiments, electrodes located within the boundaries of the SCN were 

visually identified under a bright-field microscope at 4X magnification and imaged using 

an eyepiece camera (AmScope; MD200). Raw frequencies from these electrodes were 

plotted over time in Excel (Microsoft 2016), smoothed with a 2-hour moving window 

average, and used to calculate the percentage of electrodes with rhythmic activity, period 

length and frequency peak:trough ratio (PTR = |Peak-Trough|/Peak frequency) (Figure 

3.3). 
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Figure 3.3. Circadian action potential rhythm analysis parameters. Action potential 

frequency recorded from a single MEA electrode in the SCN for 3 cycles of baseline and 

3 cycles following the application of drug or vehicle controls along with a medium 

exchange (*). Raw frequency data (red dots) smoothed with a 2-hour moving window 

average (solid blue line) and used to calculate the percentage of rhythmic recordings in 

the SCN, period length, Peak:Trough ratio (PTR) and χ2 amplitude for each condition. 

 

For each slice, PTR was calculated from the peak and trough frequency of the 

second activity cycle in baseline and second activity cycle after drug application. 

Recordings within the SCN were classified as rhythmic if there was one circadian peak 

per 24-hour cycle (across 3 cycles) with the average peak value being ≥ 3 Hz than the 

trough value. Recordings were classified as arrhythmic if the activity pattern failed to 

meet these criteria. Only slices exhibiting rhythmic activity from ≥ 70 % of electrodes 

within the SCN during baseline recordings were used for experiments and analyzed. 

Period length was calculated as the time between peaks in firing frequency.  

For χ2 amplitude analysis, text files containing the frequency values from the 2-

hour moving window average for all time points spanning three full peaks and two full 

troughs of activity were generated for baseline recordings and for post-drug or vehicle 
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control recordings from each slice. The χ2 amplitude was determined from a χ2 

periodogram plotted from plotted from 3 cycles of baseline data and 3 cycles of data after 

drug application (two peaks and 3 troughs for each segment) (ClockLab 2010, 

Actimetrics, Wilmette, IL, USA). The circadian amplitude was reported as the highest χ2 

periodogram peak value above the 99% confidence interval corresponding to the period 

length manually calculated for each slice in baseline and post-drug or vehicle control 

conditions. For each slice, the χ2 amplitude of the circuit was measured from all 

electrodes within the SCN (rhythmic and arrhythmic). The χ2 amplitude was also 

separately calculated from only the rhythmic recordings within the SCN.  

  All data are reported as mean ± SEM. N’s in figure legends are the number of 

neurons recorded, with 1–6 neurons per animal for voltage-clamp and action potential 

recordings. N’s for MEA experiments are the number of recordings per SCN and the 

number of SCNs per condition. Data for each condition was derived from a minimum of 

two animals. Statistical significance was determined at P < 0.05 by using statistical tests 

in Prism v8.0.2 (Graphpad Software, San Diego, CA, USA). For acute slice experiments, 

statistically significant differences in extracellular action potential frequencies ± drugs 

were tested using One-way ANOVA with Bonferroni’s post hoc correction for multiple 

comparisons. Significant differences in whole-cell action potential frequency waveform 

parameters before and after application of vehicle control or drugs were tested using 

paired Student’s t-tests (or unpaired Student’s t-tests for dantrolene experiments). Paired 

Student’s t tests were used to compare MEA rhythm parameters before and after Ca2+ 

channel inhibitor application. P values are reported in the text or in the figure legends.  

Drugs 
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Drugs were used at final concentrations of 10 µM nimodipine (Nim, Alomone 

Labs, Jerusalem, Israel; N150), 10 µM dantrolene (Dan; Sigma, Darmstadt, Germany; 

D9175), 1 µM cyclopiazonic acid (CPA; Alomone Labs, Jerusalem, Israel; C-750), 3 µM 

ω-conotoxin GVIA (ConoGVIA; Alomone Labs, Jerusalem, Israel; C-300), 200 nM ω-

agatoxin IVA (AgaIVA; Alomone Labs, Jerusalem, Israel; STA-500), 1 µM TTA-P2, 

(TTAP2; Alomone Labs, Jerusalem, Israel; T-155), 200 µM CdCl2 (Cd2+; Sigma; 

529575), 30 µM NiCl2 (Ni2+; Sigma; 22387), 10 µM Xestospongin C (XeC; Tocris 

Bioscience, Bristol, UK; 1280) 5 µM Bay K8644 (BayK; Sigma, Darmstadt, Germany; 

B133). Stocks (1000X) were prepared in DMSO (Nim, Dan, CPA, TTAP2, XeC, BayK) 

or water (ConoGVIA, AgaIVA, Ni2+, Cd2+) and stored at -20°C. All drugs were diluted to 

working concentrations on the same day experiments were carried out. 

3.3 Results 

Effects of VGCCs on SCN action potential frequency 

To identify which Ca2+ channel subtypes are involved in action potential firing, 

and whether the same Ca2+ channels affect action potential frequency in day versus night, 

we screened the effects of these Ca2+ channel inhibitors on spontaneous extracellular 

action potential frequency recorded from acute SCN slices (Figure 3.4A). Under control 

(Ctrl) conditions, SCN slices exhibited a robust day-night difference in neuronal firing, 

which was ~2-fold higher for day compared to night (Figure 3.4B, C) (P < 0.0001, 

unpaired Student’s t test).  

 



 

 

31 

 

 
Figure 3.4. Ca2+ channel inhibitors differentially affect firing frequency of SCN 
neurons between day and night. A) Representative extracellular recordings of 

spontaneous action potential activity recorded from SCN neurons in day and night. B) 

Daytime firing was decreased in Cd2+ (P = 0.01, N= 26 recordings, 2 slices), Nim (P = 

0.03, N= 25, 2), ConoGVIA (P = 0.01, N= 34, 2), AgaIVA (P = 0.01, N= 37, 2), Ni2+ (P 

= 0.01, N= 48, 2), Dan (P = 0.01, N= 25, 2) and CPA (P = 0.04, N= 22, 2) compared to 

control day slices (Ctrl, N = 117, 15). C) Nighttime firing decreased in Cd2+ (P = 0.01, N 

= 35, 2) but increased in Dan (P = 0.01, N = 55, 2) and CPA (P = 0.01, N= 45, 2) 

compared to control night slices (Ctrl, N = 139, 12). TTAP2 had no effect on firing in 

day (P = 1, N = 20, 2) or night (P = 1, N = 20, 2). Dotted lines indicate average Ctrl 

frequency for day (2.5 ± 0.1 Hz) and night (0.82 ± 0.06 Hz).  N’s are number of 

recordings, number of slices. Significance (*, P < 0.05) tested with One-way ANOVA 

with Bonferroni’s post hoc correction between Ctrl and drug conditions. 

 

Ca2+ channel inhibitors were then applied at 133–4500X the IC50 values (Boland 

et al. 1994; Cloues and Sather 2003; Dreyfus et al. 2010; Lewis et al. 2000; Marchetti et 

al. 1995; McDonough et al. 1996; Mintz et al. 1992; Randall and Tsien 1995; Tottene et 

al. 1996; Zamponi et al. 1996). First, we examined the effects of the nonspecific VGCC 

inhibitor, Cd2+, which effectively inhibits all Ca2+ influx through plasma membrane 

VGCCs (McNally et al. 2019). During the day, firing frequency was significantly 

reduced in the presence of Cd2+ by 72 ± 9 % compared to control recordings (Figure 

3.4A, B). Next, we tested the effects of inhibitors targeting specific VGCC subtypes. 

Daytime firing frequency was decreased with inhibitors of L-type (Nim, -26 ± 9 %), N- 
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type (ConoGVIA, -64 ± 8 %), P/Q-type (AgaIVA, -68 ± 8 %) and R-type (Ni2+, -48 ± 8 

%) channels (Figure 3.4A, B). 

In contrast, during the night, when firing rate is relatively low, the only VGCC 

inhibitor that significantly affected nighttime action potential frequency was the 

nonspecific VGCC inhibitor, Cd2+, in which there was a 60 ± 18% decrease in firing 

frequency compared to control recordings. Other VGCC inhibitors did not affect 

nighttime action potential frequency (Figure 3.4A, C). T-type channel inhibitor TTAP2 

did not significantly affect action potential frequency in either day or night, suggesting T-

type Ca2+ currents are not the predominant contributors to action potential frequency in 

the SCN.  These data identify that multiple VGCC subtypes, including L-, N-, P/Q-, and 

R-type Ca2+ channels, are major contributors to spontaneous firing in SCN neurons 

specifically during the day but not at night.  

Effects of intracellular Ca2+ channels on SCN action potential frequency 

Intracellular Ca2+ channels have been shown to be involved in modulating firing 

frequency of SCN neurons (Aguilar-Roblero et al. 2007; Aguilar-Roblero et al. 2016; 

Whitt et al. 2018). We tested the effects of inhibiting ryanodine receptors (RyRs) with 

dantrolene (Dan, 10 µM) and SERCA-ATPase with cyclopiazonic acid (CPA, 10 µM). 

Dantrolene is expected to selectively inhibit RyRs (IC50 = 0.16 µM for isoforms RyR1 

and RyR2) and decrease Ca2+-induced Ca2+ release from intracellular stores by 50-60% 

(Oo et al. 2015). CPA, a selective inhibitor of SERCA-ATPase, is expected to disrupt 

Ca2+ re-uptake into the endoplasmic reticulum, subsequently leading to the depletion of 

internal Ca2+ stores and inhibition of Ca2+ release (de Juan-Sanz et al. 2017). 



 

 

33 

 

In this study, during the day, the intracellular Ca2+ channel inhibitors had a more 

minor effect on firing compared to VGCC inhibitors. Compared to control recordings, 

daytime firing frequency was slightly decreased with the inhibition of RyRs (Dan, -30 ± 

9 %) and SERCA (CPA, -26 ± 9 %) (Figure 3.4A, B).   

During the night, firing frequency was increased with the RyR inhibitor Dan by 

+101 ± 15 % and CPA +122 ± 16 % (Figure 3.4A, C).  This data shows that, in contrast 

to VGCCs, which affected only daytime firing, intracellular Ca2+ channels (RyRs), or 

Ca2+ release from intracellular Ca2+ stores, can influence action potential firing in both 

day and night. Since disrupting Ca2+ stores with the SERCA inhibitor CPA did not have a 

larger effect on firing rate compared to inhibition of RyRs alone at either timepoint (day 

P = 0.7, night P = 0.4; unpaired student’s t test), and due to limited availability of IP3R 

inhibitors, we did not test the acute effects of inhibiting IP3Rs with XeC on firing rates. 

Effects of VGCC and intracellular Ca2+ channels on action potential rhythmicity 

Next, to determine whether these Ca2+ channels can also affect the circadian 

rhythms of action potential firing, we recorded extracellular action potential activity from 

organotypic SCN slices cultured on multi-electrode array (MEA) probes. Over multiple 

circadian cycles, the day-night difference in firing frequency is observed as a sinusoidal 

oscillation in firing frequency that is synchronized across the SCN. For each slice, action 

potential activity was recorded for 3 days of baseline and 3 days post-drug application. 

The number of recording electrodes within the SCN ranged from 9 to 28 for each slice. 

To evaluate the effects of each drug on circadian component of action potential firing, 

rhythmic parameters included the percentage of rhythmic recordings in the SCN, the 

period length, and the amplitude from a χ2 periodogram, which was used as a measure of 
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rhythm synchrony and precision. The Peak:Trough ratio (PTR) was used to measure the 

magnitude of the day-night difference in firing within a single 24-hour cycle (the second 

cycles from each baseline and drug condition). For each parameter, paired comparisons 

were made between baseline and post-drug rhythms (Figure 3.5). 

 

 
 

Figure 3.5. Effect of Ca2+ channel inhibitors on SCN action potential rhythmicity. 

A–F) Representative spontaneous action potential activity recorded from organotypic 

SCN slices over 3 days of baseline control (Ctrl) and 3 days following the application of 

drugs: vehicle control (Veh) (A), 10 µM nimodipine (Nim) (B), 3 µM ConoGVIA (C), 

200 nM AgaIVA (D), 30 µM Ni2+(E), 5 µM Bay K (F), 10 µM Dan, 10 µM CPA, and 10 

µM XeC. Each line is firing rate recorded at a single electrode within the SCN. G) 

Percentage of recordings from electrodes within the SCN that exhibited rhythmic firing. 

Paired t tests were used to measure significant differences (*, P < 0.05) between baseline 

control to after drug values. The percentage of rhythmic recordings decreased in 

nimodipine (P = 0.02), ConoGVIA (P = 0.04), AgaIVA (P = 0.005), Ni2+ (P = 0.008) and 

Bay K (P = 0.02). H) χ2 amplitude quantified from the rhythmic recordings. χ2 amplitude 

of rhythmic recordings decreased in nimodipine (P = 0.04), ConoGVIA (P = 0.04), 

AgaIVA (P = 0.03), Ni2+ (P = 0.04) and Bay K (P = 0.04). I) Period length from the 

rhythmic recordings. Period length was increased in Dan (P = 0.04). Individual data 

points in panels G–I are the slice mean ± SEM values (from the recordings within one 

slice): Veh (N = 198 recordings, 11 slices), nimodipine (N = 123, 8), ConoGVIA (N = 

91, 5), AgaIVA (N = 63, 5), Ni2+ (N = 84, 5), TTAP2 (N = 57, 3), Dan (N = 101, 5), CPA 

(N = 93, 5), XeC (N= 32, 2) and Bay K (N = 75, 4). 
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Initially, we observed whether the decrease in firing during day, or increased 

firing at night due to these inhibitors would have an impact on the average PTR, which is 

a measure of the normalized amplitude of the day-night difference in firing rate at the 

level of the SCN circuit. Vehicle controls had to effect on the PTR (P = 0.06; paired 

Student’s t test), whereas inhibitors Nimodipine and AgaIVA produced a significant 

decrease in the PTR compared to their respective baselines (Nimodipine, -27 %, P = 

0.002; AgaIVA, -16%, P = 0.04; paired Student’s t tests). This indicates that the daytime-

specific effects of these inhibitors on firing rate in acute SCN slices is also observed in 

the net output of the SCN, producing a collapse of the day-night difference in firing rate. 

However, the PTR does not inform as to whether there are changes in rhythmicity, only 

the overall firing rate between two discrete timepoints, and is not sensitive to changes in 

synchronization of rhythms across the slice. 

Next, we evaluated the effects of each inhibitor on parameters that were measured 

across multiple circadian cycles as a test of their effects on rhythmicity. Although there 

was some variability in the magnitude of baseline action potential activity between 

individual slices, there were no significant differences in parameters between baseline 

recordings across all conditions, including the percentage of rhythmic recordings (F = 

0.41(8, 42), P = 0.9), the χ2 amplitude of the circuit (F = 0.54 (8, 43), P = 0.8), or the χ2 

amplitude of rhythmic recordings (F = 0.59 (8, 43), P = 0.8) tested using a one-way 

ANOVA with Tukey’s post-hoc test for multiple comparisons. Additionally, application 

of a vehicle control (either culture media alone, or culture media containing < 0.01% 

DMSO) during a 50% medium exchange had no effect on these parameters compared to 

the baseline recordings (Figure 3.5A, G-I), showing that this manipulation did not alter 
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rhythmic activity. Application of VGCC inhibitors, however, had noticeable effects on 

action potential rhythms compared to their respective baseline recordings (Figure 3.5B-

F). Compared to baseline, the percentage of rhythmic recordings was decreased following 

the application of Nimodipine (-19 ± 6 %), ConoGVIA (-17 ± 6 %), AgaIVA (-28 ± 5 %) 

and Ni2+ (-29 ± 7 %) (Figure 3.5G). Along with this decrease in the number of rhythmic 

recordings, the χ2 amplitude of the SCN circuit, which was measured from the activity 

across all electrodes in the SCN, was decreased in Nimodipine (-50 ± 20 %, P = 0.04), 

ConoGVIA (-51 ± 18 %, P = 0.04), AgaIVA (-63 ±14 %, P = 0.01) and Ni2+ (-48 ± 20 %, 

P = 0.04). This data shows the VGCCs involved in firing frequency at the cellular level 

can also have an effect on the rhythmic output of the entire SCN circuit.  

To determine whether this reduction in the χ2 amplitude of rhythms at circuit level 

could be due to a decrease in the number of neurons exhibiting rhythmic activity, or due 

to a degradation of the remaining rhythms, we measured the χ2 amplitude from the 

electrodes that retained rhythmic activity in the presence of Ca2+ channel inhibitors. Of 

the rhythmic recordings that remained, the χ2 amplitude was decreased in Nimodipine (-

50 ± 20 %), ConoGVIA (-40 ± 13 %), AgaIVA (-47 ± 14 %) and Ni2+ (-42 ± 16 %) 

compared to baseline rhythms. This indicates that the rhythmic activity recorded in the 

presence of these VGCC inhibitors was less robust, even though it qualified as a rhythmic 

signal. However, Nimodipine, ConoVIA, AgaIVA, and Ni2+ did not affect period length 

(Figure 3.5I). These data suggest that altered firing activity with inhibition of L-, N-, P/Q-

, and R-type channels disrupts the strength of the circadian rhythm, but not the basic 

periodicity of the rhythm.  In contrast, TTAP2 had no effect on the percentage of 

rhythmic recordings (P = 1), circuit χ2 amplitude (P = 0.3), rhythmic χ2 amplitude (P = 
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0.3), or period length (P = 0.2), which is consistent with the result that TTAP2 had no 

effect on extracellular action potential frequency in day or night (Figure 3.4B, C). These 

results suggest L-type, N-, P/Q- and R-type Ca2+ channels are involved in daytime action 

potential firing as well as the generation of circadian rhythms in action potential firing in 

the SCN.  

Because L-type Ca2+ currents are regulated in a circadian pattern (Pennartz et al. 

2002; Whitt et al. 2018), we tested the effects of the L-type Ca2+ channels on action 

potential rhythmicity using the agonist, Bay K8644 (Bay K). Bay K8644 has been shown 

to abolish the day versus night difference in the magnitude of macroscopic L-type Ca2+ 

currents recorded from individual neurons (McNally et al. 2019). Chronic treatment of 

SCN slices on MEAs with Bay K8644 decreased the percentage of rhythmic recordings (-

37 ± 8 %), χ2 amplitude of the circuit (-67 ± 20 %, P = 0.04), and χ2 amplitude of the 

remaining rhythmic recordings (-62 ± 19 %) but had no effect on period length compared 

to baseline rhythms (P = 0.4) (Figure 3.5G-I). These results suggest that not only the 

expression but the circadian regulation of L-Type Ca2+ currents could be important for 

maintaining rhythmic activity in the SCN. 

The impact of intracellular Ca2+ channels on action potential rhythms were less 

clear. We tested the effects of inhibiting of RyRs with dantrolene, IP3Rs with XeC, and 

SERCA with CPA. Although application of Dan and CPA had acute effects on 

extracellular action potential frequency in both day and night (Figure 3.4B, C), these 

inhibitors had no effect on the percentage of rhythmic recordings (Dan, P = 0.4; CPA P = 

0.2), the χ2 amplitude of the circuit (Dan, P = 0.8; CPA P = 0.1), or the χ2 amplitude of 

rhythmic recordings (Dan, P = 0.6; CPA, P = 0.2) compared to baseline rhythms (Figure 
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3.5G-I). However, Dan did significantly increase the period length by 1.5 ± 0.5 hours 

compared to baseline control recordings. Since inhibiting SERCA with CPA did not have 

significant effects on action potential rhythmicity, we did not expect specific inhibition of 

IP3Rs alone to have a large impact on rhythm parameters. Indeed, we found that 

inhibiting IP3Rs with XeC did not produce any change in the percentage of rhythmic 

recordings, or significant differences in the χ2 amplitude of rhythmic recordings (P = 0.4), 

or period length (P = 0.5) compared to baseline controls (Figure 3.5G-I). Since Ca2+ is a 

critical signaling component in a large number of cellular processes, intracellular Ca2+ 

levels are typically tightly controlled. It could be that effects of Dan, CPA, and XeC on 

rhythmic activity could not be observed in this study due to the presence of regulatory 

mechanisms that actively maintain Ca2+ homeostasis. This possibility could factor into 

the discrepancy between the acute effects of Dan and CPA on firing frequency, which 

produced a decrease in firing during the day and increase at night, and the lack of their 

effects on rhythmicity over a longer time scale. Thus, the roles of intracellular Ca2+ 

channels on rhythmicity, and the circadian regulation of intracellular Ca2+ in the SCN, 

requires further investigation. 

3.4 Discussion  

In this study, we used a comprehensive list of Ca2+ channel inhibitors to address 

the contributions of specific voltage-gated and intracellular Ca2+ channels to day and 

night extracellular action potential frequency and circadian rhythmicity in the SCN. With 

this approach, we identified that L-, N-, P/Q-, and R-type Ca2+ channels made the greatest 

contribution to action potential outputs, with inhibitors for each subtype producing a 

significant decrease in the daytime firing frequency. This result aligns with recent data 
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from our lab showing that these specific Ca2+ channel subtypes contribute the largest 

percentage of the total macroscopic Ca2+ current in SCN neurons during the day (L-, 

35%; N-, 45%; P/Q-, 20%; R-, 45%;) and the night (L-, 22%; N-, 25%; P/Q-, 20%; R-, 

30%) (McNally et al. 2019). In contrast, T-type Ca2+ currents, which had no effect on 

action potential firing or rhythmicity, comprised a slightly smaller percentage of the total 

Ca2+ currents (15% in day, 25% in night). Furthermore, T-type currents were only found 

in a small number of neurons of SCN neurons tested, present in 27% and 18% of neurons 

in day and night, respectively. This suggests the lack of effects of TTAP2 on extracellular 

action potential firing could be due to the limited prevalence of T-type Ca2+ currents.  

However, the effects of L-, N-, P/Q-, and R-type Ca2+ channel inhibitors on firing 

frequency were only observed during the day, even though a significant portion of 

currents from these channels were still present in SCN neurons at night. One explanation 

for this discrepancy is that each VGCC inhibitor alone produced a small, albeit 

statistically insignificant, decrease in firing rate at night (Nimodipine, -13.4%; 

ConoGVIA, -24%; AgaIVA, -35%; Ni2+, -2.4%) compared to control recordings (Figure 

3.4C). These slight decreases could then be combined to produce a significant decrease in 

firing when all the subtypes were inhibited at once. This potentially additive effect of 

pan-VGCC inhibition was revealed by the nonselective VGCC inhibitor Cd2+, which 

produced a significant decrease in firing rate during the night (Figure 3.4C). Altogether, 

these data show that there is a clear day-to-night difference in the effects of specific 

VGCC inhibitors on firing frequency, establishing a clear role for VGCCs during the day. 

This result raises an important question: what facilitates the reduced effect of VGCC 

inhibitors on firing rate during the night? Furthermore, in contrast to VGCC inhibitors, 
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acute inhibition of intracellular Ca2+ channels had the opposite effect on firing rate, 

decreasing firing rate during the day and increasing it at night. Our results establish a 

baseline for further experiments to investigate the potential mechanisms that produce 

these time-of-day-dependent differences in the contributions of VGCCs and intracellular 

Ca2+ channels.  

Another issue raised by our data is that the acute effects of Ca2+ channel inhibitors 

on firing rate were not predictive of their effects on action potential rhythms from MEA 

recordings. Even though the individual L-, N-, P/Q-, and R-type Ca2+ channel inhibitors 

only affected daytime firing rate, these inhibitors had a significant impact on action 

potential rhythmicity. In contrast, the acute inhibition of intracellular Ca2+ channels 

(RyRs with dantrolene and SERCA with CPA), affected firing rate during both day and 

night but had little to no effect on action potential rhythmicity. It could be that chronic 

disruptions to Ca2+ stores can trigger compensatory mechanisms to maintain homeostatic 

control of intracellular Ca2+, preventing an effect of these inhibitors over multiple 

circadian cycles. These mechanisms could involve the activation of store-operated Ca2+ 

entry (Ikeda et al. 2003a), Ca2+ clearance and buffering mechanisms (Cheng et al. 2019; 

Wang et al. 2015). In this study we observed a net change in firing due to RyR and 

SERCA inhibitors. This result is consistent with another study showing that RyR 

inhibition with 100 µM ryanodine causes a decrease in firing during the peak of MEA 

activity from intact SCN slice cultures (Ikeda et al. 2003a). Although, there could be 

heterogeneity in responses of individual cells within the SCN. Prior studies have shown 

that inhibiting RyRs with dantrolene or ryanodine could have variable effects on firing 

rate in day and night (Aguilar-Roblero et al. 2007; Aguilar-Roblero et al. 2016). While 
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the majority of neurons responded to dantrolene with a decrease in firing (50-80%), there 

were a subset of cells responding to treatment with either an increase, or no change in 

firing rate (Aguilar-Roblero et al. 2016). This mixture of cell responses could potentially 

blunt the effects of inhibitors on rhythm outputs measured at level of the SCN circuit 

from the MEA recordings.  

Beyond the SCN, the changes in firing rate and their rhythmic output can lead to 

changes in downstream circadian rhythms. Studies have shown modulation of Ca2+ 

sources in vivo affect circadian rhythms in behaviors. Genetic knockout of NTCC CaV2.2 

in mice leads to behavioral hyperactivity in day and night and a decrease in sleep time 

during the day (Beuckmann et al. 2003). NTCC antagonists have also been shown to 

abolish circadian rhythms in drinking behavior in rats (Masutani et al. 1995). Genetic 

knockout of LTCC CaV1.2 reduces the ability of rats shift their behavioral rhythms in 

response to light (Schmutz et al. 2014). Similarly, RyR activation with 100 nM ryanodine 

results in a shortening of period length of circadian rhythms in locomotor activity in 

rodents (Mercado et al. 2009), while RyR inhibition with dantrolene blocks shifts in 

locomotor activity in response to light (Ding et al. 1998). These data indicate that Ca2+ 

currents are not only important for signaling of individual neurons, but the modulation of 

specific Ca2+ channel subtypes can have a broader impact on the expression of circadian 

rhythms at the level of the SCN circuit and, ultimately, animal behavior.  
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Chapter 4: Ca2+ channel effects on circadian intracellular Ca2+
 levels in 

the SCN 

4.1 Introduction 

Ca2+ signaling is essential for the production of time-keeping signals in the 

mammalian circadian clock, which is located in the suprachiasmatic nucleus (SCN) of the 

hypothalamus. Ca2+ is required for SCN neurons to maintain 24-hour rhythms in clock 

gene expression (Lundkvist et al. 2005; Nahm et al. 2005) and action potential activity 

(Aguilar-Roblero et al. 2007; Jackson et al. 2004; McNally et al. 2019; Pennartz et al. 

2002), which are SCN output signals that control the timing of downstream physiological 

processes (Meyer-Bernstein et al. 1999; Moore and Eichler 1972; Silver et al. 1996a) and 

behaviors (Ralph et al. 1990; Schwartz et al. 1987; Stephan and Zucker 1972). Ca2+ 

signaling is also required for SCN neurons to respond to external inputs (Hirota and 

Fukada 2004; Irwin and Allen 2007; Jones et al. 2018; Kim et al. 2005; Meijer and 

Schwartz 2003; Tominaga et al. 1994; van den Pol 1993; van den Pol et al. 1992) that can 

lead to shifts in molecular (Tischkau et al. 2003), cellular (Ding et al. 1998; Kim et al. 

2005) and behavioral rhythms (Akiyama et al. 1999).  

A circadian pattern in cytosolic Ca2+ has been identified in both SCN neurons and 

glia (Brancaccio et al. 2017; Colwell 2000; Enoki et al. 2012b; Harvey et al. 2020; Ikeda 

et al. 2003a; Noguchi et al. 2017). SCN neurons exhibit a diurnal rise in intracellular Ca2+ 

concentration that typically peaks during the day, about 0-5 hours before the peak in 

action potential firing (Enoki et al. 2017a; Harvey et al. 2020; Ikeda et al. 2003a; Ono et 

al. 2017), and is reduced at night. Rhythmic Ca2+ signals can be observed in single 

neurons and from the whole SCN (Brancaccio et al. 2013; Enoki et al. 2012a; Enoki et al. 

2017a; Hong et al. 2012; Ikeda et al. 2003a; Jones et al. 2018; Noguchi et al. 2017). 
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However, the major Ca2+ sources that drive these Ca2+ rhythms are still under 

investigation.  

Previous studies have demonstrated that multiple Ca2+ channel subtypes can 

potentially contribute to cytosolic Ca2+ within SCN (Harvey et al. 2020). Membrane 

depolarization stimulates Ca2+ influx through the activation of voltage-gated Ca2+ 

channels (VGCCs) including L-, N-, P/Q-, R- and T-type (Jackson et al. 2004; McNally 

et al. 2019; Nahm et al. 2005; Pennartz et al. 2002). Ca2+ release from intracellular stores 

in the endoplasmic reticulum (ER) are mediated by ryanodine receptor isoforms 2 and 3 

(RyR2 and RyR3) (Diaz-Munoz et al. 1999; Ding et al. 1994; Ikeda et al. 2003a; Schurov 

et al. 1999). IP3 signaling stimulates Ca2+ release from the ER by activating inositol 

1,4,5-trisphosphate type 1 receptors (IP3R1) (Hamada et al. 1999a; Nahm et al. 2005). 

Prior studies have shown that cytosolic Ca2+ could predominantly be contributed by Ca2+ 

release from intracellular ER stores, since pharmacological inhibition of RyRs produces a 

large decrease Ca2+ concentration (Aguilar-Roblero et al. 2016; Cheng et al. 2018; Ikeda 

et al. 2003a). However, Ca2+ influx through the plasma membrane from voltage-gated 

Ca2+ channels may also play a role, since Ca2+ levels are partially reduced by the 

inhibition of L-type voltage-gated Ca2+ channels with nimodipine or by the inhibition of 

action potential firing with the Na+ channel blocker tetrodotoxin (TTX)(Cheng et al. 

2018).  

To date, no single study has directly compared the contributions for these 

different Ca2+ channel types to cytosolic Ca2+ levels at both peak and trough of the 

circadian cycle from intact SCN slices. Prior studies were limited due to the fact that they 

measured the effects of inhibitors on Ca2+ levels at only one point during the circadian 
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cycle (Ikeda et al. 2003a). Or studies have only focused on testing the effects of one type 

of Ca2+ channel inhibitor (Enoki et al. 2017a; Noguchi et al. 2017), without testing 

inhibition of other Ca2+ channel subtypes under the same conditions. As a result, the 

contributions of some Ca2+ channels at both times of the circadian cycle have not been 

thoroughly tested or their role in Ca2+ concentration remains controversial. For example, 

in studies measuring the Ca2+ rhythms from the whole SCN, inhibition of L-type voltage-

gated Ca2+ channels with nimodipine reduces the magnitude of the day-night difference 

in Ca2+ levels (Enoki et al. 2017a; Noguchi et al. 2017).  However, other studies found no 

effect of nimodipine on Ca2+ levels (Ikeda and Ikeda 2014; Ikeda et al. 2003a). This 

discrepancy could be due to the fact that these experiments were conducted using a wide 

range of methodological techniques, making it difficult to cross-compare the effects of 

inhibitors between different studies, emphasizing the need to directly compare the effects 

of VGCC and intracellular Ca2+ channel inhibitors in the same study under equivalent 

experimental conditions.  

This study utilizes a newly developed imaging technique to provide a quantifiable 

and direct comparison for the contributions of voltage-gated and intracellular Ca2+ 

channels to daytime (peak) and nighttime (trough) Ca2+ levels in SCN neurons from 

intact SCN slice cultures. Dual-view inverted selective plane illumination microscopy 

(diSPIM) was used to measure Ca2+ concentration within SCN using a novel, neuronally-

expressed ratiometric Ca2+ sensor, Venus CaMeleon (Ross et al. 2018). The Venus 

CaMeleon sensor is a Forster resonance energy transfer (FRET)-based fluorescence 

anisotropy reporter (FLARE) (Ross et al. 2018). Ca2+ concentrations were estimated from 

in situ calibration of Venus CaMeleon fluorescence anisotropy signals in SCN slices. 
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Pharmacological inhibitors targeting the major Ca2+ channel subtypes were applied 

during the peak and trough phases of the circadian cycle to evaluate the impact of 

different Ca2+ sources on Ca2+ levels. Using this technique, we found a peak-to-trough 

difference in cytosolic Ca2+ that was predominantly contributed by ryanodine receptors at 

both times of day.  

4.2 Methods 

Animals and ethical approval 

Wild-type (WT) C57BL/6J mice were bred in a standard 12:12-h light–dark cycle. 

Male and female mice were sacrificed for experiments via decapitation at post-natal day 

4. All procedures involving mice were carried out according to the University of 

Maryland School of Medicine Animal Care and Use Guidelines and approved by the 

Institutional Animal Care and Use Committee.  

Organotypic slice culture and viral transduction 

As described (McNally et al. 2019), brains were dissected during the light cycle 

and 300 µm coronal sections of the hypothalamus were made on a manual tissue chopper 

(Stoelting) in ice-cold dissection medium containing bicarbonate-free Dulbecco’s 

Modified Eagle’s medium (Gibco, Gaithersburg, MD, USA; 12100-046), 10 mM Hepes 

(pH 7.3), 100 U/mL penicillin/streptomycin (MediaTech, Manassas, VA, USA; 30-002-

CI) and 2 mM L-glutamine (Mediatech; 25-005-CI). Slices containing the SCN (one per 

animal) were cultured as organotypic interface explants. 

For diSPIM experiments, slices containing SCN were plated onto filter 

membranes (Millipore Sigma, Burlington, MA, USA; PICM0RG50) in 35 mm culture 

dishes (Corning Inc., Corning, NY, USA; 353001) with 1.2 mL culture medium 
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containing: minimum essential medium (MEM, Gibco; 11095-080), 25 mM Hepes (pH 

7.3), 25% horse serum (Gibco; 16050-130), 28 mM D-glucose (Millipore Sigma; 

G8270), 10 U/mL penicillin/streptomycin (Mediatech; 30-002-CI), 2 mM L-glutamine 

(Mediatech; 25-005-CI). Cytosine β-D-arabinofuranoside (20 µM; Millipore Sigma; 

C6645) was added to culture medium starting on culture day 2 to inhibit glial cell growth. 

Immediately after plating, slices were transduced with 1 µL of adeno-associated viral 

vector (AAV, serotype 1) containing Venus-cpVenus CaMeleon FLARE biosensor 

cDNA (Ross et al. 2018) (AAV1.hSyn1.VencpVen172 CaMeleon; stock 2.18x1012 

vg/mL; plasmid # pOTTC1612; Genetic Engineering and Viral Vector Core, National 

Institute on Drug Abuse, Baltimore MD, USA). Neuron-specific expression was driven 

by the human synapsin 1 (hSyn1) promoter (Kugler et al. 2003). Slices were maintained 

14-21 days in a humidified incubator at 37○C (5% CO2) with 100% of the culture 

medium exchanged every ~72 hrs.  

For confocal imaging experiments, freshly dissected SCN slices were plated onto 

MEA probes (Alpha MED Scientific Inc., Osaka, Japan; MED-P210A) pre-treated 

overnight with polyethyleneimine (0.1% w/v, Millipore Sigma; P3143) in borate buffer 

solution (25 mM, pH 8.0, Millipore Sigma; S9640) and rinsed with sterile water as per 

the manufacturer’s instructions (Alpha MED Scientific Inc.; available at 

https://www.med64.com/documentation). MEA probe dishes were placed in 100 mm 

petri dishes, surrounded by ~7 mL sterile water in a humidified incubator (37○C, 5% 

CO2). Slices were maintained in 200-300 µL culture medium (50%) that was exchanged 

every ~48 hours for the first 8 days in culture. On culture day 3, SCN slices cultured on 

MEAs were transduced with 0.3 µL of AAV1 containing GCaMP6f cDNA expressed 



 

 

47 

 

under the hSyn1 promoter (AAV1.Syn1.GCaMP6f.SV40.WPRE; stock 1x1013 vg/mL, 

Addgene, #100837-AAV1) (Figure 4.1A).  Slices were cultured for an additional 14-21 

days. On culture day 10 and thereafter, MEA dishes were sealed with vacuum grease and 

glass coverslips and 100% of the medium was exchanged every 72 h. A subset of slices 

transduced with Venus CaMeleon AAVs were plated onto MEAs on culture day 10 as 

described previously (Montgomery et al. 2013; Whitt et al. 2016). SCN slices cultured on 

filters were excised from the surrounding filter and flipped (SCN side down) onto MEAs 

pretreated overnight with 500 µL of 0.1 mg/mL collagen (Sigma; C8919) and maintained 

as described above. 

MEA activity recording and analysis 

Circadian rhythms in action potential frequency were recorded from SCN slices 

on MEAs on culture days 14–21 using a MED64-Plex8 system (Alpha MED Scientific 

Inc.) as described previously(McNally et al. 2019). Spontaneous action potential activity 

was acquired for 3 full circadian cycles (72 h) in 5 s sweeps every 5 min, with setting low 

cut frequency 100 Hz and high cut frequency 10,000 Hz (Mobius vWin7, Alpha MED 

Scientific Inc.). Firing frequency was determined from each 5 s sweep using threshold-

based counting of downward-spiking action potentials at ~1.5X the level of baseline 

noise (typically between −10 and −25 µV). Raw action potential frequencies from 3 

circadian cycles from all electrodes visually identified to be within the boundaries of the 

SCN were plotted in Excel. Activity recordings were considered rhythmic if the raw 

action potential frequency peaked once every ~24 hours with a maximum frequency ≥ 3 

Hz compared to the minimum (trough) frequency. Rhythmic recordings form 3-5 
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electrodes were smoothed with a 6-hour moving-window average and used to calculate 

an average peak and trough time for each SCN slice.  

Confocal imaging of GCaMP fluorescence 

Slices were maintained in culture medium. On culture day 10, 100% culture 

medium was exchanged and MEA recordings were performed for 3 days (culture days 

10-13) to obtain average peak and trough times in action potential activity for each slice. 

Between culture days 14-21, MEA recordings were repeated for 3 days. During this 

recording period, MEA probes were temporarily removed for confocal imaging in 30-min 

time windows at each peak and trough timepoint in order to obtain circadian action 

potential and GCaMP6f Ca2+ measurements from the same SCN slice (Figure 4.1B). 

Culture medium exchanges were performed 12 hours prior to conducting simultaneous 

MEA recording and Ca2+ imaging experiments. Fluorescence imaging was performed 

using a W1 spinning disk confocal on a Ti2 inverted microscope (Nikon) housed at the 

University of Maryland School of Medicine confocal facility. Probes were temporarily 

removed from recording headstages during the peak and trough of action potential firing 

and placed in an environmentally controlled microscope chamber at 37°C with 5% CO2 

for confocal imaging to obtain circadian signals in GCaMP6f fluorescence from two full 

circadian cycles (three troughs and two peaks). GCaMP6f fluorescence was excited for 

100 ms with a 488 nm laser and collected with a 515-149 nm emission filter cube. Images 

(12-bit, 324 nm pixel width and height, no binning) were acquired with a 20X air 

objective (Nikon) at 10 fps for a duration of 10 seconds and saved as Tiff stack files. 

LED light intensity was set at 20 to 40% of maximal level, depending on GCaMP6f 

expression levels.  
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Confocal image processing and data analysis 

GCaMP6f images were converted to 8-bit greyscale Tiff files, stacked and aligned 

using the StackReg plugin (FIJI). Fluorescence intensities from individual neurons within 

the boundaries of the SCN were measured using oval regions of interest (ROIs) that were 

manually drawn in ImageJ (FIJI) within the somatic region of individual cells excluding 

the nucleus, since GCaMP6f expression is cytosolic(Chen et al. 2013)(Figure 4.1A). 

Neurons with apparent baseline fluorescence that was at least 100X greater than the 

background fluorescence were used for analysis. For each SCN slice, a minimum of 6 

ROIs were drawn in regions devoid of cells for and used for background fluorescence 

measurements and a minimum of 8 cells (one ROI per cell) were analyzed per SCN slice. 

The average of the mean background fluorescence from 6 ROIs (BGD) was subtracted 

from the integrated density of the cell ROI fluorescence (Fcell) using the equation: Fcell 

– (area of ROI X BGD) in Microsoft Excel. Background-subtracted fluorescence 

intensities for each cell were plotted over time and normalized by dividing the average 

corrected fluorescence at each timepoint by the maximum value (F/Fmax) of that cell. To 

calculate the overall F/Fmax for each slice, F/Fmax values from individual cells were 

averaged within each timepoint, resulting in one F/Fmax value per slice at each timepoint 

and five values total per slice.  

DiSPIM imaging of fluorescence anisotropy 

Imaging experiments were conducted in 6-hour time windows using the peak and 

trough of firing rhythms as the reference point, in which images were obtained between 5 

hours before to 1 hour after the time of the peak or the trough in action potential firing. 

Filter sections with SCN slices were excised, rinsed in phosphate buffered saline, 
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transferred to the microscope chamber and equilibrated for 20-30 min in 6 mL of pre-

warmed imaging solution containing (in mM): 125 NaCl, 8 NaOH, 5 KCl, 1 MgCl2, 20 

Hepes, 5 D-glucose, 2.5 CaCl2 (pH 7.20 ± 0.01 at 35○C). Fluorescence anisotropy 

imaging was performed on a dual-view inverted selective plane illumination microscope 

(diSPIM) with stage-scanning capability assembled and aligned as described previously 

(Kumar et al. 2016; Kumar et al. 2014; Wu et al. 2013). The collection arms of the 

diSPIM were fitted with filter wheels containing emission filters and an image splitting 

device, OptoSplit II (Cairn), to separate parallel and perpendicular polarizations. The 

microscope was housed in an environmentally controlled incubator (Okolab) maintained 

at 37○C. Automated stage and piezo focus control hardware elements were purchased 

from Applied Scientific Instruments (Eugene, Oregon, USA). Camera and piezo 

electronics were controlled using Micromanager software (available at https://micro-

manager.org/)(Edelstein et al. 2014) on a Z840 workstation (HP). Volumetric images (16-

bit grayscale) were collected on a Nikon Eclipse TE2000-U microscope with water-

dipping objectives (Nikon, MRD07420, 40X, 0.8 NA) and a digital camera (Hamamatsu 

Flashv4 Orca, C13440) as stack files with 20 image slices per volume (1-μm spacing, 512 

X 1024 pixels per image slice, 332-nm pixel width and height, 2 X 2 binning). Samples 

were excited in 10 sec (KCl experiments) or 30 sec (Ca2+ inhibitor experiments) intervals 

with a 488-nm laser. Images were collected from a ~170 x 340 x 20 µm area within the 

borders of the SCN, which was visually identified under brightfield illumination at 4X 

magnification using the optic chiasm and third ventricle as reference landmarks. After 

baseline control images were acquired, imaging solution (100-200 µL) was removed 

from the bath, mixed with the appropriate amount of drug stocks or dimethyl sulfoxide (< 
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0.01%, DMSO, Sigma; D2650), and re-applied to the bath chamber. The temperature of 

the bath solution was 35 ± 0.1○C.  

DiSPIM image processing and data analysis  

Images were processed and analyzed according to Ross et al., (2018; 2019) with 

some modifications using ImageJ (FIJI) macros and script executed in Python (v3.7). 

Volumetric image stacks were split to separate P and S channels. Corresponding P and S 

image stacks (512 X 1024 pixels) were aligned using Python, and then separated into 

individual P and S images. The median grayscale value of the background intensities for 

each P and S image was calculated and subtracted. An adaptive local thresholding 

method was used to obtain a binary clipping mask to separate cell signals from image 

background. The local threshold value for each pixel was calculated using the gaussian-

weighted sum of the neighborhood pixel intensities (Gomez 2000; Sezgin and Sankur 

2004). Anisotropies (r) were calculated using pixel intensities above the threshold value 

from the corresponding background-subtracted P and S images using the equation 

(Geguchadze et al. 2004): 

� =
� − ��

� + 2��
 

The g-factor constant (�) was measured using an isotropic fluorescein solution 

and calculated to account for the difference between P and S channel transmission 

efficiencies as previously described (Ross et al. 2019). The r values for each image were 

summed across all images in each stack and plotted as a histogram distribution. A single 

mean r value for each image stack was calculated with a gaussian fit of the r histogram 

distribution in Prism v8.4 (GraphPad Software, San Diego CA, USA). Scripts for 
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automated image alignment, background subtraction, pixel thresholding and r value 

calculations were executed in Python. 

In situ calcium calibration  

Ca2+ buffering solutions were prepared using the method described in McGuigan 

et al. (1991). To ensure EGTA concentrations in Ca2+-EGTA and EGTA solutions were 

identical, a 2X EGTA stock solution containing all ingredients (except for NaOH and 

CaCl2) was prepared and split into two volumes. CaCl2 and NaOH was added to one 

volume and diluted to obtain a 1X Ca2+-EGTA solution containing (in mM):  125 NaCl, 

44 NaOH, 5 KCl, 2 KOH, 1 MgCl2, 20 Hepes, 1.8 2-deoxy-D-glucose, 5 EGTA, 5 CaCl2, 

0.01 rotenone, 0.01 ionomycin, 0.01 CPA (pH 7.20 ± 0.01 at 35○C). NaOH and HCl was 

added to the second volume to produce a final 1X EGTA (zero free Ca2+) solution 

containing (in mM):  125 NaCl, 44 NaOH, 5 KCl, 2 KOH, 1 MgCl2, 20 Hepes, 1.8 2-

deoxy-D-glucose, 5 EGTA, 0.01 rotenone, 0.01 ionomycin, 0.01 CPA (pH 7.20 ± 0.01 at 

35C). The appropriate quantities of Ca2+-EGTA and EGTA solutions were mixed to 

obtain solutions with known free Ca2+ concentrations calculated with WebMaxC standard 

(available at: https://somapp.ucdmc.ucdavis.edu/pharmacology/bers/maxchelator/ 

webmaxc/webmaxcS.htm). SCN slices were equilibrated in Ca2+ buffer solutions at least 

20 minutes prior to imaging. All imaging solutions were prepared with Ca2+-free LC-MS-

grade water (Sigma, WX0001-6). The dissociation constant (Kd) and Hill coefficient (n) 

were determined by fitting a plot of the anisotropy vs. calcium concentration data in 

Prism (GraphPad Software) with the equation: 

� = �
�� +
�
� − �
��

1 + ( ��
�����)�
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Statistics 

Statistical tests were performed in Prism v8.4 (Graphpad Software). Changes in 

anisotropy values across baseline timepoints were tested with a two-way ANOVA with 

repeated measures. Student’s t tests (two-tailed) were used to determine significant 

differences anisotropy values and Ca2+ concentrations between peak and trough 

timepoints. One-way ANOVA with Bonferroni’s post hoc tests were used to significant 

differences in ∆Ca2+ between conditions at each timepoint. Paired t tests (two-tailed) 

were used to test for changes in anisotropy and Ca2+ concentration between baseline and 

drug conditions for individual SCN slices at each condition. Significant differences in 

GCaMP6f fluorescence across multiple peak and trough timepoints were tested with a 

two-way, repeated measures ANOVA with Bonferroni’s post hoc test using the F/Fmax 

values from individual cells from each slice across all timepoints. 

Drugs  

Drugs were used at final concentrations of 10 µM nimodipine (Nim; Alomone 

Labs; N150), 10 µM dantrolene (Dan; Sigma; D9175), 30 µM cyclopiazonic acid (CPA; 

Alomone Labs; C-750), 3 µM ω-conotoxin GVIA (ConoGVIA; Alomone Labs; C-300), 

200 nM ω-agatoxin IVA (AgaIVA; Alomone Labs; STA-500), 30 µM NiCl2 (Ni2+; 

Sigma; 22387), 10 µM ionomycin (Sigma; 407951), 10 µM rotenone (Sigma; R8875) and 

50 mM KCl (Sigma; P9333). Drug stocks (1000X) were prepared in DMSO (Nim, Dan, 

CPA, ionomycin, rotenone) or water (ConoGVIA, AgaIVA, Ni2+) and stored at −20°C. 

KCl was prepared as a 4 M Hepes-buffered stock solution.  
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4.3 Results 

First, to detect a circadian signal in intracellular Ca2+, we performed Ca2+ imaging 

in organotypic SCN slices transduced with the fluorescent GCaMP6f Ca2+ sensor and 

cultured on multi-electrode arrays (MEAs) (Figure 4.1A).  

 
Figure 4.1. Measurement of circadian rhythms in Ca2+ and firing rate from the 

same SCN slices. A) Confocal image of GCaMP6f Ca2+ sensor fluorescence in neurons 

from an SCN slice on an MEA at 20X and region of interest (ROI) used for analysis in a 

single neuron. B) Mean action potential frequency ± SD (black line, grey shading, left 

axis) recorded from slices on MEAs overlayed with GCaMP6f fluorescence normalized 

to the maximum (F/Fmax, right axis) measured from the same SCN slices over the course 

of 3 days. Plot of Ca2+ signal from individual neurons (open green circles) and the mean ± 

SEM from each SCN slice (closed black circles) at each timepoint. Ca2+ was higher 

during the peak in firing compared to the trough (P < 0.0001, two-way repeated measures 

ANOVA with Bonferroni’s post hoc test). (N = 3 slices, 8 neurons per slice)  C) Firing 

rhythms recorded from SCN slices expressing Venus CaMeleon on MEAs plotted as 

frequency values smoothed with a 6-h moving window average (normalized to a 24-hr 

moving window average of raw frequency values) from individual SCN slices (colored 

lines). D) Mean firing frequency ± SD (black line, grey shading) from data in C. The 6-h 

time windows used for peak (yellow) and trough (grey) diSPIM imaging experiments. 

The SD of peak and trough times was ± 0.7 h. N = 5 slices. 
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GCaMP6f expression was targeted to neurons using the human synapsin1 (hSyn1) 

promoter (Kugler et al. 2003). For each slice, action potential firing was recorded for 3 

days to determine whether slices were rhythmic. Rhythms in action potential firing were 

used as a phase reference point to perform imaging experiments at specific times during 

the circadian cycle. After establishing the time of the peak and trough in action potential 

firing for each slice, Ca2+ imaging was performed in 30 min time windows across each 

peak and trough timepoint. Peak and trough Ca2+ measurements were superimposed on 

the rhythms in action potential firing recorded by MEA from the same slices (Figure 

4.1B). We found Ca2+ signals were significantly higher at the peak of firing compared to 

the trough of firing (Figure 4.1B) (P < 0.001, two-way repeated measures ANOVA). We 

concluded that, under these conditions, the underlying Ca2+ signal in the organotypic 

cultures was rhythmic and diurnal, peaking at the same time of the cycle as firing rate, as 

prior studies have shown (Enoki et al. 2017b; Ikeda et al. 2003a; Jones et al. 2018).  

Next, we wanted to estimate the Ca2+ concentration in SCN neurons at the peak 

and trough of this rhythm. To do this, we used dual view inverted selective plane 

illumination microscopy (diSPIM) to measure Ca2+ from neurons in SCN slices 

expressing a Venus CaMeleon fluorescence anisotropy reporter (Ross et al. 2018) (Figure 

4.2).  
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Figure 4.2. Neuronal Ca2+ concentrations at peak and trough in SCN. Dual view 

inverted selective plane illumination microscopy (diSPIM) at the peak or trough of the 

circadian cycle from intact SCN slice cultures expressing the Venus CaMeleon 

fluorescence anisotropy reporter. A) (Ai) Brightfield image of SCN at 4X magnification 

on a bench microscope. (Aii) DiSPIM image of polarized fluorescence signals from SCN 

neurons expressing Venus CaMeleon at 40X magnification. (Aiii) Pseudo-color map of 

anisotropy values from Aii calculated from parallel and perpendicular polarized 

fluorescence signals after image thresholding and background subtraction. B) In situ 

calibration of the Venus CaMeleon sensor in SCN neurons. Anisotropy values SCN slices 

incubated in solutions with known free Ca2+ (0-1 mM) versus Ca2+ concentration. Data 

points representing anisotropy measurements from separate imaging regions were fit with 

a nonlinear regression (red line) overlayed with the mean ± SEM of the anisotropy values 

from all slices in each Ca2+ condition (closed red squares). N= 2-4 slices per Ca2+ 

condition with 1-3 imaging regions per slice. C) Box plots of minimum, maximum, 

median anisotropy values obtained from SCN regions at peak and trough timepoints. D) 

Box plots of peak and trough Ca2+ concentrations calculated from anisotropy values in C. 

Anisotropy was significantly decreased (P = 0.04) and Ca2+ concentration was 

significantly increased during the peak compared to the trough (P = 0.03). *, Significance 

(P < 0.05) tested with Student’s t test. Data points are measurements from individual 

SCN slices (one imaging region per slice). N = 39 slices for peak, N= 43 slices for 

trough. 
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SCN slice cultures were transduced with AAVs containing Venus CaMeleon 

cDNAs expressed under the neuron-specific hSyn1 promoter (Kugler et al. 2003) (Figure 

4.2Ai). This sensor enabled us to perform quantitative measurements of Ca2+ that were 

comparable across experimental timepoints and different SCN slices. Fluorescent signals 

from neurons expressing the Venus CaMeleon biosensor were clearly visible within the 

SCN (Figure 4.2Aii). Ca2+ binding to the Venus CaMeleon protein induced fluorescent 

resonance energy transfer (FRET) between the two Venus fluorophores, which was 

detected as a decrease in the polarization of emitted light from the sensor (fluorescence 

anisotropy). These FRET-based measurements provide a ratiometric readout of Ca2+ 

concentration that is insensitive to differences in expression levels, cell morphology, 

illumination or experimental preparations that can introduce variability in measurements 

from other fluorescence intensity-based sensors (Ross et al. 2018).  

Volumetric images of the polarized fluorescence signals were collected from a 

cubic area of the SCN. A local threshold, calculated based on the sum from a gaussian 

window, was applied to each image to delineate cell signals (above threshold) from 

background (below threshold). Anisotropies were calculated from integrating the signal 

from all pixels above the threshold in each image, which were summed across all images 

to provide a single anisotropy distribution per stack (20 images per stack, Figure 4.2Aiii). 

Anisotropy histograms were fit with a gaussian distribution to calculate a single mean 

anisotropy value encompassing signals from all cells within the imaging region.  

Since the relationship between anisotropy values and Ca2+ concentration can be 

sensitive to variations in temperature and pH (Glaum et al. 1994), the relationship 

between Ca2+ concentration and fluorescence anisotropy of the Venus CaMeleon 
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biosensor were calibrated in situ from SCN slices incubated in buffered solutions of 

known Ca2+ concentration at 35○C (Figure 4.2B). For in situ calibration experiments, 

ionomycin, which permeabilizes the cell membrane to Ca2+, rotenone, an ATP inhibitor, 

and cyclopiazonic acid (CPA), a SERCA-ATPase inhibitor, were added to the bath 

solution to limit homeostatic compensation and promote the clamping of intracellular 

Ca2+ concentration in neurons (Thomas et al. 2000). The maximum anisotropy values 

(Rmax) were obtained in solutions with zero free Ca2+ and minimum anisotropy values 

(Rmin) were obtained in 1 mM free Ca2+. We found that the dissociation constant (Kd = 

230 nM) and hillslope (n = -1.0) values obtained from this in situ Ca2+ calibration curve 

were similar to those previously reported for this sensor in vitro (Figure 4.2B)(Ross et al. 

2018). The maximum (Rmax) and minimum (Rmin) anisotropy values were 0.259 and 

0.184, respectively. These results indicated that the Venus CaMeleon reporter was 

functionally expressed and responsive to changes in Ca2+ concentration.   

The in situ calibration values were next used to calculate Ca2+ concentrations 

from images obtained during peak and trough of the circadian cycle. To verify that SCN 

slices expressing Venus CaMeleon were rhythmic, and to determine the appropriate time 

points for peak and trough Ca2+ imaging experiments, extracellular action potential 

activity was recorded from a subset of SCN slices cultured on multi-electrode array 

(MEA) probes under the same culture conditions (Figure 4.1C). The circadian rhythms in 

action potential firing exhibited synchronized phases across slices with average peaks and 

trough times that occurred at approximately the same time of the cycle with a standard 

deviation of 0.7 hours (Figure 4.1C). Since Ca2+ rhythms have been reported to peak ~0-5 

hours before the peak in action potential firing (Harvey et al. 2020), imaging experiments 
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at each time point were performed within a 6-hour time window surrounding the average 

peak and trough times in action potential firing (Figure 4.1D). To determine Ca2+ levels, 

anisotropy measurements were calculated from all pixels from all cells within the 

imaging region, which typically contained between 2-5 neurons after image thresholding. 

Anisotropy values were stable, with no significant change for the duration of the 2 min 

baseline recordings in each condition (P = 0.3, two-way repeated-measures ANOVA). 

We found that the average anisotropies from baseline recordings obtained during the peak 

time (0.223 ± 0.002) were significantly lower compared to anisotropies obtained during 

the trough (0.228 ± 0.002, P = 0.04, Student’s t test), indicating that a higher amount of 

Ca2+ was bound to the sensor during the peak of the circadian cycle (Figure 4.2C). This 

corresponded to an estimated Ca2+ concentration that was significantly higher at the peak 

(218 ± 16 nM) compared to the trough (172 ± 13 nM, P = 0.02, Student’s t test) (Figure 

4.2D), resulting in a 1.3-fold change in Ca2+ from peak to trough. We concluded that we 

are able to detect a diurnal rhythm in intracellular Ca2+ from SCN neurons. These results 

demonstrate that the method used in this study is a reliable way to detect cytosolic Ca2+. 

Next, we tested the response of the Ca2+ sensor to pharmacological stimuli. As a 

control, 50 mM KCl was applied to slices to measure the maximum Ca2+ responses 

detected by the sensor under these in situ conditions (Ross et al. 2018) (Figure 4.3).  
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Figure 4.3. Effects of Ca2+ channel inhibitors on the amplitude of K+-evoked Ca2+ 

transients in SCN neurons. Ca2+ transients were evoked by bath application of 50 mM 

KCl to SCN slices pretreated with vehicle control (Veh) or Ca2+ channel inhibitors. A, B) 

Change in Ca2+ concentration over time for baseline and after application of KCl at the 

peak (A) or trough (B). C, D) Average baseline anisotropy and minimum anisotropy 

values obtained after 50 mM KCl treatment  from SCN slices at peak (A) or trough (B). 

E, F) Ca2+ concentration at baseline and the maximum KCl response at peak (E) and 

trough (F). KCl significantly decreased anisotropy and increased Ca2+ in slices in each 

drug condition compared to baselines. *, Significance (P < 0.05) tested with paired t tests 

for baseline and KCl conditions in each drug condition for anisotropy values at peak 

(Veh, P = 0.006; Nim, P = 0.02; VGC, P = 0.001; Dan, P = 0.03; CPA, P = 0.02; X, P = 

0.003) and trough (Veh, P = 0.002; Nim, P = 0.01; VGC, P = 0.01; Dan, P =0.01; CPA, P 

= 0.0003; X, P = 0.02) and for Ca2+ concentrations at peak (Veh, P = 0.03; Nim, P = 

0.001; VGC, P = 0.07; Dan, P = 0.2; CPA, P = 0.08; X, P = 0.03) and trough (Veh, P = 

0.04; Nim, P = 0.04; VGC, P = 0.04; Dan, P =0.02; CPA, P = 0.03; X, P = 0.02). There 

was no difference in the amplitude of the Ca2+ transients between drug conditions (P > 

0.05, One-way ANOVA with Bonferroni’s post hoc test). Data are plotted as mean ± 

SEM. Data points are paired recordings from one SCN slice (one imaging region per 

slice). N= 3-8 slices per drug condition. 
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Volumetric images were acquired in 10 second intervals for a 2 min baseline 

period before KCl was applied to the bath chamber and up to 10 minutes after KCl 

exposure. Consistent with prior studies (Cheng et al. 2019), SCN slices responded to KCl 

treatment with a transient increase in neuronal Ca2+, corresponding to a decrease in 

anisotropy values, that reached a maximum ~10-20 seconds after KCl was applied and 

decayed back to baseline values within 1-3 min of KCl exposure (Figure 4.3A, B). The 

maximum KCl-evoked responses at were compared to the average baseline anisotropy 

(Figure 4.3C, D) and Ca2+ concentration (Figure 4.3E, F). KCl produced a transient 

increase in Ca2+ concentration of 4.8-fold during the peak (Figure 4.3E) and 2.5-fold 

during the trough (Figure 4.3F). The fold change in Ca2+ between peak and trough was 

modest compared to the fold change in Ca2+ concentration induced by 50 mM KCl. This 

data shows that the levels of  Ca2+ detected at peak and trough timepoints were well 

within the dynamic range of the sensor, verifying that this method can be used to test the 

effects of pharmacological inhibitors on peak and trough Ca2+ levels. 

To test the contributions of the different intracellular and voltage-gated Ca2+ 

channel subtypes to neuronal Ca2+ in the SCN, we measured the effects of Ca2+ channel 

inhibitors on anisotropy values from SCN slices during the peak and trough of the 

circadian cycle (Figure 4.4). The effects of each drug were analyzed in slices imaged in 

30 second intervals for 2 min of baseline and for 10 min following the application of a 

drug or vehicle control (Veh, < 0.1% DMSO), which were added to the bath solution just 

prior to time 0 (Figure 4.4A, B). The corresponding Ca2+ concentrations were calculated 

from these anisotropy values (Figure 4.4E, F).  
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Figure 4.4. Effects of Ca2+ channel inhibitors on anisotropy and Ca2+ levels. The 

change in anisotropy values, with raw anisotropy and Ca2+ concentrations are plotted 

from diSPIM imaging of SCN slices in Figure 4.5. A, B) Timecourse of the negative 

change in anisotropy (-Δanisotropy = -1 x (anisotropy – average anisotropy from 2 min 

baseline)) before and after application of Ca2+ channel inhibitors at peak (A) and trough 

(B). C, D) Average anisotropy values averaged from baseline recordings and from 9-10 

min after application of Ca2+ channel inhibitors for each slice at peak (C) or trough (D). 

E, F) Average Ca2+ concentrations at baseline and after application of Ca2+ channel 

inhibitors at peak (D) and trough (F) for each slice calculated from anisotropies in C and 

D. Anisotropy was significantly increased and Ca2+ was decreased by each Ca2+ channel 

inhibitor compared to baseline. *, Significance (P < 0.05) tested with paired t tests 

between baseline and drug conditions for anisotropy values at peak (Veh, P =0.7; Nim, P 

= 0.01; VGC, P = 0.007; Dan, P = 0.0005; CPA, P = 0.001; X, P = 0.04) and trough (Veh, 

P = 0.2; Nim, P = 0.004; VGC, P = 0.01; Dan, P =0.005; CPA, P = 0.008; X, P = 0.009) 

and for Ca2+ concentrations peak (Veh, P = 0.7; Nim, P = 0.3; VGC, P = 0.1; Dan, P = 

0.02; CPA, P = 0.005; X, P = 0.003) and trough (Veh, P = 0.2; Nim, P = 0.01; VGC, P = 

0.02; Dan, P =0.004; CPA, P = 0.006; X, P = 0.007). Data are plotted as mean ± SEM 

with individual points represent paired recordings from one SCN slice (one imaging 

region per slice). N= 4-11 slices per drug condition.  
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For each slice, we made paired comparisons between average baseline Ca2+ and 

the average Ca2+ concentration from 9-10 min after drugs were applied. We found that 

application of vehicle control (Veh, < 0.1% DMSO) during the peak or the trough did not 

significantly affect anisotropy or Ca2+ concentrations compared to baseline (Figure 4.5C, 

D and Figure 4.4C, D), indicating that Ca2+ levels were not affected by application of 

solution to the bath chamber. 

To probe the contributions of voltage-gated channels, we used 10 µM nimodipine 

(Nim) to target L-type Ca2+ channels and a drug cocktail containing a mixture of voltage-

gated channel inhibitors (VGC) to target N-type (3 µM ω -conotoxinGVIA), P/Q-type 

(200 nM ω-agatoxinIVA), R-type (30 µM nickel), and T-Type Ca2+ channels (1 µM 

TTA-P2). In contrast to controls, each of the voltage-gated Ca2+ channel inhibitors 

produced a significant increase in anisotropy values (Figure 4.4C, D), which 

corresponded to a significant reduction in the Ca2+ levels in paired comparison to 

baseline values (Figure 4.4E, F). This data suggests that both voltage-gated and 

intracellular Ca2+ channels make some contribution to the cytosolic Ca2+ levels during the 

peak and the trough of the cycle.  

Next, we tested the contributions of intracellular Ca2+ channels. Previous studies 

have shown that inhibiting RyR-mediated Ca2+ release from the ER during the peak 

phase with dantrolene or ryanodine produces a significant decrease in cytosolic Ca2+ 

(Aguilar-Roblero et al. 2016; Ikeda et al. 2003a), but the effects of inhibiting intracellular 

Ca2+ channels on the peak and trough Ca2+ signal produced by SCN has not been 

thoroughly tested. We tested the contributions of intracellular Ca2+ channels, we used 10 

µM dantrolene (Dan) to target RyRs and 10 µM cyclopiazonic acid (CPA) to target 
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SERCA-ATPase to inhibit reuptake of Ca2+ into the ER. Cyclopiazonic acid inhibits 

refilling of ER Ca2+ stores, resulting in store depletion and subsequent inhibition of both 

RyR-and IP3R-mediated Ca2+ release (Garaschuk et al. 1997). We also used a cocktail 

(X), containing a combination of the voltage-gated channel inhibitors (VGC) plus 

nimodipine and dantrolene to collectively inhibit RyRs along with the voltage-gated 

channels without inhibiting IP3Rs. As with the voltage-gated Ca2+ channel inhibitors, we 

found that inhibitors of intracellular Ca2+ channels produced a decrease in Ca2+ levels at 

the peak and the trough compared to the respective baseline values for each slice (Figure 

4.4E, F). These results indicate that both voltage-gated as well as intracellular Ca2+ 

channels can contribute to neuronal Ca2+ to some extent in the SCN during both the peak 

and the trough.  

To determine which of these Ca2+ sources made the largest contribution to 

cytosolic Ca2+, we compared the contributions of VGCCs and intracellular Ca2+ channels 

to each another (Figure 4.5). To do this, measured the average change in Ca2+ 

concentration over time from slices within each drug condition (Figure 4.5A, B). The 

average Ca2+ concentration from 2 min of baseline was subtracted from the average Ca2+ 

levels 9-10 minutes after drugs were applied to obtain the overall change in Ca2+ (ΔCa2+) 

for each slice (Figure 4.5C, D). 
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Figure 4.5. Effects of Ca2+ channel inhibitors on average peak and trough Ca2+.  

A, B) Time course of the change in Ca2+ concentration (ΔCa2+ = Ca2+ – average Ca2+ 

from 2 min baseline) before and after the application of vehicle control (Veh) or Ca2+ 

channel inhibitors at the peak (A) or trough (B). C, D) Box plots of minimum, maximum, 

median of values representing the average change in Ca2+ concentration for each 

individual slice quantified from 9-10 min after drugs were applied at the peak (C) or 

trough (D). Inhibition of L-type Ca2+ channels with nimodipine (Nim, 10 µM) or 

inhibition of N/P/Q/R/T-type Ca2+ channels with VGC (a mixture of 3 µM ω-

conotoxinGVIA, 300 nM ω-agatoxinIVA, 30 µM nickel and 1 µM TTAP2) did not 

significantly affect peak or trough Ca2+ levels compared to Veh. Inhibition of ryanodine 

receptors with dantrolene (Dan, 10 µM), inhibition of SERCA-ATPase with 

cyclopiazonic acid (CPA, 10 µM) and combined inhibition of voltage-gated Ca2+ 

channels and ryanodine receptors with a cocktail containing Dan+Nim+VGC (X) 

significantly decreased Ca2+ at peak and trough. *, Significance (P < 0.05) tested with 

One-way ANOVA and Bonferroni’s post hoc test between drug and vehicle control 

conditions at peak (Nim, P = 0.3; VGC, P = 0.1; Dan, P = 0.02; CPA, P = 0.005; X, P = 

0.003) and trough (Nim, P = 0.4; VGC, P = 1; Dan, P =0.0004; CPA, P = 0.02; X, P = 

0.002). Data points represent measurements from individual SCN slices (one imaging 

region per slice). N = 4-11 slices per condition.  

 

First, we focused on the ΔCa2+ produced by each drug applied during the peak of 

the cycle (Figure 4.5C). For vehicle controls, the ΔCa2+ was negligible at -2 ± 5 %. The 

voltage-gated channel inhibitors produced a ΔCa2+ of  -20 ± 4 % (Nim) and  -19 ± 4 % 
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(VGC inhibitor cocktail). The magnitudes of these effects were not significantly different 

than the vehicle control, however. This could be explained by the variability in the ΔCa2+ 

responses of individual slices to nimodipine and the VGC inhibitor cocktail, which 

ranged from -6 to -78 nM (Nim) and -5 to -79 nM (VGC). In contrast, intracellular Ca2+ 

channel inhibitors produced decreases in peak Ca2+ that were significantly larger than the 

vehicle control. Dantrolene produced the largest decrease, with a ΔCa2+ of  -36 ± 6 % 

(Dan, P = 0.02). Similarly, the SERCA inhibitor, cyclopiazonic acid, produced a ΔCa2+ of  

-24 ± 5% (CPA, P = 0.005),  and the mixture of VGC inhibitors along with nimodipine 

and dantrolene added together (X cocktail) produced a ΔCa2+ of  -22 ± 6% (X, P = 0.003; 

One-way ANOVA with Bonferroni’s post hoc test). The responses of individual slices to 

intracellular Ca2+ channel inhibitors were also less variable than what we observed for the 

voltage-gated inhibitors. The range of ΔCa2+ responses were -38 to -73 nM for 

dantrolene, -52 to -71 nM for CPA, and -27 to -114 nM for the X cocktail. Overall, these 

results indicate that a larger amount of cytosolic Ca2+ is contributed by intracellular Ca2+ 

stores.  

These inhibitors had similar effects on Ca2+ during the trough of the circadian 

cycle. During the trough the average change in Ca2+ was -7 ± 5 % for vehicle control. 

Nimodipine decreased Ca2+ by -17 ± 5 % overall with a range of responses between -2 to 

-56 nM. Similarly CPA decreased Ca2+ by -16 ± 3 %, with changes in Ca2+ ranging from 

-3.5 to -37 nM. The decreases in trough Ca2+ were significantly larger for dantrolene (-28 

± 6 %, P =0.0004), CPA ( -32 ± 7 %, P = 0.02) and the X cocktail (X,  -23 ± 5 %, P = 

0.002; One-way ANOVA, Bonferroni’s post hoc test). These overall decreases were 

accompanied by larger responses in ΔCa2+ values, which were -14 to -106 nM for 



 

 

67 

 

dantrolene, -16 to -65 nM for CPA, and -15 to -91 nM for the X cocktail. Thus, at both 

peak and trough times, the largest decrease in Ca2+ was produced by dantrolene. In 

contrast, even though the effects of nimodipine and the voltage-gated channel inhibitor 

cocktail each produced a significant decrease in Ca2+ levels in paired recordings (Figure 

4.4E, F), the overall ΔCa2+ averaged from multiple slices were not significantly different 

compared to vehicle controls due to the larger variability in Ca2+ responses. Taken 

together, this data suggests that, even though overall peak and trough Ca2+ levels are 

different from each other, the majority of baseline Ca2+ at both times of the cycle are 

contributed by intracellular Ca2+ channels, with a more minor contribution from voltage-

gated channels.  

Lastly, as a control to test that slices were viable following drug exposure, 50 mM 

KCl was added to slices after drug experiments were performed (Figure 4.3). In the 

presence of each drug, KCl produced significant decreases in anisotropy values (Figure 

4.3A, B) and significant increases in Ca2+ concentration (Figure 4.3C, D) that were 2-

20X higher than baseline Ca2+ levels. The duration and magnitude of these transient KCl-

evoked responses were similar to those observed for slices in control conditions presented 

earlier in the results. This data shows that SCN slices are able respond to stimuli after 

drug exposure, demonstrating the Ca2+ channel inhibitors did not affect slice viability, as 

indicated by the ability of the SCN to respond with further dynamic Ca2+ responses.  

4.4 Discussion 

Previous studies have provided evidence that both voltage-gated and intracellular 

Ca2+ channels can contribute to cytosolic Ca2+ in SCN neurons, suggesting that Ca2+ 

rhythms in SCN could be multi-faceted. Separate studies showing that either inhibiting 
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Ca2+ influx or inhibiting intracellular Ca2+ release can produce decrease in Ca2+ levels 

(Aguilar-Roblero et al. 2016; Cheng et al. 2019). However, a critical feature of SCN 

neurons is that they can exhibit different properties depending on the time of the 

circadian cycle, exhibiting a state of increased excitability and increased activation of 

Ca2+ channels during the day phase, as well as a state of decreased excitability at night, 

during which Ca2+ channel activity is reduced (de Jeu et al. 1998; Diaz-Munoz et al. 

1999; Jackson et al. 2004; McNally et al. 2019). But it is unclear whether this daily 

increase in Ca2+ channel activity is involved in maintaining the circadian pattern in 

cytosolic Ca2+, since the Ca2+ sources contributing to basal Ca2+ concentration in the SCN 

have not been thoroughly investigated. Furthermore, a direct comparison of cytosolic 

Ca2+ in the presence of voltage-gated versus intracellular Ca2+ channel inhibitors in both 

peak and trough states have not yet been thoroughly tested.  

In this study, we probed the involvement of  voltage-gated and intracellular Ca2+ 

channels using a novel, ratiometric Ca2+ sensor, Venus CaMeleon (Ross et al. 2018) and 

dual-view inverted selective plane illumination microscopy (diSPIM). This Ca2+ sensor 

captured the collective signal in basal cytosolic Ca2+ averaged from multiple neurons 

within a region of the SCN without measuring shorter time scale Ca2+ signals, such as 

action-potential-evoked Ca2+ transients.  We measured an average peak versus trough 

difference in cytosolic Ca2+ that was 1.3-fold higher during the peak (Figure 4.2D), 

producing a peak-to-trough ratio of 0.21. These measurements in SCN are consistent with 

basal Ca2+ levels typically measured in SCN (Table 4.1) and in other neuronal cell types, 

which were typically around 40-190 nM (Schwaller 2010), supporting that the Ca2+ 

sensor used in this study is a reliable reporter of basal Ca2+ concentration in SCN.  
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Sensor Signal Amplitude 
(PTR) 

Estimated [Ca2+]i Experimental 
Preparation 

Reference 

Peak Trough   

GCaMP6s LD 0.9 
DD 1.0 

1.2 events/min 
1.9 events/min 

0.1 events/min 
0.1 events/min 

 

Mouse in vivo 

AAV9.CAG.Flex  
(VIP-IRES-Cre mice) 
(Ca2+ events) 

(Jones et al. 2018) 

RCaMP1h 0.9 75-100 AU* 10-25 AU* Mouse OTC 
AAV1.hSyn1 

(Brancaccio et al. 
2017) 

Lck-
GCaMP6f 

0.9 75-80 AU* 10-25 AU* Mouse OTC 
AAV5.gfaABC1D  
(astrocyte, 
membrane-localized) 

(Brancaccio et al. 
2017) 

Cyto-
GCaMP3 

0.9 
 

75-100 AU* 10-25 AU* Mouse OTC 
AAV5.gfaABC1D  
(astrocyte, cytosol) 

(Brancaccio et al. 
2017) 

jRGECO1 0.1-0.4 160-260 AU* 150-190 AU* 
 

Mouse OTC 
AAV2.hSyn1 

(Enoki et al. 2017a) 

GCaMP6s 0.4-0.5 6,500-7,700 AU* 3,400-4,600 
AU* 

Mouse OTC 
AAV2/1.hSyn1 

(Enoki et al. 2017b) 

GCaMP6s  6-10 AU* -10- -6 AU* 
 

Mouse OTC 
AAVrh10.hSyn1 

(Ono et al. 2017) 

GCaMP3 0.5-0.7 0.15-0.2* nM 0.05-0.1* nM Mouse OTC  
AAV2/1.hSyn1 
Dissociated neurons 

(Noguchi et al. 
2017) 

GCaMP3 0.4 191 nM 113 nM Mouse OTC 
AAV2/1.hSyn1 

(Brancaccio et al. 
2013) 

YC3.60 0.3 3.5 AU* 2.5 AU* Rat OTC 
NSE-cDNA vector 

(Takeuchi et al. 
2014) 

YC2.1 0.2 1.7 AU* 1.4 AU* Mouse OTC 
NSE-cDNA vector 

(Ikeda and Ikeda 
2014) 

YC3.60 Dorsal: 0.3 
Ventral: 0.3 

 

115 nM 
124 nM 

85 nM 
84 nM 

Mouse OTC 
AAV2.hSyn1 

(Enoki et al. 2012a) 

YC3.60 0.3 120 nM 
 

85 nM Mouse OTC 
AAV2.hSyn1 

(Enoki et al. 2012b) 

YC2.1 0.7 440 nM 119 nM Mouse OTC 
NSE-cDNA vector 

(Ikeda et al. 
2003a). 

YC2.1 0.1 3.5 AU* 3.0 AU* Rat OTC 
NSE-cDNA vector 

(Hong et al. 2012) 

Fura2-AM 0.3 94 nM 66 nM Mouse acute slice (Aguilar-Roblero et 
al. 2016) 

Fura-2 AM 0.2 150 nM 
 

125 nM Mouse acute slice (Farajnia et al. 
2015) 

Fura-2 AM 0.4-0.7 250–300 nM 100–150 nM SCN 2.2 cells 
(80% astrocytes) 

(Burkeen et al. 
2011) 

Fura-2 AM 0.1 1.59 AU 1.41 AU Rat acute slice (Irwin and Allen 
2009) 

Fura-2 0 10-50 nM* 10-50 nM* Rat acute slice 
Delivered to neurons 
via patch pipette 

(Irwin and Allen 
2007) 

Fura-2 AM 0 0.65-0.8 AU* 0.65-0.8 AU* Mouse acute slice (Ikeda et al. 2003b) 
Fura-2 AM LD 0.5 

DD 0.3 
135 nM 
144 nM 

62 nM 
91 nM 

Rat acute slice (Colwell 2000) 

Table 4.1. Imaging studies measuring SCN Ca2+
i over the circadian cycle. Prior 

studies using fluorescent Ca2+ sensors to visualize changes in Ca2+
i over the circadian 

cycle. Ca2+
i concentrations or relative changes (arbitrary units, AU) are shown for peak 

and trough. The signal amplitude Peak:Trough ratio (PTR) = (Peak – Trough)/Peak) (1 is 

the maximum peak versus trough difference and 0 is no difference). *, values were 

estimated from plots in indicated publications. Experimental preparation denotes the type 

of SCN preparation (acute, organotypic culture (OTC), in vivo, or cell line) and vectors 

for Ca2+ sensors. hSyn1 (human synapsin 1) and NSE (neuron-specific enolase) are 

neuron-specific promoters.  Table modified from Harvey et al. 2020. 
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Our Ca2+ estimates are in agreement with the relative values reported in prior 

studies using other ratiometric Ca2+ sensors in the SCN, which have reported peak values 

ranging from 50 – 440 nM and trough values from 50 – 150 nM, producing peak-to-

trough ratios between 0.1 – 0.7 (Harvey et al. 2020) (Table 4.1). The problem with these 

prior measurements, which used Fura-2 or genetically-encoded sensors like YC2.1, did 

not utilize in situ calibration of the Ca2+ sensor, relying only on cell-free in vitro 

calibrations (Harvey et al. 2020), which does not account for factors in the intracellular 

environment that could affect the Ca2+ estimates (Glaum et al. 1994). In contrast to prior 

studies, Ca2+ measurements in this study were obtained from a genetically-encoded Ca2+ 

sensor that was calibrated in situ in intact SCN slices under the same experimental 

conditions with which the Ca2+ inhibitor experiments were carried out. With this method, 

we were able to directly compare the relative contributions of each Ca2+ source by testing 

the effects of inhibiting individual Ca2+ channel subtypes on peak and trough Ca2+ levels 

under equivalent experimental conditions. Our results support the current view that 

intracellular Ca2+ channels are the predominant contributors to the Ca2+ levels during 

both the peak and trough of the circadian cycle and provide a quantitative comparison of 

the effects of Ca2+ influx through VGCCs versus intracellular store-mediated release. We 

found that inhibiting both voltage-gated and intracellular Ca2+ channels can produce a 

significant decrease in Ca2+ concentrations. The largest decreases in Ca2+ overall were 

produced by inhibiting RyRs. Despite data from previous studies suggesting that RyRs 

protein expression is reduced during the trough of the circadian cycle (Diaz-Munoz et al. 

1999), our data indicate that RyRs remain the predominant contributors of cytosolic Ca2+ 

during the peak and the trough. Since the combined inhibition of voltage-gated channels  
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and RyRs did not significantly decrease Ca2+ levels further compared to inhibiting RyRs 

alone, this suggests that RyR inhibition produced the majority of the decrease in Ca2+ and 

that this was not dependent on voltage-gated channels. Inhibiting SERCA-ATPase, which 

inhibits Ca2+ reuptake into the ER and leads to a depletion of ER stores (Garaschuk et al. 

1997), also did not produce a decrease in Ca2+ that was larger in magnitude than the 

decrease observed when inhibiting RyRs alone. This suggests that IP3Rs, which also 

provide Ca2+ release from the ER, perhaps have a smaller role in contributing to cytosolic 

Ca2+ compared to RyRs. Although, the contributions of IP3R-mediated Ca2+ release were 

not directly tested here due to a lack of selective IP3R inhibitors (Bootman et al. 2002). It 

could even be speculated that the role of IP3Rs may be to stimulate release from RyRs 

rather than contribute the majority of Ca2+ release. Future studies could determine 

whether such a functional relationship between IP3Rs and RyRs is a mechanism that 

drives the circadian pattern in Ca2+ release in SCN.  

Other sources of calcium in the SCN that were not tested here include ionotropic 

glutamate receptors including N-methyl-D-aspartate receptors (NMDARs) and α-amino-

3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs)(Tominaga et al. 

1994). Ca2+ homeostasis is also maintained by the activity of Na+/Ca2+ exchanger types 1 

and 2 (NCX1 and NCX2)(Aguilar-Roblero et al. 2015; Diaz-Munoz et al. 1999) and 

endoplasmic reticulum Ca2+-ATPases (SERCA)(Burkeen et al. 2011), which mediate 

Ca2+ efflux or uptake into ER stores, while uptake of Ca2+ via mitochondrial NCX 

(NCLX)(Wang et al. 2015) and Ca2+-binding proteins buffer cytosolic Ca2+ (Bryant et al. 

2000; Carafoli 2002; Hamada et al. 2003). There is also potential involvement of store-

operated Ca2+ entry (SOCE) channel (Kononenko et al. 2004). Another mechanism that 
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could be involved in regulating basal Ca2+ over the circadian cycle, in conjunction with 

the activity of ion channels, is Ca2+ buffering by Ca2+-binding proteins (Schwaller 2010), 

which can alter basal Ca2+ as well as influence the amplitude and decay of stimulus-

evoked Ca2+ transients (Chard et al. 1993; Matthews and Dietrich 2015), leading to 

changes in firing properties of neurons (Schwaller 2010). SCN neurons express calbindin 

D28K and calretinin (Hamada et al. 2003; Silver et al. 1996b). In SCN, levels of cytosolic 

calbindin protein have been observed to change over the course of the circadian cycle 

(Hamada et al. 2003). This evidence suggests that these Ca2+ binding proteins can be 

regulated based on daily requirements of SCN neurons and could play an important role 

in circadian Ca2+ rhythms. However, further studies are required to investigate the 

involvement of these other regulatory mechanisms.  

Interestingly, the amplitude of the peak-trough difference in Ca2+ levels are 

modest compared to Ca2+ responses evoked by KCl or action potential stimuli. Upon 

stimulation, neuronal Ca2+ concentrations can increase up to 5-10X that of basal Ca2+ 

levels (Neher and Augustine 1992). For example, Ca2+ transients evoked by a single 

action potential can reach upwards of 250 nM above the resting Ca2+ concentrations 

(Maravall et al, 2000). This raises the question as to what the purpose of the peak-trough 

difference in basal Ca2+ could be. Whether or not the dynamic range of these stimulus-

induced Ca2+ responses are gated by the basal Ca2+ concentration in SCN is not known.  

In all, our data validate the use of genetically-encoded fluorescence anisotropy 

reporters (FLAREs) as a valuable tool to measure circadian signaling in living SCN 

slices. The sensor used in this study, Venus CaMeleon, has the added advantage of only 

occupying a single color channel, which would allow for multi-color imaging of multiple 
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biosensors expressed in the same neurons. Therefore, the imaging methods employed in 

this study provide a foundation for future experiments to investigate the crosstalk 

between each of these Ca2+ signaling components by measuring multiple signaling 

parameters at the same time to piece together how the circadian clock mechanism is 

coordinated in the SCN.  
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Chapter 5: BK channel activation by Ca2+ from LTCCs during an 

action potential 

5.1 Introduction 

Circadian rhythms in mammals are timed by the suprachiasmatic nucleus (SCN) 

of the hypothalamus, the brain’s central clock. SCN neurons generate a time-of-day 

signal by producing a periodic, 24-hour pattern in spontaneous action potential firing 

frequency that is higher during the day compared to the night (Harvey et al. 2020). One 

of the critical ion channels responsible for regulating the firing properties of SCN 

neurons between day and night is the large-conductance, Ca2+- and voltage-activated 

(BK) K+ channel (Kent and Meredith 2008; Montgomery and Meredith 2012; 

Montgomery et al. 2013), which is encoded by the Kcnma1 gene (Butler et al. 1993; 

Meredith et al. 2006). In SCN neurons, BK currents are activated during the action 

potential, where they contribute to membrane repolarization and afterhyperpolarization 

(Montgomery and Meredith 2012; Whitt et al. 2016). New evidence suggests BK currents 

are also activated by subthreshold membrane depolarizations during the interspike 

interval, which contributes to the action potential threshold and baseline membrane 

potentials (Montgomery and Meredith 2012; Whitt et al. 2016). This subthreshold BK 

current is critical to the difference in firing frequency in the SCN between day and night 

(Whitt et al. 2016). During the day, when firing frequency is relatively high, subthreshold 

BK currents are reduced, resulting in a depolarization of the baseline membrane potential 

(Whitt et al. 2016), which brings it closer to the action potential threshold and makes it 

easier for the cell initiate an action potential (Jackson et al. 2004). During the night, when 

firing frequency is relatively low, subthreshold BK currents are increased, resulting in a 

hyperpolarization of the baseline membrane potential, bringing it farther away from the 
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action potential threshold (Whitt et al. 2016). Previous studies have shown that increasing 

BK currents during the day, at a time when BK currents should be reduced, 

hyperpolarizes the baseline membrane potential and leads to a decrease in firing 

frequency (Whitt et al. 2016). A loss of BK currents during the night, when BK currents 

should be increased, depolarizes the baseline membrane potential and leads to an increase 

in firing frequency (Montgomery et al. 2013). Thus, the day-night difference in 

subthreshold BK currents is important for SCN neurons to achieve an excitable “upstate” 

during the day, and excitable “downstate” at night (Colwell 2006).  

To be activated in neurons within the subthreshold range, BK channels require 

local increases in intracellular Ca2+ >10 µM, indicating that BK channels must be located 

in close proximity to Ca2+ channels (Berkefeld and Fakler 2013; Berkefeld et al. 2006; 

Fakler and Adelman 2008; Prakriya and Lingle 1999). Ca2+-dependent activation of BK 

currents could be a major mechanism that regulates the circadian pattern in baseline 

potential and firing frequency in the SCN (Whitt et al. 2018). And yet, it is still an open 

question as to which Ca2+ sources are contributing to BK current activation at 

subthreshold potentials. Previous studies using Ca2+ channel inhibitors have identified 

specific sources of Ca2+ contributing to BK activation in the SCN, showing that daytime 

BK currents predominantly depend on Ca2+ influx through L-type Ca2+ channels 

(LTCCs), whereas nighttime BK currents are predominantly activated by Ca2+ release 

from intracellular stores through ryanodine receptors (RyRs) (Whitt et al. 2018). 

However, the activation of BK currents by a dynamic influx (or release) of Ca2+ during a 

physiological stimulus, such as an action potential, has not been investigated in SCN 

neurons.  
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Because the voltage-dependent activation of LTCCs has been relatively well 

characterized in SCN (Jackson et al. 2004; McNally et al. 2019; Pennartz et al. 2002), 

this study focuses on activation of subthreshold BK currents by LTCCs. There are two 

LTCC subtypes expressed in the SCN, CaV1.2 and CaV1.3 (Kim et al. 2015), which have 

distinct current properties (Koschak et al. 2001; Lipscombe et al. 2004; Olson et al. 2005; 

Xu and Lipscombe 2001). CaV1.3 currents were hypothesized to provide Ca2+ to activate 

BK channels at subthreshold potentials since they activate at more hyperpolarized 

potentials compared to CaV1.2 (Xu and Lipscombe 2001), whereas CaV1.2 may have a 

greater role in activating BK currents at more depolarized potentials, such as during the 

peak of an action potential, due to their relatively more depolarized voltage-dependence 

of activation (Xu and Lipscombe 2001). In this study, we provide evidence that LTCCs, 

which are the predominant Ca2+ source activating BK channels during the day, can 

contribute to the activation of subthreshold BK in SCN neurons by measuring the effects 

of the LTCC inhibitor nimodipine on membrane potential and the magnitude of BK 

currents evoked by an action potential voltage command. To determine the relative 

contributions of LTCC subtypes CaV1.2 and CaV1.3 to the activation of BK currents, we 

measured BK currents from BK channels co-expressed with CaV1.2 and CaV1.3 channels 

in heterologous cells.  

5.2 Methods 

Mice.  All animal procedures were conducted in accordance with guidelines of the 

University of Maryland School of Medicine and approved by the Institutional Animal 

Care and Use Committee. C57BL/6J wildtype (WT) and β2 knockout (KO) mice 

provided by C. Lingle (Martinez-Espinosa et al. 2014) were housed from birth in a 
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standard 12-hour light-dark cycle. For electrophysiology, 3-8-week-old male and female 

mice were euthanized by inhalation of isoflurane vapors followed by decapitation.  

 

Cell culture and transfection. Chinese Hamster Ovary (CHO-K1; ECACC; 85051005) 

cells were maintained in 1X Ham’s F-12 medium (Invitrogen; 11765054) supplemented 

with 10% fetal bovine serum (Sigma; F4135), 1% L-glutamine (Mediatech; 25-005-CI) 

and 1% penicillin/streptomycin (Mediatech; 30-002-CI) in a humidified incubator at 

37°C with 5% CO2 and passaged once per week. Cells were transfected at  ~70% 

confluency in 35 mm culture dishes overnight with plasmid cDNAs encoding EYFP-

tagged human BKα subunit alone (Kcnma1, GenBank MG279689), or in combination 

with rat Cavβ1b (Cacnb1, CAA43665.1), rat Cavα2δ1 (Cacna2d1, AAG28164.1) and 

human CaV1.2α (Cacna1c, CAA84341.1) or human CaV1.3α (Cacna1d, AAA72125.1) 

subunits in a 0.3:1:1:1 ratio using TransIT-LT1 transfection reagent (Mirius Bio; 2300) 

and manufacturer protocols. In the absence of the BK subunit, Cav subunits were co-

expressed with an EGFP plasmid an EGFP plasmid (pEGFP-N1, AAB02574.1) in a 

1:1:1:0.3 ratio. Transfected cells were split the next day onto glass coverslips pre-coated 

with poly-L-lysine (Sigma; P4832) and maintained in culture medium in which F-12 was 

substituted with Ca2+-free minimum essential medium (Invitrogen; 11380037). Currents 

were recorded 2-3 days later.   

 

Electrophysiology recordings. SCN slices were harvested 1-3 hrs after lights were turned 

on (zeitgeber time, ZT 1:00-3:00) for day timepoints or 2-4 hrs after lights were turned 

off  (ZT 14:00-16:00) under dim red light for night timepoints and prepared as described 
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previously (Whitt et al. 2018; Whitt et al. 2016). Coronal brain sections (300 µm) were 

cut using a vibratome (Leica Biosystems, VT1000S) at 4°C in ice-cold sucrose-

substituted saline containing (in mM): 26 NaHCO3, 1.2 MgSO4, 1.25 Na2HPO4, 3.5 KCl, 

3.8 MgCl2, 10 D-glucose and 200 sucrose. Solution was oxygenated by bubbling with 5% 

carbon dioxide and 95% oxygen gas.  

Slices containing the SCN were incubated 1-3 hrs at room temperature (25-27°C) 

in a recovery chamber submerged in oxygenated artificial cerebral spinal fluid (ACSF) 

containing (in mM): 125 NaCl, 1.2 MgSO4, 26 NaHCO3, 1.25 Na2HPO4, 3.5 KCl, 2.5 

CaCl2 and 10 glucose (~300 mOsM). SCN slices were transferred to a recording chamber 

(RC26GLP/PM-1; Warner Instruments, Hamden, CT, USA) and bath-perfused with 

oxygenated ACSF at a rate of ~1 ml min-1 via gravity flow at 25°C. Neurons were 

visualized at 40X magnification with a Luca-R DL-604 EMCCD camera (Andor, Belfast, 

UK) on an FN1 upright microscope (Nikon, Melville, NY, USA). Recordings were made 

from neurons in the center of the SCN during the peak (ZT 4:00–8:00) and nadir (ZT 

16:00–21:00) of the circadian rhythm in spontaneous firing.   

Action potential waveforms were recorded in the whole-cell configuration in 

current-clamp mode as described (Whitt et al. 2018) using glass pipettes (Sutter 

Instruments, Novato, CA, USA) with  resistances of 3-5 MΩ when filled with internal 

solution containing (in mM): 123 K+-methanesulfonate, 9 NaCl, 0.9 EGTA, 9 HEPES, 14 

Tris-phosphocreatine, 2 MgATP, 0.3 TrisGTP, and 2 Na2ATP ( ~310 mOsM) with pH 

adjusted to 7.3 with KOH. Access resistances (Ra) were < 20 MΩ with ± 5% change 

(typically ~13 MΩ). Series resistance (Rs) was compensated at 80%. Spontaneous action 

potentials were acquired in 10 s sweeps at 100 kHz sampling rate and online filtered at 10 
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kHz on a MultiClamp 700B amplifier and pCLAMP v10.3 software (Molecular Devices, 

Sunnyvale, CA, USA). Drugs were focally perfused to the bath via gravity flow at a rate 

of 1 mL min−1 (except for dantrolene, which was chronically bath-applied). Action 

potential events were detected by template-based searches using Clampfit v10.3 software 

(Molecular Devices, Sunnyvale, CA, USA) and used to calculate the average in 

frequency, waveform peak and afterhyperpolarization (AHP) potentials, half-width, and 

baseline membrane potential as previously described (Montgomery and Meredith 2012) 

(Figure 5.1).  

 
Figure 5.1. Action potential waveform analysis parameters.  

 

Action potential template search parameter files were made from averages of 5-10 

waveforms from representative SCN action potential recordings for day and night. A 

derivative of the average action potential waveform for each cell was calculated in 

Clampfit, plotted in Microsoft Excel (Microsoft, 2016) and used to calculate action 

potential thresholds, measured as the membrane potential corresponding to 4% of the 

maximum derivative value occurring during the action potential upstroke. 
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Afterhyperpolarization (AHP) decay time was measured as the time between the 

maximum afterhyperpolarization and the return to baseline membrane potential.  

Whole-cell currents from SCN neurons were recorded in voltage-clamp mode 

under chronic TTX (1 µM). Currents were acquired at 20 kHz with P/5 leak subtraction. 

Total voltage-activated outward currents are elicited from a holding potential of −90 mV, 

by stepping to −150 mV for 100 ms followed by action potential voltage commands made 

from previously recorded native action potential waveforms obtained from SCN in day 

(threshold, -38 mV ; baseline membrane potential, -48 mV; halfwidth 5.5 ms; peak, +8 

mV; AHP, -56 mV) and night (threshold -43 mV; baseline membrane potential, -51 mV; 

halfwidth, 6.1 ms;  peak, 0.9 mV; AHP, -58 mV)(Whitt et al. 2016). Three sequential 

action potential waveforms are applied at the average daytime (2.2 Hz) or nighttime firing 

rate (1 Hz) as depicted in the figures. BK K+ currents are isolated from the total current 

by focal application of the BK antagonist paxilline (10 μM). The effective concentration 

of paxilline in the recording chamber was 3.75 μM. Paxilline-sensitive (BK) currents 

were subtracted from the total outward currents and normalized to membrane 

capacitance. All voltage-clamp recordings in SCN neurons were performed in the 

presence of 1 µM TTX from slices in control bath solution (ACSF) or from slices 

chronically exposed to Ca2+ channel inhibitors that were added to the bath solution. 

Whole-cell voltage-clamp recordings in CHO cells were performed at room 

temperature (25°C) with a MultiClamp 700B amplifier using glass pipettes (World 

Precision Instruments) that had resistances of 1.5-3 MΩ when filled with intracellular 

recording solution containing (in mM): 123 K+-methanesulfonate, 9 NaCl, 10 EGTA, 2 

Na2ATP, 2 MgATP, 9 HEPES and pH adjusted to 7.3 with KOH. Extracellular recording 
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solution contained (mM): 3.5 KCl, 125 NaCl, 1.2 MgCl2, 2.5 CaCl2, 1.25 NaH2PO4, 10 

HEPES, 10 glucose, and pH adjusted to 7.4 with NaOH. Macroscopic currents were 

elicited from a holding potential of -90 mV in a two-part voltage protocol stepping for 50 

ms from -100 to +70 mV in 10 mV increments followed by a second step to +70 mV for 

100 ms. Currents were sampled at 50 kHz and filtered online at 10 kHz with a P/5 leak 

subtraction protocol. Action potential-evoked currents are elicited from a holding 

potential of −90 mV, by stepping to −150 mV for 100 ms followed by the daytime action 

potential voltage command described above. Ra was 3-8 MΩ and Rs was compensated 

40-80%. BK K+ currents were isolated from total cell currents by bath application of 1 

µM paxilline. CHO cell capacitance was 15-60 pF and the average voltage error was 13 

mV for peak Ca2+ and BK K+ current measurements. Subthreshold currents were 

measured at -43 mV before the second action potential waveform. 

All voltages were adjusted for liquid junction potential (10 mV). The reversal 

potential was -92 mV for K+and +130 mV for Ca2+ assuming a maximum intracellular 

Ca2+ concentration of 100 nM, which was calculated based on a total Ca2+ concentration 

of 2.5 mM and 10 mM EGTA using WebMaxC (available online at 

https://somapp.ucdmc.ucdavis.edu/pharmacology/bers/maxchelator/webmaxc/webmaxcS.

htm). Conductance (G) was calculated from the maximum inward Ca2+ currents by 

dividing the current by the driving force for Ca2+. To calculate V1/2 values, G-V curves 

were fit to a Boltzmann function: 

�/�
� = 1/(1 + ����/ !�"/#) 

in which V is the command voltage, V1/2 is the voltage at 50% of the maximum 

conductance and k is the slope. 
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Statistics. Group averages are reported ± SEM. N’s in figure legends are the number of 

cells or neurons recorded, with 1–8 neurons per SCN slice (one slice per animal) for 

voltage- and current-clamp recordings. Statistical significance was determined at P < 0.05 

using statistical tests in Prism v9.0 (Graphpad Software, San Diego, CA, USA). 

Significant differences in action potential frequency and waveform parameters were 

tested using paired or unpaired Student’s t tests (for dantrolene recordings). Significant 

differences in action potential-evoked BK currents ± drugs were tested using one-way 

ANOVA with Bonferroni’s post hoc correction. Two-way repeated measures ANOVAs 

were used to compare Ca2+ current I-Vs and kinetics. Differences in BK or Cav current 

densities from CHO cells were tested with Student’s t tests. 

 

Drugs. Drugs were diluted on the same day experiments were performed to final 

concentrations of 10 µM nimodipine (Nim; Alomone Labs, Jerusalem, Israel; N150), 

10 µM dantrolene (Dan; Sigma, Darmstadt, Germany; D9175), 3 µM ω-conotoxin GVIA 

(ConoGVIA; Alomone Labs, Jerusalem, Israel; C-300), 200 nM ω-agatoxin IVA 

(AgaIVA; Alomone Labs, Jerusalem, Israel; STA-500), 30 µM NiCl2 (Ni2+; Sigma; 

22387), 1 µM tetrodotoxin (TTX; Tocris; 1069) and 1 µM or 10 µM paxilline (Pax; 

Alomone Labs, Jerusalem, Israel; P-450). Stocks (1000X) were prepared in DMSO (Nim, 

Dan, Pax) or water (TTX, ConoGVIA, AgaIVA, Ni2+) and stored at -20°C. Final DMSO 

concentrations were < 0.1%.  

5.3 Results 

Ca2+ currents regulate distinct phases of the SCN action potential. 
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Each of the major voltage-gated Ca2+ channel (VGCC) subtypes (McNally et al. 

2019) as well as intracellular Ca2+ channels, including ryanodine receptors (RyRs)(Diaz-

Munoz et al. 1999) and inositol 1,4,5-trisphosphate receptors (IP3Rs)(Hamada et al. 

1999b) are functionally expressed in the SCN (Harvey et al. 2020). Several studies have 

shown that inhibiting these different Ca2+ sources can impact firing frequency of SCN 

neurons in a time-of-day dependent manner, with VGCC inhibitors decreasing firing rate 

during the day but not at night, whereas inhibiting Ca2+ release from intracellular stores 

can decrease firing during the day and increase firing at night (McNally et al. 2019; Whitt 

et al. 2018). This effect could be mediated by inhibition of Ca2+-activated BK K+ 

channels during the action potential. However, the Ca2+ currents contributing to the 

activation of BK channels at specific phases of the action potential in the SCN have not 

been investigated.  

To test which of these Ca2+ sources are contributing to subthreshold currents 

versus action potential-evoked currents in SCN neurons, we screened the effects of Ca2+ 

channel inhibitors on action potential waveform parameters in day (Figure 5.2) and night 

(Figure 5.3). SCN slices were acutely dissected during the light portion of the circadian 

cycle for day experiments or during the dark portion of the cycle for night experiments. 

Action potential waveforms were recorded in whole-cell current clamp mode from SCN 

neurons in baseline control (Ctrl) conditions, and after focal application of vehicle control 

(Veh) or Ca2+ channel inhibitors (Figure 5.2 and Figure 5.3).  
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Figure 5.2. VGCC inhibitor effects on day action potential waveforms in WT SCN.  
A-E) Paired whole-cell current-clamp recordings of spontaneous action potentials 

obtained from the same neuron during baseline control (Ctrl) and 10 min after application 

of vehicle control (Veh) (A), and Ca2+ channel inhibitors including 10 µM nimodipine 

(Nim) (B), 3 µM ω-conotoxin GVIA (ConoGVIA) (C), 0.3 µM ω-agatoxin IVA 

(AgaIVA) (D), and 30 µM nickel (Ni2+) (E). Dotted line = -50 mV. 

 

 

Figure 5.3. Dantrolene effects on day and night action potential waveforms in WT 

SCN. A, B) Whole-cell current-clamp recordings of spontaneous action potentials 

obtained from different neurons in day (A) and night (B) under control conditions (WT) 

under chronic exposure to 10 µM dantrolene (Dan). Dotted line = -50 mV.  

 

Inhibitors were used to target L-type (nimodipine, Nim), N-type (ω-conotoxin 

GVIA, ConoGVIA), P/Q-type (ω-agatoxin IVA, AgaIVA) and R-type (Ni2+) voltage-

gated Ca2+ channels (Figure 5.2A-E) and intracellular ryanodine receptors (dantrolene, 

Dan) (Figure 5.3A-B). We analyzed the effects of these drugs on six phases of the action 

potential waveform that are involved in frequency regulation, including the baseline 

membrane potential, threshold, peak, halfwidth, afterhyperpolarization (AHP) and AHP 

decay time (Bean 2007) (Table 5.1).  
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 Frequency 

(Hz) 

Peak 

(mV) 

Halfwidth 

(ms) 

AHP 

(mV) 

Baseline 

(mV) 

Threshold 

(mV) 

AHP 

decay (ms) 

n N 

Ctrl 2.2 ± 0.6 3.4 ± 3 4.7 ± 0.4 -58.6 ± 2 -54.9 ± 2 -43.1 ± 1 143.9 ± 22 8 7 
Veh 2.2 ± 0.6 0.3 ± 3 5.2 ± 0.4 -58.9 ± 2 -55.2 ± 2 -43.9 ± 1 140.4 ± 22 

P value 0.8 0.1 0.06 0.8 0.7 0.08 0.7   
          

Ctrl 2.6 ± 0.6 0.90 ± 3 6.0 ± 0.9 -57.9 ± 2 -54.5 ± 2 -43.6 ± 0.8 138.3 ± 33 8 7 
Nim 1.7 ± 0.5 -8.6 ± 3 10.5 ± 1 -51.9 ± 1 -48.2 ± 1 -42.2 ± 0.9 101.8 ± 22 

P value 0.002* 0.0001* 0.0001* 0.0001* 0.0001* 0.03* 0.1   

          
Ctrl 2.0 ± 0.6 2.9 ± 3 4.9 ± 0.6 -57.7 ± 2 -54.8 ± 2 -44.0 ± 0.4 105.4 ± 16 7 4 

GVIA 0.6 ± 0.2 -6.4 ± 2 6.5 ± 0.7 -51.7 ± 1 -50.6 ± 2 -43.8±0.3 92.8 ± 21 
P value 0.04* 0.03* 0.1 0.02* 0.06 0.6 0.5  

          
Ctrl 3.0 ± 0.9 -5.1 ± 3 4.8 ± 0.6 -56.7 ± 2 -53.2 ± 1 -43.7±0.9 62.7 ± 10 7 2 

IVA 1.0 ± 0.4 -12 ± 3 6.6 ± 0.9 -52.7 ± 2 -51.6 ± 1 -44.1±0.7 90.7 ± 14 
P value 0.02* 0.002* 0.04* 0.01* 0.1 0.3 0.2   

          
Ctrl 1.6 ± 0.5 4.8 ± 2 4.4 ± 0.4 -58.9 ± 1 -55.6 ± 1 -43.3±1 84.2 ± 11 7 4 

Ni2+ 0.6 ± 0.3 3.7 ± 5 4.8 ± 0.8 -59.7 ± 2 -57.1 ± 2 -44.0±1 183.6 ± 30 
P value 0.02* 0.7 0.3 0.6 0.1 0.053 0.006*   

          

          

Ctrl Day 
Dan 

P value 

2.8 ± 0.5 
0.9 ± 0.3 

0.008* 

3.6 ± 3 
6.8 ± 4 

0.5 

4.2 ± 0.4 
4.3 ± 0.8 

0.9 

-59.1 ± 2 
-62.2 ± 2 

0.3 

-55.7 ± 2 
-58.4 ± 2 

0.2 

-44.1 ± 1 
-46.6 ± 1 

0.1 

122.3 ± 12 
126.3 ± 20 

0.8 

8 
8 

3 
3 

 
 

 

         

Ctrl Night 

Dan 
P Value 

0.6 ± 0.2 

1.7 ± 0.6 
0.04* 

11.3 ± 3 

-5.1 ± 3 
0.004* 

3.7 ± 0.4 

6.1 ± 0.6 
0.004* 

-61.5 ± 1 

-54.0 ± 2 
0.01* 

-56.0 ± 1 

-49.5 ± 2 
0.007* 

-41.9 ± 1 

-41.5 ± 1 
0.8 

136.4 ± 30 

94.2 ± 21 
0.8 

7 

9 

3 

3 

 

Table 5.1. Ca2+ channel inhibitor effects on action potential parameters. Summary of 

the effects of 10 µM nimodipine (Nim), 3 µM ω-conotoxin GVIA (ConoGVIA), 0.3 µM 

ω-agatoxin IVA (AgaIVA), and 30 µM nickel (Ni2+) during the day and 10 µM 

dantrolene (Dan) during the day and night on whole-cell action potential waveform 

parameters and firing rate in WT SCN slices. Compared to baseline controls (Ctrl), 

application of voltage-gated Ca2+ channel inhibitors during the day decreased firing 

frequency (Nim, ConoGVIA, AgaIVA, Ni2+ ) decreased the peak potential (Nim, 

AgaIVA), increased the halfwidth (Nim, AgaIVA), depolarized the AHP potential (Nim, 

ConoGVIA, AgaIVA), depolarized the baseline membrane potential (Nim), depolarized 

the action potential threshold (Nim), and prolonged the AHP decay time (Ni2+). 

Compared to recordings in slices under control conditions (WT), chronic application of 

Dan to slices decreased firing frequency during the day and increased firing at night. 

During the night, chronic application of Dan decreased the peak potential, increased the 

halfwidth, depolarized the AHP potential and depolarized the baseline membrane 

potential. Data are mean ± SEM. n = number of neurons, N = number of slices. 

Significance (*, P < 0.05), tested with paired Student’s t tests for voltage-gated channel 

inhibitors, and unpaired Student’s t tests for dantrolene experiments. 
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Inhibitors that affect currents evoked during the action potential itself, from the 

action potential threshold to the end of the repolarization phase, were predicted to impact 

the action potential halfwidth, repolarization and AHP (Bean 2007). Inhibitors that affect 

currents activated at subthreshold potentials during the interspike interval, which are 

more hyperpolarized than the action potential threshold, were expected to affect the 

baseline membrane potential (Jackson et al. 2004; Pennartz et al. 2002). Since 

subthreshold currents are important for regulating firing frequency in SCN neurons 

(Whitt et al. 2016), we focused on drugs that produced changes in baseline membrane 

potential.  

To measure the effects of voltage gated Ca2+ channel inhibitors, paired 

comparisons were made of action potential parameters from the same cell before and 

after focal application of control solution or solution containing individual Ca2+ channel 

inhibitors. We found that inhibiting L-, N-, P/Q- and R-type channels in SCN neurons 

during the day all significantly reduced firing frequency compared to baseline recordings 

by 30 to 65% (Table 5.1) but each inhibitor had different effects on the action potential 

waveform (Figure 5.2A-E, Table 5.1). Inhibiting L-type Ca2+ currents with nimodipine 

had a multi-phasic effect on action potential waveforms, affecting the subthreshold, 

repolarization and AHP phases (Figure 5.2B, Table 5.1). Nimodipine reduced the peak, 

prolonged the halfwidth, and reduced the AHP, as well as depolarized the baseline 

membrane potential by 6.3 mV and the action potential threshold by 1.4 mV (Figure 

5.2B, Table 5.1). In contrast, inhibition of N-, P/Q- and R-type channels predominantly 

affected the repolarization and AHP phases but did not alter baseline membrane potential 

(Figure 5.2C-E, Table 5.1). Inhibiting NTCCs with ConoGVIA (Figure 5.2C) and 
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P/QTCCs with AgaIVA (Figure 5.2D) reduced the peak, prolonged the halfwidth and 

reduced the AHP (Table 5.1). Inhibiting RTCCs with Ni2+ prolonged the AHP decay 

(Figure 5.2E, Table 5.1). The effects of these inhibitors on the action potential waveform 

suggests that multiple Ca2+ channels could be contributing to the activation of BK K+ 

currents that have a role in shaping the action potential itself. However, only LTCC 

inhibition produced a depolarization of the baseline membrane potential (Figure 5.2B, 

Table 5.1). If the effects of nimodipine were due solely due to the inhibition of a 

depolarizing Ca2+ current, then you would expect to see a hyperpolarization of the 

membrane potential. But, inhibiting Ca2+ currents from LTCCs with nimodipine had the 

opposite effect of depolarizing the baseline potential (Figure 5.2B, Table 5.1). This 

depolarizing effect of nimodipine on threshold and baseline membrane potentials shown 

here have been shown in previous studies (Jackson et al. 2004; Pennartz et al. 2002; 

Whitt et al. 2018) and indicates that the specific inhibition of L-type Ca2+ currents could 

result from a loss of hyperpolarizing BK K+ currents during the interspike interval.  

Next, we tested the effects of inhibiting intracellular Ca2+ release from RyRs with 

dantrolene on the action potential waveform (Figure 5.3A, B). Since RyRs are the 

predominant nighttime Ca2+ source activating BK currents, we predicted that applying 

dantrolene to SCN neurons during the night should also depolarize the baseline 

membrane potential due to inhibition of subthreshold BK currents. For dantrolene 

experiments, action potential waveforms were recorded from control slices or from slices 

chronically exposed to dantrolene in the recording chamber. We found that applying 

dantrolene at night significantly depolarized the baseline membrane potential by 6.5 mV 

compared to control recordings (P = 0.007, unpaired Student’s t test) (Figure 5.3B, Table 
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5.1), indicating that RyRs are affecting the activation of subthreshold BK currents during 

the night. These results suggest the hypothesis that inhibiting these specific Ca2+ sources, 

LTCCs during the day and RyRs at night, leads to a depolarization of the baseline 

membrane potential by decreasing the activation of subthreshold BK currents in the SCN.  

To further support this idea, we tested the effects of dantrolene on daytime action 

potential waveforms as a negative control to show that inhibiting a Ca2+ channel that is 

not the predominant Ca2+ source activating BK channels at that time during the circadian 

cycle should have little effect on BK currents and thus should not affect the action 

potential waveform or baseline potentials. Consistent with this, we found that dantrolene 

had no significant effects on action potential waveform during the day (Figure 5.3A, 

Table 5.1). This data supports the idea that only inhibiting Ca2+ channels that are a 

predominant source of Ca2+ activating BK channels can have a significant depolarizing 

effect on the baseline membrane potential.  

Ca2+ dependence of action potential-evoked BK currents in SCN. 

To test the hypothesis that LTCCs and RyRs regulate baseline membrane 

potential by contributing to the activation of subthreshold BK currents, we measured the 

effects of LTCC and RyR inhibitors on the magnitude of action potential-evoked BK 

currents in SCN neurons, directly. BK currents were recorded as paxilline-sensitive 

macroscopic currents in whole-cell voltage-clamp mode in neurons from SCN slices 

dissected in day or night. To evaluate the effects of LTCC inhibitor nimodipine and RyR 

inhibitor dantrolene on BK channel activation, unpaired recordings of BK currents were 

performed in neurons from SCN slices in control conditions (ACSF), or from slices 

chronically exposed to Ca2+ channel inhibitors (Figure 5.4).  
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Figure 5.4. Ca2+ dependence of action potential-evoked BK currents in WT and β2 

KO SCN. Macroscopic BK current in day and night from WT and β2 KO SCN slices in 

control (Ctrl) conditions or chronically treated with 10 µM nimodipine (Nim) or 10 µM 

dantrolene (Dan). Currents were elicited using voltage commands from representative 

SCN action potential (AP) waveforms for day (threshold, -38 mV; baseline membrane 

potential, -48 mV; halfwidth, 5.5 ms; peak, +8 mV; AHP, -56 mV) and night (threshold -

43 mV; baseline membrane potential, -51 mV; halfwidth, 3 ms; peak, +0.9 mV; AHP, -58 

mV) and quantified at the second AP. A) AP command (top) and BK currents (below) 

from WT SCN during the day. B) Subthreshold (arrow) and C) maximum AP-evoked BK 

current from WT and β2 KO SCN slices in each drug condition during the day. In WT 

SCN, maximum AP-evoked BK currents were decreased in Nim (P = 0.01). D) AP 

command (top) and BK current (below) from WT SCN during the night. E) Subthreshold 

(arrow) and F) maximum AP-evoked BK current from WT and β2 KO SCN during the 

night. Dan decreased subthreshold BK current in WT (P = 0.0009) and β2 KO SCN (P= 

0.04). *, Significance (P < 0.05) tested with one-way ANOVA and Bonferroni’s post hoc 

test for drug effects per genotype per timepoint. Data are mean ± S.E.M. Data points are 

measurements from individual SCN neurons. 1-8 neurons were recorded per SCN slice 

and 1-4 slices per condition (1 slice per animal). WT: N(day, night)= Ctrl (20, 18); Nim 

(8, 5); Dan (7, 7). β2 KO: N(day, night) = Ctrl (13, 7), Nim (8, 12), Dan (6, 5). Data in 

this figure was obtained by Joshua P. Whitt at the University of Maryland, Baltimore.  
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BK currents were elicited using voltage commands made from pre-recorded 

daytime and nighttime SCN action potential waveforms (Figure 5.4). The day and night 

action potential voltage commands differed in their baseline, threshold, peak and AHP 

potentials. The night action potential command was more hyperpolarized, compared to 

the day command (Figure 5.4A, D).  

In control recordings from WT SCN slices, BK currents were measured prior to 

the action potential threshold during the interspike interval at -44 mV (arrow), and the 

peak current evoked during the action potential itself, in day (Figure 5.4A-C) and night 

(Figure 5.4D-F).  Since nimodipine depolarized the baseline membrane potential during 

the day (Figure 5.2B), we expected nimodipine to produce a decrease in the magnitude of 

daytime subthreshold BK currents. Surprisingly, compared to control recordings, 

nimodipine had no effect on subthreshold BK currents (Figure 5.4B). But nimodipine did 

produce a 74% decrease in the peak BK currents evoked by the action potential (Figure 

5.4C)(P = 0.01, One-way ANOVA with Bonferroni’s post hoc test), indicating that action 

potential-evoked BK currents in the SCN are indeed activated by Ca2+ from LTCCs.  

The lack of an effect of nimodipine on subthreshold BK currents could be due to 

multiple factors. daytime subthreshold BK currents in WT neurons are already reduced, 

due to inactivation of the BK channel (Whitt et al. 2016), which is mediated by the 

auxiliary BKβ2 subunit (Wallner et al. 1999; Xia et al. 1999). The major consequence of 

BK current inactivation is that it leads to a 2-fold decrease in the overall magnitude of 

subthreshold BK currents (Whitt et al. 2016). Therefore, in neurons exhibiting 

inactivating BK currents, nimodipine may have little to no effect on subthreshold BK 

currents, since BK currents are already reduced due to inactivation. Since we did not 
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observe an effect of nimodipine on subthreshold BK currents in WT SCN neurons, it is 

possible that BK current inactivation was precluding the effects of Ca2+ channel 

inhibitors, indicating the need to assess the contribution of these Ca2+ sources in the 

absence of inactivation. 

To assess the impact of Ca2+ sources on subthreshold BK currents in the absence 

of BK channel inactivation, we tested the effects of LTCC and RyR inhibitors on action 

potential-evoked BK currents in SCN neurons from BKβ2 knockout (β2 KO) mice. We 

predicted that removal of the BKβ2 subunit would increase the magnitude of 

subthreshold BK currents during the day, allowing us to detect whether subthreshold BK 

currents are sensitive to Ca2+ channel inhibition. During the day, β2 KO neurons 

exhibited larger subthreshold BK currents compared to WT neurons (Figure 5.4B) (P = 

0.003, One-way ANOVA with Bonferroni’s  post hoc test), consistent with the loss of 

BK current inactivation at this stage of the action potential command (Whitt et al. 2016). 

In the presence of nimodipine, we observed a slight decrease in subthreshold BK currents 

in β2 KO neurons, compared to control recordings (Figure 5.4B).  Although this decrease 

was not statistically significant (Figure 5.4B) (P = 0.5, One-way ANOVA with 

Bonferroni’s post hoc test), there is evidence that a fraction of the subthreshold BK 

current is nimodipine sensitive. 

 As another way to test whether BK channel inactivation in WT SCN neurons 

could be affecting subthreshold current measurements, we tested the effects of inhibiting 

the major Ca2+ source activating BK channels during the night, when BK currents are 

increased, since the majority of BK currents do not inactivate during this time (Whitt et 

al. 2016). Since the β2 subunit has less of a role during the night, we predicted that 
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inhibiting the major source of Ca2+ for activating BK currents at night, which is RyRs, 

would have the same effect on subthreshold BK currents in WT and β2 KO neurons. 

During the night, we found that inhibiting RyRs with dantrolene produced a 60% 

reduction in subthreshold BK current in WT SCN neurons compared to controls (Figure 

5.4E)(P = 0.0009, one-way ANOVA with Bonferroni’s post hoc test). Likewise, 

dantrolene significantly decreased subthreshold BK currents in β2 KO neurons by 76% 

compared to controls (Figure 5.4E)(P = 0.04, One-way ANOVA with Bonferroni’s post 

hoc test). This supports the conclusion that subthreshold BK currents are activated by 

specific Ca2+ sources in the SCN, and that BK channel inactivation could be involved in 

masking the effects of nimodipine on subthreshold currents during the day.  

Interestingly, neither nimodipine nor dantrolene significantly affected peak BK 

currents from WT or β2 KO neurons during the night (Figure 5.4F) (P > 0.05, One-way 

ANOVA with Bonferroni’s post hoc test). However, the effects of Ca2+ channel 

inhibition on peak BK currents evoked during the action potential waveform may be 

multifarious due to the fact that multiple Ca2+ channel subtypes can be activated during 

this phase as evidenced by the fact that multiple VGCC inhibitors had effects on action 

potential repolarization and the AHP phases of the action potential waveform (Table 5.1), 

suggesting that a diversity of Ca2+ sources could therefore be contributing to activation of 

peak action potential-evoked BK currents as opposed to the activation of subthreshold 

BK currents, which are driven by more specific Ca2+ sources. 

Overall, these results show that the Ca2+ channels that predominantly activate BK 

currents during the day (LTCCs) and the night (RyRs) can regulate baseline membrane 

potentials in the SCN potentially by selectively activating subthreshold BK currents. 



 

 

93 

 

Although, Ca2+-dependent activation of BK channels during the day is more complex, 

due to an increase in BK current inactivation. Furthermore, on an individual cell basis, 

SCN neurons can exhibit variable Ca2+ and BK current levels, which in combination with 

BK channel inactivation, would make it difficult to directly measure the activation of 

subthreshold BK currents by LTCCs in the SCN under these conditions. Therefore, the 

effects of LTCCs on subthreshold and action potential-evoked BK currents were further 

investigated in heterologous cells.  

 

BK channel activation by LTCCs CaV1.2 and CaV1.3 in heterologous cells. 

LTCC subtypes CaV1.2 and CaV1.3 are both expressed in soma and proximal 

dendrites of SCN neurons (Davare et al. 2001; Hell et al. 1993; Weick et al. 2003; Zhang 

et al. 2005). One or both channels could have a role in activating BK currents during an 

action potential in the SCN, however, the ability of each subtype to activate BK during a 

neuronal action potential has not been fully explored. To assess the activation of BK 

channels by Ca2+ from LTCCs, we co-expressed the daytime SCN BK channel splice 

variant (Shelley et al. 2013) with CaV1.2 and CaV1.3 channels in Chinese hamster ovary 

(CHO) cells (Figure 5.5).  
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Figure 5.5. CaV1.2 and CaV1.3 Ca2+ current effects on BK channel activation in 

heterologous cells. A) Voltage protocol used in whole-cell voltage-clamp recordings to 

elicit macroscopic currents from BK and CaV1.2 or BK and CaV1.3 channels co-

expressed in the same cell. From a holding potential of -90 mV, voltages were stepped 

from -100 mV to +70 mV for 50 ms in 10 mV increments followed by a 100 ms step to 

+70 mV with 10 sec between each sweep. B-D) Total current (B), inward Ca2+ current 

(C) and outward BK K+ currents (D) from cells expressing BK and CaV1.2 channels (left) 

or BK and CaV1.3 channels (right). Red traces show currents at 0 mV. E) Current-voltage 

(I-V) relationships of the peak current recorded from CaV1.2, CaV1.3, BK(1.2) and 

BK(1.3) channels. Peak Ca2+ currents were measured from the 50 ms voltage steps and 

peak BK currents were measured at the 100 ms +70 voltage step. Currents were 

normalized to the maximum and plotted against the 50 ms voltage step potentials. F) 

Average conductance-voltage (G-V) curves of CaV1.2 and CaV1.3 currents fit to a 

Boltzmann function. Data are mean ± SEM. N = 8 BK(1.2), 9 BK(1.3). From a holding 

potential of -90 mV membrane potential was stepped from  -100 to +70 mV in 10 mV 

increments for 50 ms followed by a step to +70 mV for 100 ms with a 10 sec interval 

between each sweep.  
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CaV1.2 and 1.3 alpha subunits were co-expressed with the auxiliary subunits 

CaVβ1b and CaVα2δ1 because these proteins are abundantly expressed in neurons 

(Dolphin 2013; Ferrandiz-Huertas et al. 2012) and were found to be the predominant CaV 

subunits co-purified with both the CaV alpha and BK alpha subunit proteins in rat brain 

(Berkefeld et al. 2006). In whole-cell voltage-clamp mode, macroscopic currents from 

BK and Ca2+ channels were activated using a two-part protocol (Figure 5.5A). The first 

steps were designed to first initiate the Ca2+ influx to activate BK channels in an initial 

“Ca2+ loading” step and obtain a Ca2+ current-voltage relationship. Then a second step to 

+70 mV was used to to maximally activate BK under conditions with a reduced driving 

force for Ca2+ influx and increased driving force for K+ efflux to isolate BK K+ currents 

that were activated during the initial loading steps (Figure 5.5A)(Berkefeld et al. 2006). 

Previous studies have shown that BK channels are activated by local Ca2+ influx from 

LTCCs in the presence of high concentrations of the Ca2+ buffer EGTA (Berkefeld et al. 

2006; Prakriya and Lingle 1999; Vivas et al. 2017). Therefore, in this study, we used 

intracellular (pipette) solution containing 10 mM EGTA in order to evaluate the 

activation of BK currents by localized Ca2+ influx from co-expressed CaV1.2 or CaV1.3 

channels and limit the accumulation of cytosolic Ca2+ (Fakler and Adelman 2008). 

Under these conditions, total cell currents (Figure 5.5B) were comprised of 

inward Ca2+ currents from CaV1.2 (Figure 5.5B, left) or CaV1.3 (Figure 5.5B, right) and 

outward K+ currents from BK channels co-expressed with CaV1.2 (BK(1.2), Figure 5.5B, 

left) or with CaV1.3 (BK(1.3), Figure 5.5B, right).  Ca2+ channels were activated first, 

with Ca2+ currents reaching a peak within 10 ms of the start voltage step and then 

decaying due to a mixture of voltage- and Ca2+-dependent inactivation (Lipscombe et al. 
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2004), as well as the activation of outward BK K+ currents, which were activated 

following the influx of Ca2+. At the second +70 mV step, only BK K+ currents were 

observed, with no Ca2+ influx at this voltage step due to a combination of the reduced 

driving force for Ca2+ entry and the increased level of Ca2+ channel inactivation. 

Following the cessation of Ca2+ influx, BK K+ currents at the second +70 mV step 

gradually declined, which is presumed to be due to the reduction in intracellular Ca2+ 

over time. Inward Ca2+ currents (Figure 5.5C) were separated from the outward K+ 

currents (Figure 5.5D) were recorded from the same cell were separated by applying 1 

µM paxilline to the bath solution (Figure 5.5E).  

First, we compared the differences in Ca2+ currents from CaV1.2 (Figure 5.5C, 

left) and CaV1.3 (Figure 5.5C, right) channels. To evaluate the magnitude and relative 

voltage dependence of activation, peak currents were plotted as a function of the Ca2+ 

loading step potential to generate current-voltage (I-V) curves (Figure 5.5E). CaV1.3 

channels were observed to activate at more hyperpolarized potentials relative to CaV1.2 

(Figure 5.5E). CaV1.3 currents peaked at -20 mV with an average current density of 114 

± 9 pA/pF, and CaV1.2 currents peaked at 0 mV with a current density of 132 ± 9 pA/pF 

(Figure 5.5E). Conductance-voltage (G-V) curves were calculated from peak Ca2+ 

currents to determine the voltage of half-maximal activation (V1/2)(Figure 5.5F). The V1/2 

of CaV1.2 currents (-18 ± 2 mV) were significantly more depolarized compared to CaV1.3 

(-37 ± 1 mV) (Figure 5.5F) (P < 0.0001, unpaired Student’s t test), in agreement with the 

voltage-dependence of these channels reported in prior studies (Vivas et al. 2017; Xu and 

Lipscombe 2001). This shows that under these conditions, CaV1.3 channels exhibited a 

relatively hyperpolarized activation profile compared to CaV1.2 channels, consistent with 
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the characteristic differences between these LTCC subtypes (Xu and Lipscombe 2001). 

Additionally, the I-V relationships of CaV1.2 and CaV1.3 currents were not different in 

the absence or presence of the co-expressed BK α subunit (1.2, P = 0.5; 1.3, P = 0.4, two-

way repeated measures ANOVA) (Figure 5.6A), showing that the Cav I-V relationships 

were not affected by the expression of the BK channel. 

 
 

Figure 5.6. CaV1.2 and CaV1.3 current properties. A) Current-voltage relationship of 

whole-cell macroscopic Ca2+ currents from CaV1.2 and CaV1.3 channels expressed in 

CHO cells recorded in the presence of the BK channel alpha subunit (1.2, 1.3) or the 

absence of the BK channel expression (no BK). Currents were elicited using the same 

voltage protocol shown in Figure 5.5A. BK channel expression had no effect on CaV1.2 

or CaV1.3 currents. There were no significant differences between 1.2 and 1.2 no BK or 

between 1.3 and 1.3 no BK currents at any voltage step (P > 0.05, two-way repeated 

measures ANOVA. B) Time constant of inactivation (tau inactivation) for CaV1.2 and 

CaV1.3 currents. CaV1.3 channels inactivated significantly slower than CaV1.2 at voltages 

≥ 10 mV (P < 0.05, two-way repeated measures ANOVA with Bonferroni’s post hoc 

test). Data are mean ± SEM. N = 8, 1.2; 4, 1.2(no BK); 9, 1.3; 3, 1.3(no BK).  

 

To compare the magnitude of CaV1.2 and CaV1.3 currents within the subthreshold 

voltage range, we measured the fraction of the total current activated between -60 and -40 

mV. From the area under the I-V curve, we found that 4.9% of the total CaV1.3 currents 

were activated within this voltage range, compared to a small fraction of CaV1.2 currents, 

which reached only 0.1%. This data shows that a significant portion of the total CaV1.3 
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currents could be activated simply by subthreshold depolarizations alone, while CaV1.2 

currents may only be substantially activated by depolarizations above the subthreshold 

range (> -40 mV).  

In addition to the differences in voltage-dependence, we observed differences in 

the rate of Ca2+ current decay, which was a mixture of both voltage- and Ca2+-dependent 

inactivation under these conditions (Xu and Lipscombe 2001). The rate of inactivation 

(Tau inactivation) was measured from a mono-exponential fit of the current decay, from 

the peak of the current to the end of the 50 ms voltage step at -20 mV for CaV1.3 and at 0 

mV for CaV1.2 currents (Figure 5.6B). We found that CaV1.3 currents inactivated more 

slowly (17.9 ± 1 ms) compared to CaV1.2 currents (13.7 ± 1 ms) (P = 0.04, unpaired 

Student’s t test). When we compared inactivation kinetics between the two currents at 

each voltage step, CaV1.3 currents also inactivated significantly slower than CaV1.2 

currents at all voltages between -10 and +20 mV (P = 0.02, two-way repeated measures 

ANOVA with Bonferroni’s post hoc test)(Figure 5.6B). Combined with the left-shifted 

voltage dependence, the slower inactivation could allow CaV1.3 channels to remain open 

longer and potentially pass more Ca2+ current compared to CaV1.2 channels at the same 

voltage. However, the inactivation rates of CaV1.2 and CaV1.3 currents were collapsed at 

voltages below -10 mV, suggesting that Ca2+ current inactivation may not be repsonsible 

for the differences in the activation of BK currents at the more hyperpolarized voltages. 

Next, to determine whether these differences in LTCC currents translated into 

differences in BK channel activation, we compared the activation of BK currents in the 

presence of Ca2+ influx from CaV1.2 and CaV1.3 channels. As a control, to verify that BK 

channels were only activated in the presence of Ca2+ influx from LTCCs, we expressed 
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the BK channel alpha subunit in CHO cells alone, without Ca2+ channels. No BK currents 

were elicited by this voltage step protocol in CHO cells expressing the BK channel alone 

(Figure 5.5E), indicating that BK channels are only activated by the transient increases in 

Ca2+ from co-expressed LTCCs.  

BK currents were activated in the presence of Ca2+ influx from from CaV1.2 

(Figure 5.5D, left) and CaV1.3 channels (Figure 5.5D, right). The I-V relationship of BK 

K+ currents were evaluated using the peak outward BK K+ currents measured at the 

second +70 mV step (arrows)(Figure 5.5D) and plotted as a function of the Ca2+ loading 

step potential (Figure 5.5E). BK currents during the second +70 mV step reflected the 

amount of BK currents activated at the end of each Ca2+ loading step, but were larger in 

amplitude than the currents measured from the loading steps due to the increased driving 

force for K+ efflux and increased voltage-dependent activation at +70 mV. We found that 

the BK currents exhibited a bell-shaped activation curves. In contrast, in clamped 

intracellular Ca2+ conditions, BK current continues to increase at higher voltages 

(Chapter 1, Figure 1.2) (Plante et al. 2019). Under these dynamic Ca2+ conditions, 

however, the activation of BK channels reflected the bell-shaped activation I-V curve of 

the Ca2+ source. In these conditions, BK currents increased in a voltage-dependent 

manner, reaching a maximum amplitude at -10 mV in the presence of CaV1.3 and +30 

mV in the presence of CaV1.2 (Figure 5.5E), and then decreased again as the membrane 

potential was incrementally stepped to more positive potentials > 0 mV for BK(1.3)  and 

> 40 mV for BK(1.2), consistent with the reduction in the driving force for Ca2+ influx at 

these more depolarized potentials. 
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To measure BK activation in the subthreshold range, we measured the area under 

the I-V curve of BK currents between -60 to -40 mV (Figure 5.5E). BK currents from 

BK(1.2)  cells reached 1.0% of the total current, while BK currents from BK(1.3)  cells 

reached 3.2% of the total BK current within this voltage range, reflecting the larger 

fraction of CaV1.3 currents activated during this part of the activation curve compared to 

CaV1.2 (Figure 5.5E). These results demonstrate that both CaV1.2 and CaV1.3 are 

sufficient activate BK currents but contribute to significant differences in BK channel 

activation, particularly at potentials entering the subthreshold voltage range below -40 

mV. 

Action potential-evoked currents from BK channels co-expressed with CaV1.2 and 

CaV1.3. 

 Next, we tested whether the differential activation of BK channels by CaV1.2 and 

CaV1.3 would lead to differences in the magnitude of subthreshold and peak BK currents 

evoked by an action potential. Whole-cell Ca2+ and BK K+ currents were elicited using 

the daytime SCN action potential voltage command that was used in Figure 5.4A. Based 

on the activation of CaV1.3 currents at hyperpolarized potentials as low as -50 mV and 

slower inactivation kinetics, we expected CaV1.3 to activate BK channels at subthreshold 

potentials (measured at -44 mV), whereas both CaV1.2 and CaV1.3 would activate BK 

channels during the action potential, during which the membrane potential is depolarized 

from a threshold of -38 mV to a peak at +8 mV. From a holding potential of -90 mV, the 

membrane potential was stepped to -150 mV for 100 ms to release channels from an 

remaining inactivation before delivering the action potential waveform voltage command 

(Figure 5.7A).  
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Figure 5.7. CaV1.2 and CaV1.3 Ca2+ current effects on action potential-evoked BK 

currents in heterologous cells. A) Daytime action potential voltage command used to 

elicit macroscopic currents from BK and CaV1.2 or BK and CaV1.3 channels co-

expressed in the same cell. From a holding potential of -90 mV, voltages were stepped to 

-150 mV for 100 ms followed by a string of 3 sequential action potential waveforms. B, 

C) Action potential-evoked currents from BK and CaV1.2 channels (B) or BK and CaV1.3 

channels (C). Ca2+ and BK K+ currents and were separated by bath application of 1 µM 

paxilline and subtraction of paxilline-sensitive (BK) currents from the total whole-cell 

current. D) Maximized view of second action potential waveform from the voltage 

command. E, F) Representative traces of currents elicited during the second action 

potential waveform. Overlay of Ca2+ currents from CaV1.2 and CaV1.3 channels (E) and 

K+ currents from BK(1.2) and BK(1.3) channels (F). Arrows in E and F indicate 

subthreshold and peak currents. G, I) Box plots of median, maximum and minimum 

subthreshold Ca2+ current density (G) and BK K+ current density (I). Subthreshold 

CaV1.3 currents were larger than CaV1.2 currents (P < 0.0001) and currents from BK(1.3) 

channels were larger than BK(1.2) currents (P = 0.0001). H, J) Box plots of median, 

maximum and minimum peak Ca2+ and BK K+ current densities from CaV1.2 and CaV1.3 

channels (H) or BK(1.2) and BK(1.3) channels (J). Peak currents from CaV1.2 channels 

were larger than peak currents from CaV1.3 (P < 0.0001), and the peak currents from 

BK(1.2) were larger than peak currents from BK(1.3) (P = 0.01). *Significance (P < 0.05) 

tested with unpaired Student’s t tests. Points are data from individual cells. N = 8, 1.2; 8, 

1.3; 8, BK(1.2); 8, BK(1.3).  

 

This action potential protocol was used to elicit macroscopic Ca2+ currents and 

BK K+ currents from BK and CaV1.2 channels (Figure 5.7B) or BK and CaV1.3 channels 

(Figure 5.7C). Inward Ca2+ current and outward K+ currents were recorded from the same 

BK

1.2

1.3

BK

-44 mV
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cell and were separated by applying 1 µM paxilline to the bath solution (Figure 5.7B, C). 

Subthreshold currents were quantified from the interspike interval at -44 mV 

(arrows)(Figure 5.7D-F) and peak currents evoked during the action potential were 

quantified from the second action potential waveform (Figure 5.7E, F).  

First, we compared the subthreshold Ca2+ currents produced by just CaV1.2 and 

CaV1.3 channels (Figure 5.7E). Consistent with the relatively hyperpolarized activation of 

CaV1.3 channels (shown in Figure 5.5E), we found that subthreshold currents from 

CaV1.3 were 80 % larger than CaV1.2 (Figure 5.7G)(P < 0.0001, unpaired Student’s t 

test), while the peak action potential-evoked currents from CaV1.2 were 67 % larger than 

CaV1.3 (P < 0.0001, unpaired Student’s t test)(Figure 5.7H). The subthreshold Ca2+ 

currents were normalized the maximum current from the I-V curve for each channel. As 

we observed from the I-V curve (Figure 5.5E), the magnitude of subthreshold CaV1.2 

currents was negligible (0.8 ± 0.1% of the maximium CaV1.2 current), compared to a 

significantly larger percentage of subthreshold CaV1.3 currents, which reached 7.5 ± 1% 

of the maximum CaV1.3 current (P < 0.0001, unpaired Student’s t test), showing that the 

~20 mV shift in the voltage-dependence of CaV1.3 toward more hyperpolarized potentials 

produces significantly larger Ca2+ currents during the interspike interval.  

These differences in activation between CaV1.2 and CaV1.3 channels were 

reflected by the magnitude of BK currents at each phase of the action potential command. 

Subthreshold BK currents evoked during the interspike interval (at -44 mV) were 75% 

larger in the presence of CaV1.3 compared to CaV1.2 (Figure 5.7I)(P < 0.0001, unpaired 

Student’s t test). Whereas. the peak action potential-evoked BK currents were 80% larger 

in the presence of CaV1.2 compared to CaV1.3 (Figure 5.7J)(P = 0.02, t test), as would be 
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expected based on the level of Ca2+ currents at each phase of the action potential 

command. As a way to measure the relative magnitude of subthreshold currents from 

BK(1.2) and BK(1.3) channels, subthreshold currents were normalized to the peak of the 

BK current evoked by the second action potential waveform. The subthreshold BK(1.2) 

current reached only 2.8 ± 1% of the peak BK current evoked during the action potential. 

The subthreshold BK(1.3) current was significantly larger in comparison, reaching 49.8 ± 

0.1% of the peak BK current evoked during the action potential (P = 0.002, unpaired 

Student’s t test). These results demonstrate that both CaV1.2 and CaV1.3 currents are 

sufficient to activate BK currents during an SCN action potential waveform. However, 

the activation of subthreshold BK currents is greater when co-expressed with Ca2+ 

channels that have a more hyperpolarized voltage-dependence of activation (CaV1.3). 

This suggests that CaV1.3 could have a more prominent role in regulating subthreshold 

BK current, and thus action potential frequency, in the SCN. 

5.4 Discussion 

In the SCN, the circadian pattern of spontaneous firing is controlled by currents 

that mediate the day-night difference in baseline membrane potential (Harvey et al. 2020; 

Whitt et al. 2016). The activation of subthreshold BK currents during the interspike 

interval is critically important for regulating baseline membrane potential of SCN 

neurons between the day and night (Whitt et al. 2016). In SCN neurons, the basal 

concentration of cytosolic Ca2+ is well below the level of Ca2+ required to activate BK 

currents at subthreshold potentials (Berkefeld et al. 2006; Prakriya and Lingle 1999), 

estimated between ~50 to 400 nM (Harvey et al. 2020), which means BK currents are 

dependent on the activation of nearby Ca2+ channels. We know that the activation of BK 
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channels in SCN neurons predominantly relies on intracellular Ca2+ from LTCCs during 

the day and RyRs at night (Whitt et al. 2018). However, whether these Ca2+ sources 

activate BK channels within the subthreshold voltage range have not yet been 

demonstrated. We looked at the activation of BK currents at two phases of the action 

potential command, at subthreshold and during the action potential waveform itself. BK 

activation during the action potential may be more important in other types of neurons 

where BK has a major role in repolarization and AHP (Bean 2007). By focusing on the 

effects of Ca2+ channel inhibitors on baseline membrane potential we were able to 

identify two Ca2+ channels that are potentially activating BK K+ currents during the 

subthreshold phase, LTCCs and RyRs (Harvey et al. 2020; Whitt et al. 2016). In this 

study, we provide evidence that Ca2+ currents from LTCCs and RyRs can influence the 

baseline membrane potential of SCN neurons by contributing, at least in part, to the 

activation of subthreshold BK currents. Furthermore, by co-expressing BK channels 

together with CaV1.2 and CaV1.3 LTCCs in heterologous cells, we show that CaV1.3 

channels are likely to be the major LTCC subtype contributing to subthreshold BK 

currents due to their relatively hyperpolarized voltage-dependence of activation.  

The properties of CaV1.3 channels make them prime candidates for activating 

subthreshold BK currents. In the SCN, subthreshold Ca2+ currents are most likely 

mediated by the LTCC subtype CaV1.3, due to their relatively hyperpolarized voltage-

dependence of activation and slower inactivation during prolonged membrane 

depolarizations compared to CaV1.2 channels (Koschak et al. 2003; Lipscombe et al. 

2004; Platzer et al. 2000). In SCN neurons, CaV1.3 channels are activated at  

hyperpolarized potentials as low as -60 mV. This low activation of CaV1.3 allows them to 
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produce spontaneous Ca2+-dependent oscillations at baseline membrane potentials 

(Huang H 2012; Jackson et al. 2004; McNally et al. 2019; Pennartz et al. 2002), 

indicating that CaV1.3 currents are a major source of Ca2+ to activate subthreshold BK 

currents in SCN. Consistent with their hyperpolarized voltage-dependence of activation, 

previous studies have shown that LTCC currents in the SCN are evoked at subthreshold 

potentials between -60 and -40 mV by action potential voltage commands (Jackson et al. 

2004). In contrast, the majority of other VGCCs are only activated by voltage steps more 

positive than the action potential threshold (> 43 mV) (Jackson et al. 2004; McNally et al. 

2019; Pennartz et al. 2002), making it less likely that these other channel subtypes are 

contributing to BK activation at lower voltages. In heterologous cells, BK and CaV1.3 

channels have been shown to co-assemble in macromolecular complexes, with BK and 

CaV1.3 channels located only ~10 nm apart (Vivas et al. 2017), enabling Ca2+ influx 

through CaV1.3 channels to directly couple to BK activation at voltages as negative as -50 

mV, even in the presence of fast Ca2+ chelators that buffer Ca2+ within tens of nanometers 

the Ca2+ source (Vivas et al. 2017).  

This functional coupling of BK with specific LTCCs could be a general 

mechanism for regulating firing frequency in spontaneously active neurons. The 

clustering of BK and LTCCs has also been observed in hippocampal neurons (Vivas et al. 

2017), and BK-LTCC protein complexes have been purified from whole rat brain 

(Berkefeld et al. 2006), indicating that there is a physical interaction between these 

channels. Several studies have provided evidence of a functional relationship between 

BK and LTCCs in multiple types of neurons, showing BK currents are activated by Ca2+ 

from LTCCs adrenal chromaffin cells (Marcantoni et al. 2010; Prakriya and Lingle 1999; 
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Solaro et al. 1995; Vandael et al. 2010), hippocampal neurons (Lancaster and Nicoll 

1987; Sun et al. 2003), inner hair cells (Marcotti et al. 2004) and vomeronasal sensory 

neurons (Ukhanov et al. 2007). In adrenal chromaffin cells, which exhibit similar firing 

properties to SCN neurons (Bean 2007), subthreshold BK currents are activated 

specifically by Ca2+ influx through LTCCs, which has an important role in regulating the 

baseline membrane potential of these cells as well (Marcantoni et al. 2010; Prakriya and 

Lingle 1999; Solaro et al. 1995; Vandael et al. 2010). Altogether, this evidence highlights 

a unique role for BK in regulating subthreshold membrane depolarizations during the 

interspike interval and provides a new paradigm for how BK channels regulate firing 

frequency.  

 Although BK can be activated by CaV1.3 at lower voltages, it is still possible that 

BK channels could be activated by CaV1.2 currents at lower voltages in the presence of 

the BKβ2 subunit. In heterologous cells, BKβ2 subunit produces a hyperpolarizing shift 

the voltage-dependence of BK activation by up to 20 mV in 50 µM intracellular Ca2+
 

(Whitt et al. 2016), which could potentially make up for the relative difference in the 

voltage-dependence of activation between CaV1.2 and CaV1.3 channels, which is also ~20 

mV. However, previous studies have shown that genetic deletion of the BKβ2 subunit 

had no effect on the voltage dependence of the BK currents measured from SCN neurons 

(Whitt et al. 2016). This could potentially be due to the fact that in the SCN, BK currents 

are recorded under dynamic flux of Ca2+ and not clamped Ca2+
i conditions. In this study, 

we addressed the activation of BK currents by LTCCs in the absence of BKβ2. Further 

studies are needed to better understand how BK channels are activated by Ca2+ sources in 

the presence of BK channel regulation by the BKβ2 subunit.  
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Chapter 6: Effects of single nucleotide polymorphisms on BK current 

properties2 

 

6.1 Introduction 

BK K+ channels are widely expressed throughout the body as well as the brain 

(Latorre et al. 2017) Since BK channels participate in such a wide variety of 

physiological functions, genetic variation that alters the function of the BK channel could 

potentially severely impact physiological processes across multiple tissues (Latorre et al. 

2017). In humans, a growing list of variants in the gene encoding the pore-forming α 

subunit (KCNMA1) and auxiliary β subunits (KCNMB1-4) of the BK channel have been 

associated with a wide range of pathophysiological conditions including epilepsy and 

dyskinesia (Du et al. 2005; Zhang et al. 2015), developmental delays and ataxia 

(Carvalho-de-Souza et al. 2016; Staisch et al. 2016; Yesil et al. 2018), autism 

(Laumonnier et al. 2006), malformation syndrome (Liang et al. 2019), noise induced 

hearing loss (Zhang et al. 2019), asthma (Seibold et al. 2008; Valverde et al. 2011), and 

cardiovascular disease (Fernández-Fernández et al. 2004; Kohler 2010; Tomas et al. 

2008; Yamaguchi et al. 2009).  

The most common source of genetic variation is single nucleotide polymorphisms 

(SNPs), which arise from a single nucleotide change in the DNA sequence. SNPs account 

for most of the genetic differences between individuals (International HapMap et al. 

2007). On average, SNPs can occur once every ~1000 nucleotides, and there are ~4-5 

million SNPs in a single human genome (Consortium et al. 2015; Sachidanandam et al. 

2001). SNPs located in exons can either lead to an amino acid change (non-synonymous)  

2Plante, A. E., Lai, M. H., Lu, J., & Meredith, A. L. (2019). Effects of single nucleotide polymorphisms in 

human KCNMA1 on BK current properties. Frontiers in molecular neuroscience, 12, 285. 
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or have no effect on protein sequence (synonymous). Non-synonymous substitutions can 

produce changes to the protein sequence including a single amino acid change (missense) 

or introduce a stop codon (nonsense). These SNPs are heritable and, in some cases, have 

been associated with increased risk of neurological and cardiovascular disorders or 

disease susceptibility (Meredith 2015). SNPs are classified as mutations when genetic 

inheritance of a specific substitution is linked to a pathological disorder. Mutations are 

rarely observed within a population, typically occurring with < 1% frequency due to their 

deleterious effects on gene function (Kobayashi et al. 2017). Recently, a plethora of 

mutations in the BK channel α subunit conferring gain-of-function (Du et al. 2005; Li et 

al. 2018b; Zhang et al. 2015) and loss-of-function properties (Carvalho-de-Souza et al. 

2016; Liang et al. 2019; Staisch et al. 2016; Tabarki et al. 2016; Yesil et al. 2018) have 

recently been identified in human patients with seizure and dyskinesia disorders (Bailey 

et al. 2019). One mutation, which leads to the amino acid substitution D434G in the 

RCK1 domain of the BK channel α subunit, has gain-of-function effects on BK currents 

and has been shown to cause epilepsy and paroxysmal dyskinesia in humans (Du et al. 

2005). This gain-of-function D434G mutation potentially leads to an increase in neuronal 

excitability by promoting faster repolarization of action potentials (Wang et al. 2009). 

The link between alterations in BK channel function and pathophysiological conditions 

spurs the need to investigate how genetic variation can impact the voltage- and Ca2+-

dependent activation of the BK channel.  

SNPs in KCNMA1 could potentially lead to functional deficits in the BK channel. 

However, the functional effects of the majority of SNPs are completely unknown. To 

date, there are 331 SNPs that lead to missense substitutions in the coding region of 
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human KCNMA1 catalogued in the Genome Aggregation Database (gnomAD v2.1.1; 

available at: https://gnomad.broadinstitute.org; Gene ID ENSG00000156113.16). 

However, a major limitation for using allele frequency as a parameter to select SNPs for 

functional studies is the fact that the available frequency information in the database 

extremely limited. Of the 331 missense variants in KCNMA1, 202 (61%) have an allele 

count of 1, meaning that one allele within the sampled population was observed to 

contain this variant. This means that there is only a single report of these SNP in the 

database and not enough frequency information to permanently classify these SNP 

variants as either common or rare within the global population (Richards et al. 2015). 

Therefore, the frequency of the majority of SNPs remains largely unknown. As a result, 

many SNPs are reported in the database to have an unknown frequency (Richards et al. 

2015). 

Due to this lack of frequency information, in this study, we utilized structure-

function-based studies in combination with predictive software to identify high priority 

SNPs for further functional characterization. Using this approach, we selected four SNPs  

from a list of 99 candidate SNP substitutions in the BK channel α subunit compiled by 

Jessica Lu using the NCBI dbSNP repository (Sherry et al. 2001). These SNPs were 

selected based on several parameters including their locations within regions of interest in 

the BK channel structure, results from previous mutagenesis studies, predicted 

pathogenicity of the amino acid substitutions, and for one SNP, potential disease 

association (Figure 6.1 and Table 6.1).  
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Figure 6.1. Locations of SNP residues in the BK channel α subunit.  A) SNPs located 

in the in the linker between S0-S1 (A138V) and intracellular ‘gating ring’ (D434G, 

C495G, N599D, R800W) were introduced into the human BK channel hBKVYR (Genbank 

MG279689). Alternative splice sites (1-4) and exon inserts differing between hBKQEERL 

(Genbank MG279688) and hBKVYR variants are summarized in the table. B) Side view of 

the gating ring structure surface (grey) with one subunit shown as a ribbon diagram 

depicting the location of RCK1 (blue), RCK2 (red) and the Ca2+ Bowl (green) (PDB 

3NAF) (Wu et al. 2010). C) Magnified region of the ribbon structure from above rotated 

180 degrees to show the location of residue R800 (orange) in relation to four residues 

participating in the RCK1/RCK2 ‘flexible interface’(grey) (Kim et al. 2008).  
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SNP ID Substitution MutPred2 Score 
 

Description of chosen SNPs 

  hBKQEERL         hBKVYR 

rs144215383 
 

A138V 
 

0.089 
(low) 

0.084 
(low) 

• A138V was isolated from a patient with 
Autism (Laumonnier et al. 2006). 

• Cells from a patient with autism exhibited 
reduced BK currents and depolarized 
resting membrane potentials compared to 
controls (Laumonnier et al. 2006). 

• A138 is located near Mg2+ interacting 
residues (Yang et al. 2008). 

rs201243440 C495G 0.815 
(high) 

0.818 
(high) 

• C495 contributes to BK channel oxidation 
and current rundown (Zhang et al. 2006). 

• Mutation of C495 inhibits effects of 
cysteine-modifying reagents on BK currents 
(Zhang and Horrigan 2005). 

• C495G adds a flexible residue to a 
conserved RCK1 domain linker region 
(Jiang et al. 2001; Zhang and Horrigan 
2005). 

rs140520584 
 

N599D 0.654 
(medium) 

0.668 
(medium) 

• Mutation of N599 alters Ca2+-dependent 
channel activation (Zhang et al. 2010). 

• N599D introduces a negative charge next 
to a residue critical for Ca2+ sensing in 
RCK1 (E600) (Zhang et al. 2010). 

rs199681253 
 

R800W 0.768 
(high) 

0.754 
(high) 

• R800 located adjacent residues implicated 
in regulating the RCK1/RCK2 ‘flexible 
interface’ (G798 and N801) (Kim et al. 
2008). 

• R800W introduces a large hydrophobic  
residue while eliminating a positive charge 
and potential methylation site. 

Table 6.1. SNPs predicted to modulate human BK channel properties. Background 

and MutPred2 score for each SNP substitution introduced into hBKQEERL (GenBank 

MG279688) and hBKVYR (GenBank MG279689) channel sequences. Prediction scores 

from 0 (low probability) to 1 (high probability) indicating the probability of altering BK 

channel protein function. SNPs identified in the NCBI dbSNP database compiled by 

Michael Lai (Doctoral Dissertation, 2015). 

 

First, we focused on SNPs located in the cytosolic ‘gating ring’, which comprises 

the majority (~80%) of the BK channel protein structure (Figure 6.1A, B). The gating 

ring contains two regulators of conductance of K+ domains (RCK1 and RCK2), which 

contain several important regulatory sites that mediate BK channel gating in response to 

binding of divalent cations, alternative splicing and post-translational modifications 

(Figure 6.1A, B) (Cui et al. 2009; Kyle and Braun 2014; Lee and Cui 2010).  

In addition to assessing their locations in the BK channel structure, we used 

software prediction tools to aid our assessment of potentially pathological SNP 
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substitutions. We analyzed BK channel protein sequences containing SNP substitutions 

in MutPred2, a structure-function prediction model that calculates the potential impact of 

amino acid substitutions using sequence homology along with chemical and structural 

information from protein databases (http://mutpred.mutdb.org/) (Li et al. 2009; Pejaver et 

al. 2017). The MutPred2 algorithm was trained on five databases of known disease-

associated mutations and inherited polymorphisms (Li et al. 2009), which was reported to 

improve accuracy over earlier computational models, such as SIFT (Ng and Henikoff 

2003) and PolyPhen (Ramensky et al. 2002). To evaluate the likelihood a substitution is 

deleterious, MutPred2 assigns the mutation a general probability score from 0 (benign) to 

1 (pathogenic). We selected SNPs that produced a MutPred2 general score ≥ 0.5 and 

were also located in specific regions of interest within the BK channel structure that had 

been shown to regulate BK current properties in previous functional studies (Table 6.1).  

Three SNPs, C495G, N599D, and R800W produced medium to high MutPred2 

scores (Table 6.1). C495G was chosen based on previous studies in which mutation of 

residue C495 partially inhibited BK current modulation by cysteine oxidation and 

cysteine modifying reagents (Zhang and Horrigan 2005; Zhang et al. 2006). Mutation of 

C495 also altered the conductance-voltage (G-V) relationship of BK currents compared 

to WT channels. C495G introduces a flexible residue in a flexible linker region in the 

RCK1 domain that is conserved among BK channels (Zhang and Horrigan 2005). 

Deletion of this linker region left-shifts the G-V relationship of BK currents linker 

(Zhang and Horrigan 2005). Taken together, this evidence raises the possibility that the 

C495G SNP could potentially alter the function and redox-dependent modulation of the 

BK channel. 
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N599D was chosen based on a previous study in which mutation of N599 altered 

Ca2+-dependent channel activation (Zhang et al. 2010). N599D introduces a negative 

charge next to a residue (E600) critical for Ca2+ sensing site in the RCK1 domain (Zhang 

et al. 2010). Zhang et al., showed that E600A reduced the magnitude of the Ca2+-

dependent shift in the V1/2 (ΔV1/2 between 0 and 100 µM Ca2+ conditions) to -100 mV, 

compared to the left shift of -200 mV observed for WT currents (Zhang et al. 2010). 

Based on this evidence, introduction of the N599D SNP substitution could potentially 

disrupt Ca2+ binding at the RCK1 site. 

R800W was chosen because this substitution eliminates a positive charge and 

introduces a bulky hydrophobic residue adjacent two residues that are implicated in 

regulating interactions within a putative flexible interface between the RCK1 and RCK2 

domains that is important for channel gating (Kim et al. 2008)(Figure 6.1C). Mutations 

that eliminate interactions between hydrophobic residues that form a ‘hydrophobic 

interface’ between the RCK1 and RCK2 domains have also been shown to mediate BK 

channel gating (Kim et al. 2006), suggesting the introduction of a large, hydrophobic 

residue at R800 could alter BK gating properties.  

Although it produced a lower MutPred2 score, A138V was chosen for further 

study since this SNP substitution was previously identified in a patient with autism 

(Table 6.1) (Laumonnier et al. 2006). BK currents evoked from a cell line derived from 

one patient with autism were found to be reduced by 70% compared to control patient 

cells, suggesting that alterations in BK currents could be associated with Autism disorder 

(Laumonnier et al. 2006). The A138V substitution introduces a hydrophobic residue in 

the flexible S0-S1 linker near one of four residues (D162) that coordinate binding of 
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intracellular Mg2+ between the S0-S1 linker and RCK1 domain (Yang et al. 2008), 

suggesting A138V could alter BK channel function and Mg2+-dependent gating.   

The effects of these four nonsynonymous SNP substitutions A138V, C495G, 

N599D and R800W on BK current properties were first evaluated in symmetrical K+ by 

Michael Lai on one type of human BK channel splice variant containing the C-terminal 

alternative exon sequence ‘QEERL’ at splice site 4 (hBKQEERL) (Lai 2015; Plante et al. 

2019), which is expressed in human vascular smooth muscle and brain (Dworetzky et al. 

1994; McCobb et al. 1995; Pallanck and Ganetzky 1994). In the current study, the effects 

of these same SNPs were evaluated on a different human BK channel splice variant 

hBKVYR, which is majorly expressed in human and mouse brain (Shelley et al. 2013). The 

hBKVYR and hBKQEERL variants differ at splice sites 1, 3 and 4 (Figure 6.1A). hBKVYR 

contains the exon sequence insert ‘SRKR’ at splice site 1, the ‘Ca2+ Bowl Exon’ 

sequence at splice site 3 and ‘VYR’ at splice site 4. Neither variant contains an insert at 

splice site 2. These alternatively spliced variants have differences in their current 

properties. hBKVYR currents exhibit a relatively depolarized voltage-dependence and 

activate more slowly compared to hBKQEERL currents under the same experimental 

conditions (Plante et al. 2019). Since A138V, C495G, N599D and R800W had effects on 

BK currents when expressed on the hBKQEERL channel background, we hypothesized that 

these SNP substitutions could also alter currents from the hBKVYR channel. 

To test this hypothesis, WT and SNP-containing BK channel constructs were 

expressed in HEK293T cells and macroscopic BK currents were recorded in the inside-

out patch configuration. This approach allowed us to identify SNPs that produced loss-of-

function or gain-of-function effects on BK currents under a variety of testing conditions. 
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The results of this study show the effects of SNPs are similar across two different BK 

channel splice variants and can be additive in combination with a disease-linked human 

mutation as well as posttranslational modifications to the BK channel. This study then 

probes the potential mechanisms for the two SNPs that had the largest effects on BK 

currents, C495G and R800W. 

 

6.2 Methods 

Identification of SNPs in KCNMA1 

SNPs were identified in the human KCNMA1 gene encoding the BK channel α 

subunit (gene ID: 3778, 10q22.3) from the NCBI dbSNP repository 

(http://www.ncbi.nlm.nih.gov/projects/SNP/) (Sherry et al. 2001).  Nonsynonymous 

SNPs were introduced into the hBKQEERL (GenBank MG279688) and hBKVYR (GenBank 

MG279689) channel splice variants. SNP substitutions in both spliced variant sequences 

were analyzed with the MutPred2 web application (http://mutpred.mutdb.org/) (Table 

6.1) (Li et al. 2009; Pejaver et al. 2017). MutPred2 scores were similar for hBK 

sequences with and without the Myc and EYFP tags (data not shown). The human BK 

channel gating ring structure (Figure 6.1B, C) (PDB: 3NAF, Wu et al. 2010) was 

produced using UCSF CHIMERA (University of California, San Francisco) (Pettersen et 

al. 2004). 

Synthesis of SNP-containing human BK channel variants 

As described in Plante et al. (2019), 8 amino acid residues in the mouse BK 

channel clone mBKVYR (GenBank JX462786) were replaced with the human residues to 

produce the human BK channel cDNA (hBKVYR; GenBank MG279689). Constructs were 
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sequenced in their entirety to verify the presence of SNP substitutions and the absence of 

extraneous mutations. SNP substitutions were introduced into the human BK channel 

constructs by site-directed mutagenesis in the mammalian expression vector pcDNA3.1+ 

(Bioinnovatise, Rockville, MD). All BK channel constructs contained an N-terminal Myc 

tag and an EYFP tag (241 amino acids) in the gating ring inserted in the RCK2 domain 

after residue 742. We found there were no differences between the currents from WT 

hBK channels (with tags) and currents from WT hBK channels without the Myc and 

EYFP tags (Plante et al. 2019), indicating the presence of these tags did not impact BK 

current properties. 

Cell culture and electrophysiology 

HEK293T cells (CRL-11268, ATCC, Manassas, VA, USA) were cultured in a 

37°C incubator with 5% carbon dioxide in 35 mm tissue culture dishes in medium 

containing 1X DMEM (Cat. #11995-065, Gibco, Life Technologies Corp., Grand Island, 

NY, USA) supplemented with 10% fetal bovine serum (FBS, Cat. #4135, Sigma-Aldrich, 

St. Louis, MO, USA), 1% penicillin/streptomycin (Cat. #30-002-Cl, Mediatech Inc., 

Manassas, VA, USA) and 1% L-glutamine (Cat. #25-005-Cl, Mediatech Inc., Manassas, 

VA, USA). Cells were transfected at 50-70% confluency with WT or SNP-containing BK 

constructs using Trans-IT LT1 (Mirius Biological, Madison, WI, USA) at a 1:2 ratio of  

DNA to transfection reagent according to the manufacturer’s instructions. After 6-12 

hours, cells were re-plated onto glass coverslips pre-coated with poly-L-lysine (Cat. 

#P4832, Sigma-Aldrich, St. Louis, MO, USA) and recorded from 20-48 hours later. Cells 

expressing the BK channel were identified by the fluorescence signal from the EYFP tag 
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in the BK α subunit. There were no differences in expression observed between WT and 

SNP-containing BK constructs.  

Inside-out patch clamp recordings of macroscopic BK currents were conducted at 

room temperature using thin-walled borosilicate glass pipettes with resistances of 1–3 

MΩ (Cat. #TW150F-4, World Precision Instruments, Sarasota, FL, USA). Data were 

acquired at 50 kHz and online filtered at 10 kHz with the MultiClamp 700B amplifier 

(Axon Instruments, Sunnyvale, CA, USA). For symmetrical K+ experiments, the 

extracellular (pipette) solution contained (in mM): 140 KMeSO3, 2 KCl, 2 MgCl2, and 20 

HEPES. Intracellular (bath) solution contained (mM): 140 KMeSO3, 2 KCl, and 20 

HEPES. pH was adjusted to 7.2 with KOH. The appropriate amount of CaCl2 was added 

to the bath solution to achieve the desired concentrations of free Ca2+, which were 

calculated using WebMaxC 

(https://somapp.ucdmc.ucdavis.edu/pharmacology/bers/maxchelator/webmaxc/webmaxc

S.htm). Solutions were buffered with either 5 mM EGTA (0 µM Ca2+) or 5 mM HEDTA 

(1 and 10 µM Ca2+). No Ca2+ buffer was used for 100 µM Ca2+ solutions.  

In symmetrical K+, macroscopic BK currents were elicited using a voltage 

protocol stepping from holding potentials of −100 or −150 mV to +350 mV (in +10 mV 

increments) for 20 ms and back to −80 mV for 10 ms to generate tail currents. 

Conductance–voltage (G-V) curves were obtained by measuring the instantaneous tail 

current amplitudes 200 μs after the start of the step to -80 mV, dividing the current 

amplitude by the K+ driving force, and normalizing to the maximum conductance (Gmax) 

and plotting against the activating voltage step. Driving force was calculated from the 

voltage of the tail step (Vm) subtracted by equilibrium potential for K+ (Veq). In 
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symmetrical K+ conditions, Veq for K+ is 0 mV, and Veq is -80 mV for physiological K+ 

conditions. The half maximal voltage of activation (V1/2) was determined by fitting G-V 

curves to a Boltzmann function: � = �1 + �!��!��/ "/#�!% in Origin 8.5 (OriginLab 

Corp., Northampton, MA, USA), where V is the command voltage and k is the slope 

factor equal to zF/RT (Dubois et al. 2009). Time constants of activation (τ Activation) 

and deactivation (τ Deactivation) were analyzed in pClamp 10.3 (Molecular Devices, San 

Jose, CA, USA). Activation kinetics were determined by fitting the rising phase of the 

outward currents to single exponential functions (Figure 6.2). To evoke currents for 

measuring deactivation, patches were subjected to 20 ms voltage steps to +200 mV from 

a holding potential of -100 mV, followed by 10 ms voltage steps from -200 mV to -50 

mV (in +10 mV increments) to obtain tail currents.  Deactivation kinetics were 

determined by fitting tail currents with single exponential functions (Figure 6.2). Leak 

currents were subtracted using a P/5 protocol with a sub-sweep holding potential of -120 

mV as previously described (Shelley et al., 2013).  

 
Figure 6.2. Activation and deactivation voltage protocols used to elicit BK currents. 

Time constants of (τ activation) and deactivation (τ deactivation) measured from mono-

exponential fits of the BK current (IBK) at each voltage step. 

 

Activation Deactivation

τact (ms) τdeact (ms)

+300 mV

-150 mV

(20 ms)

-80 mV

(10 ms)
-100 mV

IBK

+200 mV

(20 ms)

-200 mV

(10 ms)

-100 mV

-50 mV
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For dephosphorylation experiments, calf intestinal alkaline phosphatase (Alk P, 

Cat. #M0290S, New England Biolabs Inc., Ipswich, MA, USA) was warmed to room 

temperature and diluted to 10 U/ml in the internal bath solution (with 1 µM Ca2+) and 

currents were recorded from inside-out patches in control bath solution, or bath solution 

containing Alk P, one minute after patches were excised. For redox experiments, the 

reducing agent dithiothreitol (DTT, 1 mM, Cat. #2325, Invitrogen, Waltham, MA, USA) 

and oxidizing agent hydrogen peroxide (H2O2, 0.3%, Cat. #H1009, Sigma-Aldrich, St. 

Louis, MO, USA) were diluted to working concentrations in the internal bath solution 

(with 10 µM Ca2+). Baseline currents were recorded one minute after patches were 

excised. After recording baseline currents, vehicle control-, DTT- or H2O2-containing 

solution was perfused into the bath, and post-treatment currents were recorded 10 min 

later.  

 For physiological K+ experiments, the external (pipette) solution contained (in 

mM): 134 NaCl, 6 KCl, 1 MgCl2, 10 glucose, and 10 HEPES with pH adjusted to 7.4 with 

NaOH.  The internal (bath) solution contained: 110 K-aspartate, 10 NaCl, 30 KCl, 10 

HEPES, 1 MgCl2, 5 HEDTA and 10 µM free-Ca2+, with pH adjusted to 7.2 with KOH.  To 

generate G-V relationships, currents were evoked from a holding potential of -100 mV, 

followed by 20 ms voltage steps from -150 mV to +150 mV (in +10 mV increments), 

followed by a 10 ms tail step to -150 mV.  G-V analysis was performed on the tail currents 

and all current kinetics were obtained as described above.   

Following square waveform current recordings, BK currents were recorded in 

response to action potential waveforms. Three types of representative action potential 

commands were used to evoke BK current: neuronal (mouse suprachiasmatic nucleus in 
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the hypothalamus) (Shelley et al., 2013), cardiac (mouse sinoatrial node) (Lai et al., 

2014), and smooth muscle (mouse urinary bladder; kindly provided by Dr. Tom Heppner, 

University of Vermont). Action potential command protocol stimulus files were 

generated using representative action potential waveforms from each action potential type 

plotted in Excel 2010 (Microsoft Corporation, Redmond, WA, USA). The peak current 

elicited by each action potential voltage command was normalized to the peak steady 

state current evoked by square waveforms used to measure the G-V relationship for each 

patch. The peak steady-state current for each patch occurred between +90 and +120 mV.   

Statistics 

BK current analysis was performed using pClamp 10.3 (Molecular Devices, San 

Jose, CA, USA). Graphs were generated in Prism 8.0 (GraphPad Software, San Diego, 

CA, USA), and statistical analysis was performed using Prism 8.0 or Origin 8.5 

(OriginLab Corp., Northampton, MA, USA). One-way ANOVA with Bonferroni’s post 

hoc test was used to compare of V1/2 values and action potential-evoked current 

amplitudes between constructs within each Ca2+ condition. Paired t tests were used to 

compare the V1/2 before and after application of redox reagents and unpaired t-tests were 

used to compare the ΔV1/2 due to redox reagents between WT and SNP-containing 

channels within each treatment condition. For BK current kinetics analysis, two-way 

repeated-measures ANOVAs with Bonferroni’s post hoc tests were used to determine 

significance for time constants of activation and deactivation between WT and SNP-

containing constructs across voltages. Statistical significance was achieved if P < 0.05. 

Data in figures are presented as the mean ± SEM and individual points represent data 

from one cell.  
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6.3 Results 

Effects of SNPs on BK current properties  

To determine the effects of these SNPs on steady-state hBKVYR current properties, 

we recorded macroscopic BK currents using inside-out patch clamp recordings from 

control wildtype (WT) and SNP-containing hBKVYR channel constructs transfected into 

HEK293T cells (Figure 6.3).  

 

 
Figure 6.3. Macroscopic currents from WT and SNP-containing hBKVYR channels. 

Representative currents recorded in inside-out patches from wildtype (WT) and SNP-

containing hBKVYR channels in symmetrical K+ at 10 µM intracellular Ca2+. Currents 

were elicited by 20 ms depolarizing steps from -150 to +300 mV, in +10 mV increments, 

from a holding potential of -100 mV, followed by a 10 ms tail step to -80 mV. Scale bars 

for x = 5 ms and y = 2 nA.  

 

The conductance-voltage (G-V) relationship of BK currents were evaluated in 

symmetrical K+ solutions across four standard concentrations of intracellular (bath) Ca2+ 

(Figure 6.4A). Currents from SNP-containing BK channels exhibited shifts in half-

maximal voltage of activation (V1/2) compared to WT controls (Figure 6.4B and Table 

6.2).  
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Figure 6.4. BK current properties from SNP-containing hBKVYR channels. A) 
Conductance-voltage (G-V) relationships of BK currents recorded in symmetrical K+ 

solutions at 0, 1, 10, and 100 µM Ca2+ from control wildtype (WT) hBKVYR channels and 

channels containing A138V, C495G, N599D, and R800W SNP substitutions. Currents 

were evoked using the voltage protocol in Figure 6.5. B) V1/2 versus Ca2+ relationship 

from currents in A. Significant differences in V1/2 values between WT and SNP-

containing channels were found at 0 (A138V, P = 0.006; N599D, P = 0.03; R800W, P = 

0.001), 1 (A138V, P = 0.041; C495G, P = 0.03; N599D, P = 0.03; R800W, P < 0.0001), 

10 (C495G, P = 0.02; N599D, P = 0.0008; R800W, P < 0.0001), and 100 µM Ca2+ 

(R800W, P = 0.003). Significance (*, P < 0.05) tested with one-way ANOVA with 

Bonferroni’s post-hoc tests comparing constructs at each Ca2+ concentration. N = 8–21 

recordings per construct in each Ca2+ condition. Data are means ± SEM. Data were 

collected in collaboration with Beth McNally at the University of Maryland, Baltimore. 



 

 

123 

 

 

Construct V1/2 (mV) 

0 µM Ca2+ 1 µM Ca2+ 10 µM Ca2+ 100 µM Ca2+ 

WT 213 ± 4  

 

180 ± 2 72 ± 4 -22 ± 3 

A138V 237 ± 6* 

 

193 ± 3* 68 ± 3 -32 ± 2 

C495 206 ± 3 

 

165± 4* 55 ± 3* -27 ± 3 

N599D 234 ± 4* 

 

193 ± 5* 52 ± 3* -25 ± 2 

R800W 240 ± 7* 

 

217 ± 4* 100 ± 3* -7 ± 4* 

Table 6.2. Summary of V1/2 values for WT and SNP-containing hBKVYR channels. 

From currents in Figure 6.4 recorded in symmetrical K+, significant differences between 

WT and SNP-containing channels were found at 0 µM (A138V, P = 0.006; N599D, P = 

0.03; R800W, P = 0.001) 1 µM (A138V, P = 0.041; C495G, P = 0.027; N599D, P = 

0.029; R800W, P = 2.4E-10), 10 µM (C495G, P = 0.017; N599D, P = 8.4E-4; R800W, P 

= 2.6E-6) and 100 µM Ca2+ (R800W, P = 0.003). Significance (*, P < 0.05) tested with 

one-way ANOVA with Bonferroni’s post hoc test at each Ca2+ concentration. N = 8–21 

recordings per construct in each Ca2+ condition. Means are ± SEM. 

 

Overall, R800W had the largest and most consistent effects on hBKVYR current 

properties across Ca2+ conditions (Figure 6.4 and Table 6.2). R800W currents exhibited 

properties that are associated with loss-of-function. At all Ca2+ concentrations, the 

conductance-voltage (G-V) relationship of R800W currents were significantly right-

shifted to more depolarized potentials, with V1/2 values that were +15 to +37 mV more 

depolarized than control WT hBKVYR currents (Figure 6.4B and Table 6.2). Consistent 

with the right-shifted G-V curve, R800W currents had significantly slower activation 

kinetics, and faster deactivation kinetics, compared to WT currents (Figure 6.5A, B), 

indicating R800W channels take longer to open and close faster than WT at the same 

voltage step.  
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Figure 6.5. Current kinetics from SNP-containing hBKVYR channels. A) Time 

constants of activation (τ activation) and B) time constants of deactivation (τ 

deactivation) from macroscopic BK currents recorded in symmetrical K+ solutions at 0, 1, 

10, and 100 µM Ca2+ from control wildtype (WT) hBKVYR channels and channels 

containing A138V, C495G, N599D, and R800W SNP substitutions. Currents were 

elicited using the voltage protocols in Figure 6.2. R800W currents activated slower at 0 

(P = 0.02), 1 (P = 0.0005), 10 (P < 0.0001) and 100 µM Ca2+ (P = 0.007) and deactivated 

faster at 10 (P = 0.004) and 100 (P = 0.01) µM Ca2+. C495G currents activated faster at 1 

(P = 0.04) and 10 µM Ca2+ (P = 0.001). N599D activated slower at 10 µM Ca2+ (P < 

0.0001) and deactivated slower at 1 µM Ca2+ (P = 0.001). A138V activated slower at 0 (P 

= 0.03) and deactivated slower at 1 µM Ca2+ (P = 0.04). Significance (*, P < 0.05) tested 

at each at each Ca2+ condition with two-way repeated measures ANOVA for WT versus 

each SNP construct across all voltages. 

 

In contrast, C495G currents exhibited some gain-of-function properties, with 

significantly left-shifted G-V relationships at 1 and 10 µM Ca2+ and V1/2 values that were 

-15 to -17 mV more hyperpolarized compared to control WT currents (Figure 6.4A, B 

and Table 6.2). Consistent with the left-shifted G-V, C495G exhibited faster activation at 

1 µM and 10 µM Ca2+ without any changes to deactivation kinetics compared to WT 

currents (Figure 6.5A, B), indicating that C495G channels open faster than WT channels 

at the same voltage. 
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The effects of N599D were less consistent across Ca2+ conditions, producing a 

left or right shift in the G-V curve depending on the Ca2+ concentration (Figure 6.4A, B). 

Compared to WT, N599D currents were significantly right-shifted G-V relationships at 0 

and 1 µM Ca2+ (by +21 and +13 mV, respectively), and accelerated deactivation at 1 µM 

Ca2+ (Figure 6.5B), demonstrating some loss-of-function. On the other hand, at 10 µM 

Ca2+ N599D currents had a significantly left-shifted G-V by -20 mV (Figure 6.4A, B) and 

slower activation (Figure 6.5A), indicating a gain-of-function effect in this condition. 

A138V currents were also more difficult to classify. Compared to the other SNP 

substitutions, which had higher MutPred2 prediction scores of 0.7-0.8, A138V had a low 

MutPred2 pathogenicity score of 0.08, indicating that this substitution was most likely 

benign (Table 6.1). However, A138V currents exhibited some loss-of-function at the 

lower (0-1 µM) Ca2+ concentrations. Compared to WT controls, A138V G-Vs were 

significantly right-shifted at 0 µM and 1 µM Ca2+ (by +24 mV and +13 mV, respectively) 

(Figure 6.4A, B). A138V activation was slower at 0 µM Ca2+ (Figure 6.5A), consistent 

with the right G-V shift in this condition. Although, in contrast to the right G-V shift, 

A138V exhibited slower deactivation in the 1 µM Ca2+ condition (Figure 6.5B). There 

were no apparent differences between A138V and WT currents at the higher (10-100 

µM) Ca2+ conditions. 

By screening the effects of each SNP in symmetrical K+, across a range of 

intracellular Ca2+ conditions, we identified two SNPs, C495G and R800W, that had the 

most consistent effects on BK current properties, exhibiting characteristics associated 

with loss-of-function (C495G) and gain-of-function (R800W) substitutions. These results 
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were consistent with the effects of C495G and R800W observed on the hBKQEERL splice 

variant background (Plante et al. 2019) (Figure 6.6).  

 
Figure 6.6. Effects of SNPs on hBK splice variants. A-D) Summary of the differences 

in the average V1/2 values (ΔV1/2 in mV) between WT and SNP-containing hBKVYR and 

hBKQEERL splice variants.    

 

The G-V curve of R800W-containing channels was right-shifted for both hBK 

splice variants relative to their respective WT controls (Figure 6.6D). Even though WT 

hBKVYR currents were right-shifted relative to WT hBKQEERL, R800W produced right 

shifts in both splice variant backgrounds to a similar degree (Figure 6.6D). This was also 

true for C495G, which produced a left shift in the G-V curve in both splice variants 

(Figure 6.6B), showing that the shifts in the G-V relationship due to alternative splicing 

of the BK channel did not preclude our ability to see G-V shifts due to SNPs in both 

directions. This data suggests these substitutions could have a similar effect on currents 
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produced by different BK channel variants, which have undergone alternative splicing 

and are found in different tissues. The more modest left shifting effects of N599D at 0 

and 1 µM Ca2+ were also observed on the hBKQEERL background (Figure 6.6C). 

Although, the right G-V shift of N599D at 10 µM Ca2+ observed for hBKVYR was not 

observed for the hBKQEERL background, perhaps due to the already left-shifted voltage-

dependence of hBKQEERL. Interestingly, the right-shifting effects of A138V at 0 and 1 µM 

Ca2+ on hBKVYR currents were not observed for hBKQEERL (Figure 6.6A). Overall, 

Because C495G and R800W had the most consistent effects across multiple Ca2+ 

conditions as well as both splice variants, we went on to test whether these effects 

persisted in the presence of post-translational BK channel modifications and probed the 

potential mechanisms by which these two SNPs are exerting their effects on BK currents.  

 

Effects of SNPs on currents from post-translationally modified BK channels 

Besides alternative splicing, another mechanism that alters BK channel properties 

is post-translational modifications, such as phosphorylation (Kyle and Braun 2014). 

Previous studies from our lab have shown mouse BKVYR current G-V relationships are 

left-shifted by exposing the intracellular side of the channel to dephosphorylating agent 

alkaline phosphatase (Shelley et al. 2013). In the current study, we measured the effects 

of alkaline phosphatase on currents from the human WT BKVYR channel. Because C495G 

and R800W had the clearest effects on BK current properties, we tested whether effects 

of C495G and R800W could still be observed under different phosphorylation conditions. 

Currents from each construct were recorded in the presence or absence of alkaline 

phosphatase in symmetrical K+ solutions with 1 µM intracellular Ca2+ (Figure 6.7).  
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Figure 6.7. Effects of dephosphorylation on currents from WT and SNP-containing 

BK channels. A, B) G-V relationships from BK currents recorded in symmetrical K+ at 1 

µM Ca2+ for control hBKVYR (WT) and C495G (A) or R800W (B) channels in control 

conditions or in the presence of dephosphorylating agent alkaline phosphatase (Alk P) in 

the intracellular solution. Voltage protocols were identical to those used in Figure 6.3. 

Alk P treatment was associated with a significant leftward G-V shift for each construct 

(WT, P = 0.03; C495G, P < 0.0001; R800W, P < 0.0001).  C495G + Alk P was 

significantly left-shifted compared to WT + Alk P (P < 0.0001).  R800W + Alk P was 

significantly right-shifted compared to WT + Alk P (P = 0.02).  Significance (P < 0.05) 

was tested using one-way ANOVA with Bonferroni’s post-hoc test of V1/2 values 

between control and Alk P conditions and between WT and SNP constructs within each 

treatment condition. C) ΔV1/2 plot summarizing the magnitude of the V1/2 shift due to Alk 

P for each construct (ΔV1/2 = Average V1/2 control – Average V1/2 + Alk P). N = 9–20 

recordings per construct per treatment condition. 

 

In this condition, the G-V relationship for WT hBKVYR currents were left-shifted 

when alkaline phosphatase (Alk P, 10 U/mL) was applied to the intracellular side of 

patches (Figure 6.7A). Exposing C495G channels to alkaline phosphatase also produced 

a further left-shift of the G-V compared to control C495G currents (P < 0.0001). 

Although, the relative magnitude of the G-V shift (ΔV1/2) due to alkaline phosphatase 

was reduced for C495G compared to WT (Figure 6.7C). However, C495G was still left 

shifted compared to WT currents in the presence of alkaline phosphatase, indicating that 

gain-of-function effects of C495G were not precluded by changes in channel 

phosphorylation. Similarly, R800W currents also exhibited a left G-V shift in the 

presence of alkaline phosphatase, compared to control R800W currents (P < 0.0001) 
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(Figure 6.7B). And when both WT and R800W were exposed to alkaline phosphatase, 

R800W retained the relatively right-shifted G-V relationship compared to WT channels. 

These results suggest that C495G and R800W may exert effects on BK channel 

properties at least somewhat independently of the effects of channel phosphorylation 

since C495G and R800W still retained their respective left and right G-V shifts compared 

to WT in the presence of alkaline phosphatase. However, the ΔV1/2 due to alkaline 

phosphatase was increased for R800W compared to WT (Figure 6.7C), raising the 

possibility that the R800W substitution could affect the response of the BK channel to 

changes in phosphorylation. Although R800 itself is not within a recognized 

phosphorylation site (Yan et al. 2008), there are potential kinase substrate sequence 

motifs located within the gating ring 5 to 6 residues on either side of R800, including 

consensus sites for PKA (Pearson and Kemp 1991) and casein kinase I (Marin et al. 

2003). If R800W effectively disrupts the structural interactions within the gating ring, it 

is possible that channel gating in response to dephosphorylation could be affected as well. 

 

Probing the mechanism for the effects of C495G and R800W 

Since C495G and R800W had the most consistent effects on BK currents, and the 

effects of these SNPs persisted over the effects of post-translational modifications, 

additional experiments were designed to probe the potential mechanisms by which these 

SNPs exert their effects on BK channel function.   

In previous studies, mutation of residue C495 to alanine inhibited the effects of 

cysteine-modifying reagents on BK current properties (Zhang and Horrigan 2005; Zhang 

et al. 2006) and reduced the effects of cysteine oxidation, which significantly right-



 

 

130 

 

shifted the G-V relationship of BK currents (Zhang and Horrigan 2005). From these 

studies, we hypothesized that the left-shifting effect of C495G was due to reduced 

oxidation of the BK channel. We tested this hypothesis by measuring the effects of 

oxidizing and reducing agents on the V1/2 of WT and C495G currents (Figure 6.8).  

 

 
Figure 6.8. Effects of C495G on redox modulation of BK currents. Experiments were 

performed on the hBKVYR splice variant background in symmetrical K+ solutions at 10 

µM Ca2+. Currents were elicited using the same voltage protocols as in Figure 6.3. A) 

V1/2 values obtained from BK currents at 1 min (baseline) and 10 min after patch excision 

in vehicle control (Ctrl), H2O2, and DTT treatment conditions.  After 10 min in Ctrl, WT 

(P = 0.03) and C495G (P = 0.003) channels both exhibited an increase in the V1/2 

compared to baseline. At 10 min after application of oxidizing agent H2O2 (0.3%), WT (P 

= 0.006) and C495G (P = 0.007) exhibited a significant increase in the V1/2 compared to 

baseline. 10 min after application of reducing agent DTT (1 mM), both WT (P = 0.02) 

and C495G (P = 0.0009) exhibited a significant decrease in the V1/2 compared to 

baselines. Significance (*, P < 0.05) tested with paired t tests between baseline and 

posttreatment conditions for each construct. B) Summary of the change in V1/2 (ΔV1/2 = 

V1/2 baseline—V1/2 10 min) after 10 minutes in each condition. The ΔV1/2 of WT versus 

C495G-containing channels was not significantly different in Ctrl, H2O2 or DTT 

conditions (P > 0.05). Unpaired t tests were used for significant differences in ΔV1/2 

values for WT and C495G within each treatment condition. Means are ± SEM. N = 5–9 

recordings per construct per treatment condition. 

 

First, we tested whether there was a time-dependent increase in the V1/2 following 

patch excision, which has been previously shown to occur due to BK channel oxidation 

that occurs over time in excised patches in the presence of reactive oxygen species 
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(DiChiara and Reinhart 1997). At 10 min following patch excision in control solutions, 

WT and C495G channels both exhibited an increase in V1/2, (WT, +9 ± 4 mV, P = 0.03; 

C495G, +16 ± 4 mV, P = 0.003) compared to 1 min baseline controls, indicating both 

WT and C495G currents undergo a right G-V shift over time under these conditions 

(Figure 6.8A, B).  

We then tested whether the application of oxidizing reagent H2O2 could further 

increase the V1/2 and whether application of reducing agent dithiothreitol (DTT) could 

decrease the V1/2 of WT and C495G channels. If the C495G substitution reduces the 

ability of redox reagents to modify BK current properties, then we would expect to see a 

decreased response of C495G currents to H2O2 and DTT compared to WT channels. 

Consistent with previous studies, we found H2O2 produced an increase in the V1/2 (+33 ± 

6 mV, P = 0.006) for WT currents, while DTT produced a decrease (-22 ± 2 mV, P = 

0.02) (Figure 6.8A, B).  Surprisingly, C495G also responded to these reagents with V1/2 

shifts that were similar in magnitude to WT, showing an increased V1/2 in the presence of 

H2O2 (+27 ± 6 mV, P = 0.007), and a decreased V1/2 (-30 ± 4, P = 0.0009) in DTT 

compared to 1 min baseline controls (Figure 6.8B). This data suggests that the gain-of-

function effect conferred by C495G does not result solely from a reduction in the effects 

of redox on the BK channel. 

 Next, we investigated whether the loss-of-function effects of R800W, which 

substitutes a charged arginine residue for a bulky tryptophan residue, could be recreated 

by other mutations at position R800. Previous studies have shown that changing the size, 

charge, and hydrophobicity of the amino acid residues that are located in the same region 

as the residue R800 can have a significant impact on BK channel gating properties due to 
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chemical interactions within this region form a flexible interface between RCK1 and 

RCK2 domains (Kim et al. 2008). Four substitutions were made at position R800 to 

determine if other amino acid substitutions at this position could produce the large 

rightward shift in the G-V relationship observed for R800W (Figure 6.9A).  

 

 

Figure 6.9. Effects of residue R800 size and charge on BK currents. Experiments 

were performed on the hBKVYR splice variant background in symmetrical K+ solutions. 

A) G-V relationships between WT and channels containing R800 substitutions (R800A, 

R800E, R800F, R800Q, and R800W) at 1 µM Ca2+. Voltage protocols were the same as 

in Figure 6.3. B) V1/2 versus Ca2+ plot for WT and SNP-containing channels at 1 and 10 

µM Ca2+. Compared to WT, R800W exhibited a right G-V shift at 1 (P < 0.0001) and 10 

µM Ca2+ (P < 0.0001), while all other R800 substitutions exhibited a left G-V shift at 1 

(R800A, P = 0.002; R800E, P < 0.0001; R800F, P < 0.0001; R800Q, P < 0.0001) and 10 

µM Ca2+ (R800A, P = 0.02; R800E, P = 0.06; R800F, P = 0.0002; R800Q, P = 0.007).  

Significance (*, P < 0.05) tested with one-way ANOVA with Bonferroni’s post-hoc test 

comparing V1/2 values between WT and all R800 substitution constructs at each Ca2+ 

condition. N = 5–21 recordings per construct per Ca2+ concentration. 

 

Tryptophan is a large, nonpolar, aromatic residue. Replacing tryptophan with another 

bulky, nonpolar aromatic residue, phenylalanine (R800F), however, produced a leftward 

shift in the G-V, opposite to the effects of the R800W substitution (Figure 6.9A). 

Introduction of either an alanine (R800A), which eliminates charge and is a smaller 

residue, or a glutamine (R800Q), which eliminates the charge but maintains residue size, 
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produced a left G-V shift opposite to the effect of R800W (Figure 6.9A). Likewise, 

substituting with a negatively charged glutamate residue (R800E), also had a left-shifting 

effect on the G-V. These G-V shifts were observed at both 1 µM and 10 µM Ca2+ (Figure 

6.9B), leading us to the conclusion that the loss-of-function effects of R800W could not 

simply be attributed to size, charge or hydrophobicity of this substituted residue alone. 

This suggests perhaps more complex tertiary interactions involving the tryptophan 

residue could be responsible for the loss-of-function effects of the R800W substitution. 

 

Interaction of SNPs located within the same BK channel subunit 

Next, we tested the effects of C495G and R800W in parallel with a human 

mutation, D434G, which is a heritable, disease-linked mutation that has been shown to 

cause epilepsy in a familial pedigree (Du et al. 2005).  Because the seizure disorder 

shows highly variable penetrance (Li et al. 2018b), we questioned whether further genetic 

variation, such as the presence of SNPs, could mitigate the functional effects of a known 

BK channel mutation. Prior studies have shown D434G has a strong gain-of-function 

effect on BK currents on other BK channel splice variant backgrounds (Du et al. 2005). 

First, we measured the effects of the D434G mutation on currents from the hBKVYR 

channel in symmetrical K+ at 0, 1, 10 and 100 µM intracellular Ca2+. D434G-containing 

BK channels produced currents with G-V relationships that were significantly left-shifted 

compared to WT, C495G, and R800W at every Ca2+ concentration (Figure 6.10A, B), 

corroborating the gain-of-function effect of this mutation in prior studies (Du et al. 2005).     
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Figure 6.10. Effects of SNPs in parallel with the mutation D434G on BK currents. 
A) G-V relationships from control WT hBKVYR, D434G, or SNPs expressed in parallel 

with the D434G mutation in the same BK α subunit to produce double SNP-containing 

constructs D434G/C495G and D434G/R800W. Currents were evoked using the voltage 

protocols in Figure 6.3 in symmetrical K+ at 0, 1, 10, and 100 µM Ca2+. B, C) V1/2 versus 

Ca2+ relationship comparing WT, D434G, C459G, and R800W currents (B) or WT, 

D434G, D434G/C495G, and D434G/R800W currents (C). V1/2 values were significantly 

different from WT at 0 (D434G, P < 0.0001; D434G/C495G, P < 0.0001), 1 (D434G, P < 

0.001; D434G/C495G, P < 0.0001), 10 (D434G, P < 0.0001; D434G/C495G, P < 0.0001; 

D434G/R800W, P = 0.02), and 100 µM Ca2+ (D434G, P = 0.008; D434G/C495G, P = 

0.0001). V1/2 values were significantly different from D434G at 0 (D434G/R800W, P < 

0.0001), 1 (D434G/C495G, P = 0.008; D434G/R800W, P < 0.0001), and 10 µM Ca2+ 

(D434G/R800W, P = 0.003). Significance (*, P < 0.05) tested with one-way ANOVA 

with Bonferroni’s post hoc test for differences between constructs at each Ca2+ condition. 

N = 5–21 recordings per construct per Ca2+ concentration. Data were collected in 

collaboration with Beth McNally. 

 

Next, C495G and R800W SNPs were each introduced in parallel with the D434G 

mutation within the same BK α subunit to produce double substitution D434G/C495G- 

and D434G/R800W-containing channels. The G-V relationship of D434G/C495G 

currents were not different from D434G currents at 0, 10, and 100 μM Ca2+ (Figure 
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6.10A, C), indicating the gain-of-function effects of C495G were precluded by the strong 

gain-of-function produced by the D434G mutation. However, at 1 μM Ca2+, the V1/2 of 

D434G/C495G was further left-shifted compared to the V1/2 of D434G (by -18 mV, P = 

0.008). This suggests the effects of two gain-of-function substitutions could be additive 

and C495G has potential to exacerbate the gain-of-function properties of D434G under 

some conditions. The effects of loss-of-function effects of R800W were also additive in 

combination with D434G when introduced in parallel (Figure 6.10A, C), and could be 

observed across multiple Ca2+ conditions. The V1/2 of D434G/R800W currents were 

significantly right shifted compared to D434G alone at 0 (P = 0.0003), 1 (P < 0.0001), 

and 10 μM Ca2+ (P = 0.004). Additionally, the V1/2 for D434G/R800W currents were no 

longer significantly different from WT at these Ca2+ concentrations, indicating the loss-

of-function effects of R800W are still apparent in the presence of the D434G gain-of-

function mutation. 

 

Effects of SNPs on action potential-evoked BK currents in physiological K+ 

Next, we wanted to test whether the functional effects of C495G and R800W, and 

D434G in a more physiologically relevant context. To determine whether SNP-induced 

alterations in BK currents were evident in physiological solutions, we recorded 

macroscopic currents from WT and SNP-containing channels in solutions containing 

physiological concentrations of Na+ (10 mM internal/134 mM external) and K+ (140 mM 

internal/6 mM external) (Figure 6.11A) with 10 µM intracellular Ca2+ included in the 

internal solution. This concentration of internal Ca2+ could be experienced by BK 
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channels at Ca2+ spark sites and in CaV-BK channel complexes in muscle cells and 

neurons (Fakler and Adelman 2008).   

 

Figure 6.11. Current traces from WT and SNP-containing BK channels in 

physiological K+. A) Representative BK currents in physiological K+ at 10 µM Ca2+ 

from control hBKVYR (WT), D434G, C495G, R800W, and D434G/R800W-containing 

channels on the hBKVYR splice variant background. Currents were evoked from a holding 

potential of -100 mV, stepping from -150 to +110 mV in +10 mV increments (20 ms), 

followed by a tail step to -150 mV (10 ms). B) Representative current traces showing the 

difference in activation kinetics between WT, D434G, C495G, R800W, and 

D434G/R800W currents at +100 mV. Currents were scaled to match for comparison. C) 

Representative tail current traces demonstrating the differences in deactivation kinetics 

between WT, D434G, C495G, R800W, and D434G/R800W currents at the -100-mV tail 

step. Tail currents were evoked from an initial holding potential of -150 mV, followed by 

a voltage step to +200 mV for 20 ms and then 10 ms tail steps from -200 to -50 mV in 

+10 mV increments. 

 

In these solutions, D434G currents exhibited the same clear gain-of-function 

properties that were observed in symmetrical K+ solutions, including a significantly left-

shifted G-V relationship compared to WT currents (Figure 6.12A, B), with a ΔV1/2 of -38 

mV (V1/2 D434G ─ V1/2 WT) (P < 0.0001), as well as faster activation (P < 0.0001) 

(Figure 6.11B, Figure 6.12C) and slower deactivation kinetics (P = 0.01) (Figure 6.11C, 

Figure 6.12D).  
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Figure 6.12.  Effects of SNP substitutions on BK currents in parallel with the D434G 

mutation in physiological K+. A) G-V relationship for control hBKVYR (WT), D434G, 

C495G, R800W and D434G/R800W currents elicited using the same voltage protocol as 

in Figure 6.11A in physiological K+ solutions at 10 µM intracellular Ca2+. B) V1/2 versus 

Ca2+ relationship for G-Vs from WT and SNP-containing channels in (A). C, D) τ 

Activation (C) and τ Deactivation (D) current kinetics for WT and SNP-containing 

channels. Currents were elicited using the same voltage protocol as in Figure 6.11B. 

Significant differences were observed between WT and SNP -containing channels for 

activation (D434G, P < 0.0001; C495G, P < 0.0001; R800W, P < 0.0001; 

D434G/R800W, P < 0.0001) and deactivation (D434G, P = 0.01; C495G, P = 0.02; 

R800W, P = 0.0006). Significance (*, P < 0.05) tested with one-way ANOVA with 

Bonferroni’s post-hoc test for differences in V1/2 values between all constructs. 

Significant differences (P < 0.05) in current kinetics were tested with two-way repeated 

measures ANOVAs between WT and each SNP-containing construct across all voltages. 

N =9–12 recordings per construct. 
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Likewise, C495G currents exhibited a left-shifted the G-V relationship compared 

to WT (P = 0.04) (Figure 6.12A, B) and faster activation kinetics (P < 0.0001) (Figure 

6.11B and Figure 6.12C). In contrast, R800W currents did not exhibit the same right-

shifted G-V relationship that were previously seen in symmetrical K+ conditions (Figure 

6.12A, B). However, R800W still showed the same alterations in current kinetics, with 

R800W currents exhibiting slower activation (P < 0.0001) and faster deactivation (P = 

0.0006) compared to WT currents (Figure 6.11B, C and Figure 6.12C, D). This data 

demonstrates that the gain- and loss-of-function trends in C495G and R800W current 

kinetics mimicked the effects observed in symmetrical K+ (Figure 6.4 and Figure 6.5), 

regardless of the shift in the V1/2. To test whether these differences in current kinetics 

between WT and SNP-containing channels could be due to the shift in the voltage-

dependence SNP currents, we compared the activation kinetics of each construct at the 

same point in the activation (G-V) curve (at 50% of the maximal conductance) using the 

current V1/2s. Compared to WT, D434G activated 53% faster (P = 0.0001, one-way 

ANOVA with Bonferroni’s post hoc test) (Figure 6.12C). Similarly, C495G activated 

35% faster than WT (P = 0.019), while R800W activated 120% slower than WT (P < 

0.0001, one-way ANOVA with Bonferroni’s post hoc test) (Figure 6.12C), revealing 

these effects were not simply due to shifts in the G-V relationship but are instead a result 

of changes in the gating properties of the BK channel itself.  

 Consistent with this, C495G activation rates at 50% of the maximal conductance 

(V1/2) were not significantly different from D434G, suggesting that both C495G and 

D434G increased current activation rates to a similar extent under these conditions, even 

though the V1/2 shift due to C495G was not as large as D434G.  
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Interestingly, in physiological K+, the presence of R800W alongside D434G did 

not significantly shift the V1/2 of D434G/R800W-containing channels compared to 

D434G alone (Figure 6.12A, B), however activation was slowed (P < 0.0001) and 

deactivation was accelerated (P = 0.0006) (Figure 6.12C, D). This data suggests the 

ability of R800W to reduce activation and increase deactivation rates is not solely due to 

shifts in the G-V relationship but is due to changes in gating kinetics of the BK channel. 

This indicates R800W has a loss-of-function effect on BK currents, even in the presence 

of the opposing gain-of-function effects of D434G.  

Lastly, we hypothesized that these SNP substitutions could affect BK currents 

activated by an action potential, which is a physiologically relevant stimulus. Loss-of-

function characteristics, such as a right-shift in the voltage dependence, a decrease in 

activation and an increase in deactivation rates, would be expected to decrease the 

magnitude of action potential-evoked BK currents. In contrast, gain-of-function 

characteristics that have the opposite effect on current properties would be expected to 

increase the magnitude of action potential evoked BK current. To test this, the amplitudes 

of BK currents evoked by several different action potential waveforms were recorded in 

physiological K+ solutions (Figure 6.13).  
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Figure 6.13. Effects of SNP substitutions on BK currents evoked by physiological 

stimuli. Experiments were performed on the hBKVYR splice variant background in 

physiological K+ at 10 µM Ca2+. A-C) Waveforms for Neuron (A), SAN (B) and SM (C) 

action potential voltage command protocols (top traces) used to elicit BK currents from 

WT, D434G, C495G, R800W, and D434G/R800W channels (bottom traces). Current 

amplitudes are normalized to the maximum outward current evoked by the step voltage 

protocol in Figure 6.11A. D-F) Normalized peak action potential-evoked BK currents 

from WT and SNP-containing channel variants activated by Neuron (D), SAN (E), and 

SM (F) voltage commands. Currents were significantly larger than WT for Neuron 

(D434G, P < 0.0001; C495G, P < 0.0001; D434G/R800W, P < 0.0001), SAN (D434G, P 

< 0.0001; C495G, P = 0.002; D434G/R800W, P = 0.0002) and SM (D434G, P < 0.0001; 

C495G, P = 0.0002; D434G/R800W, P < 0.0001) waveforms. D434G/R800W currents 

were reduced compared to D434G for Neuron (P < 0.0001), SAN (P = 0.02) and SM (P < 

0.0001). Significance (*, P < 0.05 tested with one-way ANOVA with Bonferroni’s post-

hoc test between current amplitudes at each action potential command. N = 6–11 

recordings per construct. 

 

Action potential voltage commands were previously recorded from cells where 

BK channels are known to action potential firing: suprachiasmatic nucleus neurons of the 

hypothalamus, sinoatrial node cardiomyocytes, and bladder smooth muscle cells 
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(Heppner et al. 1997; Lai et al. 2014; Montgomery and Meredith 2012). These action 

potential commands each had different peak voltages and durations, providing a range of 

voltage conditions to test the effects of SNPs alone and SNPs expressed in parallel with 

the D434G mutation.   

Based on the enhanced activation of D434G-contining BK channels, shown here 

and in prior studies, action potential-evoked D434G currents were significantly larger 

than WT using all three action potential waveforms (Figure 6.13D-F) (Junqiu Yang 2010; 

Wang et al. 2009). C495G also produced larger currents compared to WT from each 

action potential command, although not as large as D434G (Figure 6.13D-F). R800W did 

not produce a significant reduction in current with any of the action potential commands 

compared to WT, yet R800W in parallel with the D434G mutation (D434G/R800W) still 

significantly reduced the increased current caused by D434G (Figure 6.13D-F). Taken 

together, these data reveal the consequences for the pathological increase in BK channel 

activation caused by the D434G mutation, and the potential for SNPs such as C495G and 

R800W to affect BK currents in a physiological context.  

6.4 Discussion 

This study screened the effects of four SNPs on BK current under a wide array of 

testing conditions. The SNPs identified in this study (A138V, C495G, N599D and 

R800W) had effects on current properties of the human BKVYR splice variant, producing 

effects that are associated with loss-of-function or gain-of-function effects across a wide 

array of testing conditions and could be observed in the presence of post-translational 

modifications. Although the magnitudes of the SNP effects could be variable depending 

on the Ca2+ concentration, we identified two SNPs, C495G and R800W, that had the 
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most consistent effects across conditions, expressed in two different hBK channel splice 

variants, as well as in both symmetrical K+ and physiological K+ (Figure 6.4 and Figure 

6.12) and on currents evoked by physiological stimuli from native tissues (Figure 6.13).  

Overall, R800W produced the largest and most consistent loss-of-function effects 

across each of these conditions, as the G-V was right-shifted in symmetrical K+ on both 

hBK splice variants at multiple Ca2+ concentrations, and activation kinetics were slowed 

in physiological K+.  Interestingly, despite these loss-of-function characteristics conveyed 

by R800W, we found that R800W did not significantly reduce the action potential-

evoked current compared to WT BK currents in physiological K+. A potential 

explanation for this result is that the experiments were performed on the hBKVYR variant, 

which already exhibits a relatively right-shifted voltage-dependence of activation 

compared to other splice variant backgrounds (Plante et al. 2019; Shelley et al. 2013). 

Consistent with this idea, the magnitude of D434G/R800W action potential-evoked 

currents were significantly reduced compared to D434G alone, indicating that the loss-of-

function effects conferred by R800W were apparent when currents were increased due to 

the D434G mutation (Figure 6.13).   

Further studies into the mechanism of action of N599D would be required to 

determine whether this SNP, which produced rightward and leftward shifts in the V1/2 

compared to WT depending on the Ca2+ concentration, are acting through alterations in 

allosteric channel gating. There are other instances in which mutations in the BK channel 

produce V1/2 shifts in both directions depending on the Ca2+ concentration (Li et al. 

2018a). For instance, if a mutation increases the pore opening equilibrium constant for 

the closed-open transition, but the Ca2+ sensitivity is decreased, this could produce a left 
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V1/2 shift in 0 µM Ca2+, but a right V1/2 shift in higher Ca2+ conditions (> 1.5 µM) 

compared to WT currents. Prior studies have shown mutations in the gating ring that 

disrupt electrostatic interactions in the RCK1-RCK2 interface can have this effect (Figure 

6.1B) (Kim et al. 2006; Li et al. 2018a). In one study, replacing a charged glutamate 

residue with a glutamine (E955Q), leads to a left G-V shift in the absence of Ca2+, but a 

right G-V shift in higher (> 1.5 µM) Ca2+ conditions  compared to WT channels (Li et al. 

2018a). In the case of N599D on the hBKVYR background, the left G-V shift at 0-1uM 

Ca2+ could be due to a decrease in the pore opening constant, while the right G-V shift in 

10 µM Ca2+ could be due to a decrease in the apparent Ca2+ sensitivity of the channel. 

This would also explain why the differences in V1/2 values between WT and N599D-

containing channels were collapsed at 100 µM Ca2+, since this  Ca2+ concentration could 

potentially be high enough to compensate for the reduced Ca2+ sensitivity of N599D.  

The gain-of-function effects of C495G did not appear to stem from alterations in 

redox modulation of BK channel. Another possible mechanism for the gain-of-function 

effect of C495G could be based on the introduction of a flexible glycine residue within a 

flexible linker region comprised of 8 amino acids in RCK1. This linker is evolutionarily 

conserved among BK channels, but is not present in other K+ channels (Jiang et al. 2002; 

Jiang et al. 2001; Zhang and Horrigan 2005). This suggests C495G could disrupt 

flexibility or the linker’s interactions with other residues in the gating ring (Zhang and 

Horrigan 2005). The epilepsy-linked mutation, D434G, which has significant gain-of-

function effects on BK current properties (Yang et al. 2010), also substitutes in a glycine 

within the RCK1 domain and alters protein flexibility by making the channel RCK1 

domain more rigid, which enhances the coupling between Ca2+ binding and channel 
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opening (Yang et al. 2010). Further studies could test whether the gain-of-function effects 

of C495G are exerted through a similar effect on protein flexibility in the gating ring.  

As for R800W, it was unexpected that only the tryptophan residue produced a 

rightward G-V shift. The bulky, hydrophobic nature of the phenylalanine residue alone 

was expected to be sufficient to reproduce the rightward G-V shift exhibited by R800W. 

However, our data suggests perhaps there is a more complex interaction introduced by 

the W at this residue position. The idea is that the leftward shift is produced by the 

replacement of R800 residue since this could break an electrostatic interaction formed the 

R residue. A potential explanation for the rightward shift observed with the R800W 

substitution is that tryptophan can form a new tertiary interaction that the phenylalanine 

residue (or the other amino acid substitutions) cannot. Previous studies have also shown 

that mutating tryptophan residues to phenylalanine has an impact on protein function 

(Rasmussen et al. 2007), supporting the idea that replacement of tryptophan with a 

phenylalanine residue is not entirely equivalent in the context of the whole protein 

structure. Although tryptophan and phenylalanine residues share many chemical 

properties, tryptophan is unique since it is the largest residue and has a high electron 

density, which allows for energetically favorable interactions with positive charges 

(Burley and Petsko 1986). Also, the presence of the nitrogen within the indole group 

creates a dipole moment, which enables the formation of hydrogen bonds (Zacharias and 

Dougherty 2002).  These properties allow tryptophan residues to participate in protein 

surface interactions like those at the inter-subunit interface (Rasmussen et al. 2007).  

Expression of SNPs in parallel in the same BK a subunit revealed that their effects 

could be additive, but only in certain conditions. The effects of R800W and D434G on 
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BK current properties were additive in symmetrical K+ across all Ca2+ conditions, and in 

physiological K+, indicating that these substitutions are acting through independent 

mechanisms. In contrast, in symmetrical K+, the strong gain-of-function effects of D434G 

appeared to preclude the effects of C495G at most Ca2+ concentrations, except for 1 µM 

Ca2+, indicating these two substitutions are acting through redundant mechanisms. The 

C495G substitution is located within the same region of the protein as D434G, which 

increases the allosteric coupling of gating ring movement to the gate through altering the 

flexibility of the N-terminal AC region of the RCK1 domain (Wang et al. 2009; Yang et 

al. 2010). The saturating effect of C495G/D434G on the V1/2 compared to D434G alone 

was not unexpected because the translation of gating ring movement to the movement of 

the channel gate is already altered by the insertion of the D434G mutation (Diez-

Sampedro et al. 2006; Krishnamoorthy et al. 2005). 

The gain-of-function effects of C495G on BK current properties were also 

apparent during physiological stimuli, whereas the loss-of-function effects of R800W 

were precluded by the reduced activation of the BK channel under these specific 

conditions. This shows that the mechanism of BK channel activation, as well as the 

intracellular Ca2+ environment around the BK channel, could be a critical determinant of 

whether substitutions could be physiologically relevant. Although we did not test other 

Ca2+ concentrations, certainly shifting the V1/2 to the left by increasing the intracellular 

Ca2+ concentrations could have a significant effect on the activation of BK currents using 

these same action potential commands. This is supported by the significant reduction in 

action potential-evoked D434G/R800W currents that we observed compared to D434G 

alone, showing that the effects of R800W were more apparent when BK currents were 



 

 

146 

 

increased due to the D434G mutation (Figure 6.13). Perhaps increasing the activation of 

currents using higher intracellular Ca2+ concentrations (> 10 µM) would reveal 

differences between WT and R800W that were not revealed here on the hBKVYR 

background. Even more interesting would be to repeat these experiments under 

conditions in which there is a dynamic source of Ca2+, such as Ca2+ influx through 

voltage-gated Ca2+ channels during an action potential command (shown in Chapter 5). If 

activation kinetics are slowed, for instance as with R800W, we would expect to see a 

further reduction in action potential-evoked currents compared to WT, since a transient 

increase in Ca2+, which may only last for several milliseconds (Figure 5.7E), could 

further limit activation of the BK channel.  

Since BK channels are activated by a wide range of physiological stimuli between 

cell types, it could be hypothesized that the effects of BK channel SNPs on cellular 

excitability may be tissue specific. For example, the magnitude of the differences 

between WT and SNP-containing channels was more apparent using the neuronal action 

potential command, which is shorter in duration, compared to the longer SAN action 

potential command (Figure 6.13), providing an example of how SNP-induced changes to 

current kinetics may differentially influence channel function across. The addition of 

auxiliary β and γ subunits, which can drastically shift the voltage dependence and/or alter 

the kinetics of BK currents, even in the absence of intracellular Ca2+, could further 

illuminate the impact of SNPs across different tissues (Li and Yan 2016). For instance, 

previous studies have shown that the D434G mutation can cause a 2-fold increase in the 

amplitude of BK currents elicited during an action potential-like stimulus (Wang et al. 

2009). However, co-expression of D434G-containing BK channels with the β4 subunit, 
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which slows BK activation kinetics by ~10-fold, decreases the amplitude of action 

potential-evoked D434G currents by 50% compared to D434G alone (Wang et al. 2009). 

This data shows that, in addition to post-translational mechanisms, the tissue-specific 

expression of auxiliary subunits could determine whether or not SNP substitutions have 

detectable consequences in vivo.  

A caveat to this study is that the BK channel constructs contain a Myc tag at the 

N-terminus and a YFP tag inserted at the beginning of the RCK2 domain. Deletion of 

these tags from WT channels reveals no difference in the conductance-voltage 

relationships in the presence or absence of Ca2+ (Plante et al. 2019), suggesting they do 

not alter BK channel function. Furthermore, the presence of these tags did not inhibit our 

ability to detect changes in BK current parameters due to the D434G mutation. Overall, 

the V1/2 shifts due to the mutation D434G we observed in our study using the tagged BK 

channel are consistent with previous studies testing the effects of this mutation on 

untagged BK channel constructs even though these studies used BK channels of different 

splice variant backgrounds and different Ca2+ concentrations. Consistent with previous 

studies, the leftward G-V shifts due to D434G in our study (-17 to -48 mV) were similar 

in magnitude to those observed in previous studies investigating the effects of D434G on 

other BK channel splice variant backgrounds (-7 to -57 mV) between 0 and 100 µM Ca2+ 

(Du et al. 2005; Lee and Cui 2009; Wang et al. 2009). D434G mutation in our study also 

increased rates of activation, reducing the activation time constant by ~1.5 to 2-fold (our 

data Figure 6.12C). This increased activation rate is consistent with magnitude of 

increased activation rates published previously across a range of Ca2+ conditions and 

splice variant backgrounds ( ~1.5 to 4-fold increase) (Du et al. 2005; Lee and Cui 2009; 
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Wang et al. 2009). D434G in our study also exhibited decreased deactivation rates, 

increasing the deactivation time constant by ~1 to 2-fold (Figure 6.12D), which is 

consistent with the approximately 1 to 2-fold decrease in deactivation rates previously 

reported (Lee and Cui 2009). This data indicates that the presence of the YFP tag in the 

BK channel is not precluding our ability to detect the changes in these parameters due to 

single point mutations. Further studies using untagged BK channels would be necessary 

to elucidate the biophysical mechanisms through which these SNPs are exerting their 

effects on BK channel properties. 

Overall, the method employed in this study is a valid way to identify missense 

SNPs substitutions in KCNMA1 that can produce changes in BK channel function but are 

not yet associated with a disease (or disease susceptibility) and have an unknown 

frequency in the global population. These results provide a framework for future studies 

to investigate whether addition of other BK regulatory mechanisms, such as accessory 

subunits and different sources of intracellular Ca2+, exacerbate the effects of these SNPs, 

or further reduce their effects on BK current properties such that they are not detectable 

during square step or physiological voltage stimuli. The context-dependent differences in 

these SNP effects, may be an important mechanism contributing to BK current diversity 

within the body, or even between individuals within a population.  
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Chapter 7: Conclusions 

Intracellular Ca2+ is essential for the function of the SCN, the circadian master 

clock. Ca2+ is required for the SCN to produce a robust circadian time signal in action 

potential firing. And yet, the specific Ca2+ channels contributing to firing frequency and 

cytosolic Ca2+, and the mechanisms by which they can affect these outputs, have not been 

comprehensively addressed. The first two aims of this study employed a comprehensive 

list of Ca2+ channel inhibitors and a wide variety of techniques, including 

electrophysiological recordings and quantitative Ca2+ imaging, to identify which Ca2+ 

channels are involved in circadian rhythms in action potential firing and cytosolic Ca2+ in 

SCN neurons. In Aim 1, the effects of Ca2+ channel inhibitors on the peak and trough 

firing rate were evaluated by extracellular current-clamp recordings from SCN slices 

acutely dissected in either the day or the night. In this experiment, inhibitors targeting L-, 

N-, P/Q, and R-type voltage-gated Ca2+ channels each produced a significant decrease in 

firing rate during the peak of the cycle, while intracellular Ca2+ channel inhibitors 

targeting RyRs and SERCA-ATPase decreased firing rate during the day but had the 

opposite effect of increasing firing rate during the night. The impact of these channels on 

action potential rhythmicity was also evaluated in long-term, multi-electrode array 

recordings from organotypic SCN slice cultures. Consistent with their effect on firing 

rate, the L-, N-, P/Q, and R-type voltage-gated Ca2+ channel inhibitors decreased the 

percentage of rhythmic recordings and decreased the synchrony of the remaining rhythms 

within the SCN slice. However, in contrast to their effects on firing rate of individual 

neurons during the peak and trough, RyR and SERCA inhibitors showed no effect on the 

rhythmicity of firing. These results showed that multiple Ca2+ channels can alter firing 
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rate of individual neurons in the SCN but the L-, N-, P/Q, and R-type voltage-gated Ca2+ 

channels are the predominant Ca2+ sources contributing to the ensemble rhythms in firing 

rate produced by the SCN over the circadian cycle. 

Aim 2 utilizes a similar approach to identify which Ca2+ channels in SCN neurons 

are involved in circadian oscillations in intracellular free Ca2+. The data in chapter four 

supports the conclusion that the circadian oscillations in cytosolic Ca2+ are primarily 

driven by intracellular Ca2+ stores. Although the role of IP3Rs has not been fully ruled 

out, RyRs appear to be the predominant Ca2+ channels mediating the levels of  

intracellular Ca2+ over the circadian cycle. Understanding how Ca2+ release is initiated is 

a major step in understanding the regulatory mechanisms that are responsible for 

producing the difference in cytosolic Ca2+ levels over the circadian cycle. However, the 

specific mechanisms that trigger Ca2+ release from RyRs in SCN neurons are still 

unknown. A likely candidate is the canonical Ca2+-induced Ca2+ release (CICR) pathway, 

which has been most well characterized in muscle cells (Van Petegem 2012). In cardiac 

muscle, plasma membrane depolarization initiates Ca2+ influx through the opening of 

voltage-gated LTCCs, resulting in an increase in cytosolic Ca2+, which then activates 

Ca2+ release by binding directly to RyR2 channels in the sarcoplasmic reticulum (Fabiato 

1983). A large body of evidence indicates that CICR is the primary mechanism that 

activates RyRs in neurons as well (Van Petegem 2012; Verkhratsky and Shmigol 1996). 

RyR2 transcripts and proteins are the predominant RyR isoform expressed in SCN 

neurons (Diaz-Munoz et al. 1999; Pfeffer et al. 2009). Imaging studies in SCN neurons 

have shown membrane depolarization produces a transient increase in cytosolic Ca2+ 

(Irwin and Allen 2007; Wang et al. 2015), and that these Ca2+ transients are contributed 
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by both Ca2+ influx through VGCCs and by Ca2+ release from intracellular stores (Wang 

et al. 2015). The amplitude of depolarization-induced Ca2+ transients are significantly 

decreased by the LTCC inhibitor nimodipine (by 50-70%) and by the RyR inhibitor 

dantrolene (by 45 %) (Wang et al. 2015). It is widely assumed that Ca2+ influx is leading 

directly to CICR under these conditions. However, the direct activation of RyRs by Ca2+ 

from specific VGCCs, such as LTCCs, has not been demonstrated for SCN neurons. In 

skeletal muscle, the activation of RyRs can also be stimulated by a direct physical 

interaction between L-type Ca2+ channel CaV1.1 and specific region of the RyR1 protein 

in which the voltage-dependent shifts in the conformation of the CaV1.1 channel induces 

activation of RyR1 (Van Petegem 2012). However, it is unlikely that CaV1.1 is the 

voltage sensor for RyRs in the SCN. RyR1 transcripts have been detected in the SCN, 

albeit at much lower levels than the RyR2 isoform (Pfeffer et al. 2009), while CaV1.1 

channels do not appear to be significantly expressed in the central nervous system 

(Harvey et al. 2020).  

In Aim 3, one major Ca2+ source, the L-type Ca2+ channel, was taken into a 

heterologous system to investigate the mechanism by which these channels can modulate 

action potential firing. By co-expressing individual L-type Ca2+ channel subtypes CaV1.2 

and CaV1.3 together with the BK K+ channel, we identified that the currents from L-type 

CaV1.3 channels could have an important role in regulating firing in the SCN by 

activating BK currents at subthreshold potentials. The results of these specific aims 

provide a foundation for future studies to determine how each of these Ca2+ sources, and 

their Ca2+-dependent pathways, are regulated in the SCN. These experiments set the stage 
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for future experiments to test the impact of auxiliary β and γ subunits on the activation of 

BK currents during an action potential in the context of dynamic intracellular Ca2+.  

Lastly, in Aim 4, we identified four SNPs in the human KCNMA1 gene that lead 

to single amino acid substitutions in the BK channel α subunit and were predicted to have 

pathogenic effects on BK channel function. The effects of SNP substitutions A138V, 

C495G, N599D and R800W on BK currents were evaluated in inside-out patch clamp 

recordings from BK channels expressed in heterologous cells. Some SNP substitutions 

had consistent loss-of-function effects (C495G), while other SNPs (R800W) had gain-of-

function effects on BK currents from two different BK channel splice variants under 

multiple intracellular Ca2+ conditions and in physiological K+ solutions. The effects of 

C495G significantly increased the magnitude of BK currents evoked by action potential 

waveforms, which are a physiologically relevant stimulus. These results showed that the 

combined use of online prediction software, MutPred2, as well as prior knowledge of the 

BK channel structure was a reliable way to select human SNPs for functional analysis 

that still have an unknown frequency in the population and are not yet associated with a 

disease.  

The effects of these SNP substitutions were less severe compared to the effects of 

a disease-associated mutation in the BK channel, D434G, which is known to cause 

generalized epilepsy and paroxysmal dyskinesia disorder in humans (Bailey et al. 2019; 

Du et al. 2005). The D434G mutation is located in the intracellular gating ring and has 

been shown to increase the Ca2+-dependent activation of the BK channel in prior studies 

(Wang et al. 2009; Yang et al. 2010). In this study, the strong gain-of-function effects of 

D434G produced a large increase in the amplitude of action potential-evoked BK currents 
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under clamped intracellular Ca2+ conditions (Figure 6.13). However, the effects of 

D434G, and the newly identified epilepsy-associated mutations in the BK channel, have 

not been studied in the presence of  transient increases in intracellular Ca2+ that are 

evoked during an action potential stimulus. The methods in this dissertation provided a 

framework to 1) identify the relevant Ca2+ channels that influence action potential firing 

in a specific type of neuron or brain region, 2) determine whether these Ca2+ channels 

contribute to the activation of BK currents, and 3) express these specific Ca2+ sources in a 

heterologous system and measure their ability to activate BK currents during a 

physiologically relevant stimulus (Figure 7.1). Future experiments are required to 

investigate the effects of mutations on the activation of BK currents in a dynamic 

intracellular Ca2+ environment during a physiologically relevant stimulus. This is the 

critical next step in understanding how BK channel mutations affect the activity of 

neurons, and ultimately have pathological effects on brain function. 

 
Figure 7.1. Major conclusions of each specific aim. 
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