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The	large	conductance	Ca2+-	and	voltage-activated	potassium	(BK)	channel	is	

activated	via	two	important	cellular	signaling	mechanisms:	increases	in	intracellular	

Ca2+	and	membrane	depolarization.		Though	the	BK	channel	is	encoded	via	a	single	

gene,	Kcnma1,	currents	produced	by	this	channel	exhibit	a	large	degree	of	

phenotypic	variability	across	different	cell	types,	indicating	regulation	of	the	BK	

channel	can	influence	BK	current	properties.	Furthermore,	regulation	of	current	

properties,	as	opposed	to	changing	expression	of	the	channel,	may	act	as	a	

mechanism	through	which	excitability	can	be	modulated	in	various	neurons.	

In	order	to	determine	whether	regulation	of	BK	current	properties	can	influence	

neuronal	excitability,	we	utilized	the	suprachiasmatic	nucleus	(SCN),	as	a	model	

system.		The	SCN	is	the	brain’s	central	circadian	oscillator,	encoding	time-of-day	

information	through	changes	in	neuronal	excitability.		Increased	excitability	is	found	

during	the	day,	promoting	faster	firing	rates,	while	at	night	excitability	is	dampened,	

slowing	firing	rate.	This	diurnal	change	in	firing	rate	is	due	in	part	to	an	increase	in	

BK	channel	protein	found	in	the	SCN	at	night.		While	regulation	of	expression	of	the	



BK	channel	gene	can	account	for	part	of	the	diurnal	difference	in	excitability	of	SCN	

neurons,	we	hypothesized	that	daily	regulation	of	BK	current	properties	in	the	SCN	

via	β-subunit	association,	alternative	splicing,	and	control	of	Ca2+	sources	limits	a	

role	for	BK	currents	in	setting	firing	frequency	during	the	day.			

Using	patch-clamp	electrophysiolgy	we	demonstrate	that	BK	current	properties	in	

the	SCN	are	diurnally	regulated,	with	smaller	BK	currents	during	the	day	found	to	be	

due	to	BK	channel	inactivation,	Ca2+	source	regulation	and	alternative	splicing,	

rather	than	simply	a	decrease	in	BK	channel	expression.		We	also	found	loss	of	these	

mechanisms	produces	an	increase	in	BK	current	and	results	in	a	decrease	in	firing	

rate	during	the	day	in	SCN	neurons.			

These	results	support	the	hypothesis	that	BK	current	regulation	is	just	as	important	

as	regulation	of	BK	protein	expression	in	setting	a	diurnal	difference	in	firing	rate	in	

the	SCN.		Furthermore,	these	results	provide	a	framework	through	which	

modulation	of	current	properties	may	impact	firing	in	other	pacemaking	neurons.	
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I. GENERAL INTRODUCTION 

The large conductance calcium (Ca2+)- and voltage-activated potassium (K+) 

channel (BK, KCa1.1, Slo1, Maxi-K) is a K+ permable ion channel that is gated via both 

membrane depolarization and elevation of intracellular Ca2+(Lux et al., 1981).  

Functional BK channels are formed via tetramerization of individual α-subunits (Shen et 

al., 1994; Wu et al., 2010a). Each 135 kDa α-subunit is encoded via a single gene, 

slowpoke in Drosophila melanogaster and Kcnma1 (or Slo1) in mammals (Atkinson et al., 

1991; Butler et al., 1993; Meredith, 2004). BK channel α-subunits are modular, with an 

extracellular N-terminus and seven transmembrane domain regions responsible for 

voltage-sensing and pore formation while an intracellular C-terminal region forms a 

gating ring responsible for Ca2+- sensitive activation of the channel (Meera et al., 1997; 

Wu et al., 2010a; Yuan et al., 2011)(Figure 1a).   

In native cells, macroscopic BK currents can be recorded and are indicative of 

channel behavior (Hille, 2001). BK currents produce an outward K+ current activating 

upon increases in intracellular Ca2+ as well as membrane depolarization that is sensitive 

to both block by both iberiotoxin (Giangiacomo et al., 1992) and paxilline (Butler et al., 

1993) (Figure 1b,c).  Because the BK channel α-subunit is encoded via one gene, 

Kcnma1, physiological diversity of the BK current arises from multiple regulatory 

mechanisms on the BK channel itself, such as, alternative splicing of the Kcnma1 mRNA 

transcript (Adelman et al., 1992; Atkinson et al., 1991; Butler et al., 1993; Lagrutta et al., 

1994; Tseng-Crank et al., 1994), posttranslational modifications, such as phosphorylation 

of the α-subunit protein (Reinhart et al., 1991; Yan et al., 2008), association of the α-

subunit with modulatory auxiliary subunits (Brenner et al., 2000a; Yan and Aldrich,  
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Figure 1: BK α-subunit structure and BK currents. 
(A) Schematic diagram of the BK channel α-subunit. Each a-subunit exhibits an 
extracellular N-terminus, seven transmembrane domains responsible for voltage sensing 
and pore formation and an intracellular C-terminus responsible for Ca2+ sensing and 
gating. (B) BK currents are both Ca2+ and voltage sensitive.  Using the same depolarizing 
voltage steps, macroscopic BK currents expressed in HEK293T cells were recorded in 
the inside-out patch clamp configuration at 1and 100 µM Ca2+ in symmetrical K+ 
solutions. The currents recorded at 100 µM Ca2+ are much larger and exhibit a faster and 
more complete activation than BK current recorded in 1 µM Ca2+.  BK currents are also 
sensitive to the BK antagonist, paxilline (Pax), as 10 µM Pax complete abolishes the BK 
current in 100 µM Ca2+. (C) Normalized conductance-voltage relationships for BK 
currents recorded in 1 and 100 µM Ca2+ illustrating that Ca2+ shifts the voltage-
dependence of activation to more hyperpolarized membrane potentials.	
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2012), and association of the BK channel macromolecular complex with various Ca2+ 

sources (Berkefeld et al., 2006; Knot et al., 1998; Marrion and Tavalin, 1998; Nelson et 

al., 1995; Prakriya and Lingle, 1999; 2000). 

BK channels are expressed in both excitable and non-excitable cells and tissues 

and exhibit a variety of cellular and physiological functions.  In non-excitable tissues, 

such as the distal nephron of the mammalian kidney or the epithelium of the colon, BK 

channels have been proposed to take part in K+ secretion (Grimm et al., 2007; Sausbier et 

al., 2006) as well as regulation of cellular proliferation in cancerous cells (Weaver et al., 

2004).  In excitable cells, BK currents regulate excitability through hyperpolarization of 

the membrane potential.  BK channels are expressed in smooth muscle and opening of 

BK channels promotes membrane hyperpolarization (Nelson et al., 1995).  BK channels 

are also expressed within sinoatrial nodal cells of the heart and promote faster firing by 

decreasing the diastolic depolarization duration (Lai et al., 2014). In neurons, BK currents 

regulate the action potential through participating in repolarization and the fast after-

hyperpolarization  (fAHP) phase of action potentials (Storm, 1987). BK channels have 

also been shown to regulate Ca2+ mediated neurotransmitter release (Raffaelli et al., 

2004)and hormone secretion (Ämmälä et al., 1991).  

I.1 Regulation of BK currents by Ca2+ and voltage 

 BK channels are characterized through their activation by membrane 

depolarization as well as increases in intracellular Ca2+. While in a physiological system, 

BK channels will be activated via both of these mechanisms with around the same time 

scale, BK channels are able to open solely through a voltage- or Ca2+-dependent 

mechanisms.  Using extremely hyperpolarized potentials where the voltage sensor is not 
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activated, single channel open probability (PO) is increased through elevation of 

intracellular Ca2+ (Horrigan and Aldrich, 1999; Horrigan et al., 1999; Rothberg and 

Magleby, 1999).  Alternatively, Po also increases in 0-Ca2+ conditions when the voltage 

sensor is activated due to membrane depolarization (Meera et al., 1996; Rothberg and 

Magleby, 1999; Talukder and Aldrich, 2000). While both membrane depolarization and 

Ca2+ binding to the C-terminal gating ring can lead to BK channel pore opening through 

independent mechanisms (voltage sensor movement or conformational changes in the 

gating ring) these pathways are also allosterically coupled, as shown using the Horrigan-

Cui-Aldrich (HCA) model of BK channel activation (Horrigan and Aldrich, 2002) 

(Figure 2a).  This model asserts a few different parameters about BK channel activation:  

First, three different processes occur within the BK channel: pore opening is governed 

through an equilibrium constant (L); Ca2+ binding to the C-terminal gating ring RCK 

domains occurs with an equilibrium constant (K) and causes a conformational change in 

the gating ring on the intracellular side of the channel; and membrane depolarization 

activates the voltage sensor in the transmembrane domains of the channel with an 

equilibrium constant (J).  Each of these processes, voltage sensor activation, Ca2+ binding 

to the C-terminal gating-ring, and pore opening, is stochastic and therefore can occur, 

with a low probability, in the absence of its requisite activator.  However, membrane 

depolarization and Ca2+ binding to the RCK domains increase the probability of voltage 

sensor activation and gating ring opening occurring as they stabilize the requisite 

conformational changes of these processes. Second, pore opening, voltage sensor 

activation and Ca2+ binding to the gating-ring are allosterically coupled to each other so 

that activation of one also increases the ease of the other two moving into the activated  
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Figure 2: Horrigan-Aldrich model of allosteric activation of BK channels by voltage 
and Ca2+. 
(A) BK channels can be activated by either Ca2+ or voltage or both.  Because BK 
channels are formed via tetramerization of single α-subunits, the model incorporates 4 
voltage sensors and 4 Ca2+ sensors, yet because we are dealing with the model of a 
single channel, there is only one pore.  The pore can transition from a closed (C) to open 
(O) state which is governed via an equilibrium constant (L).  Each of the four voltage 
sensors can also exist in a state of rest (R) or activated (A) and this transition is governed 
via the equilibrium constant (J).  Ca2+ may also bind to each of the four Ca2+ sensors, 
from (X) to (XCa2+) with an equilibrium binding constant of (K).  These three processes 
do not exist in isolation, as binding of Ca2+ is allosterically coupled to voltage sensor 
activation via the allosteric coupling equilibrium constant (E), voltage sensor activation is 
allosterically coupled to pore opening through the allosteric coupling equilibrium 
constant (D), and Ca2+ binding is allosterically coupled to pore opening via the allosteric 
coupling equilibrium constant (C).  Figure adapted from Horrigan and Aldrich, 2002.	
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state.  Thus, activation of the voltage sensor, pore opening, and Ca2+ binding to the 

gating-ring are synergistically linked, producing an outcome that is greater than the sum 

of its parts.  For example, Ca2+ binding to the gating ring will directly lead to a 

conformational change of the gating ring but will also allosterically change the 

equilibrium factors between the resting and active state of the voltage sensor and the open 

and closed state of the pore, stabilizing the voltage sensor in its active state and the pore 

in its open state. 

The parameters of the HCA model are not static, and numerous gating modifiers 

exist that have the ability to change one or all of the gating parameters of the HCA model.  

For example, the β1 subunit has been shown to reduce the voltage-dependence of 

activation of the BK current through a direct reduction in the voltage-dependence of the 

voltage sensor activation process (J, Figure 2a) (Orio, 2005). In contrast, the β4 subunit 

has been shown to have complex effects on the BK channel, decreasing the voltage-

dependence of activation at low Ca2+ through decreasing the intrinsic gating equilibrium 

constant (L, Figure 2a) and decreasing the allosteric coupling equilibrium constant 

between voltage sensor activation and Ca2+ activation (E, Figure 2a) (Wang et al., 2006). 

However, at high Ca2+, the β4 subunit increases the voltage-dependence of activation 

through an increase in the allosteric coupling equilibrium constant between Ca2+ binding 

and pore opening (C, Figure 2a) (Wang et al., 2006). Accessory subunits are not alone in 

the ability to modify BK channel gating.  A human mutation in the Kcnma1 gene, D434G, 

which causes epilepsy, produces a gain-of-function current that occurs through both an 

increase in the equilibrium constant of pore opening (L, Figure 2a) independent of Ca2+ or 
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voltage activation as well as an increase in the Ca2+-binding equilibrium constant (K, 

Figure 2a) (Wang et al., 2009).   

I.2 Structure and function of the BK channel α-subunit 

 The tetramer of pore-forming α-subunits (Shen et al., 1994; Wu et al., 2010b) 

consists of seven transmembrane domains (S0-S6) and an intracellular C-terminal gating 

ring (Meera et al., 1996; Wu et al., 2010a)(Figure 1a). Although the BK α-subunit is 

similar to other voltage-gated K+ channel α-subunits in S1-S6 topology (Atkinson et al., 

1991), BK α-subunits contains an extra seventh transmembrane domain (S0) found at the 

N-terminal end of the protein, creating an extracellular N-terminus (Meera et al., 1997). 

The N-terminal S0 domain is necessary for functional BK channels (Wallner et al., 1996) 

and is hypothesized to make functional contact with other transmembrane domains (S1-

S4) (Koval et al., 2007; Liu et al., 2008; Pantazis et al., 2011) and promote channel 

activation through increasing the equilibrium constant for voltage-sensor activation 

(Koval et al., 2007).  The S0 domain has also been shown to be essential for α-subunit 

association with auxiliary β-subunits (Wallner et al., 1996).  

 The S1-S4 transmembrane domains constitute the voltage-sensing domain (VSD) 

of the BK channel α-subunit (Figure 1a). Like other voltage-gated K+ channels, the S4 

domain acts as the primary voltage sensor and contains at least one positively charged 

arginine residue (R213) that is necessary for voltage dependent activation (Cui and 

Aldrich, 2000; Díaz et al., 1998; Ma et al., 2006; Niu and Magleby, 2002). However, 

unlike other voltage-gated K+ channels, S4 may not be the only TM domain involved in 

voltage sensing of BK channels, as residues in S2 and S3, (D153, R167 and D186) also 

participate in the gating charge, suggesting S2 and S3 may also be involved in voltage 
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sensor movement (Ma et al., 2006). It should be noted that other positively charged 

residues exist within the S4 domain, (R207, R210) but these residues don’t participate in 

gating charge, or voltage sensor movement (Díaz et al., 1998).  Rather, mutation of R207 

and R210 has revealed that these residues form salt bridges with other nearby negatively 

charged residues, promoting stabilization of the closed pore conformation state (Ma et al., 

2006). 

 Ion permeation occurs via the S5 and S6 domains of the BK α-subunit.  The BK 

channel pore is similar to that of other voltage K+ channels in that it contains a highly 

conserved K+ selectivity sequence (Brelidze et al., 2003; Heginbotham et al., 1994).  

However, BK is unique in that beneath the selectivity filter of the BK α-subunit, a ring of 

eight negatively-charged glutamic acid residues (E321 and E324 in each of four α-

subunits) help to produce the large-single channel conductance characteristic to BK 

channels (Brelidze et al., 2003).   These two residues also electrostatically interact with 

residue E219 in S4 of an adjacent α-subunit and allows for the coupling between voltage 

and Ca2+ sensor activation and pore opening (Zhang et al., 2014). However, it should be 

noted that these results also highlight a difference between the pore BK channels 

compared to that of other voltage-gated K+ channels: Namely, S4 in BK channels appears 

to interact with the cytoplasmic side of the S6 domain while S4 interacts with S5 in other 

voltage-gated K+ channels.  The difference in pore architecture has also been noted using 

alanine and cysteine scanning of S6 in both Shaker and BK channels, with BK found to 

have a much broader inner vestibule (Zhou et al., 2011).   

 The C-terminal domain of the BK α-subunit contains four additional intracellular 

hydrophobic segments (S7-S10) forming two “regulators of K+ conductance” (RCK) 
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domains, each with two lobes, that in turn forms the intracellular gating ring (Meera et al., 

1997; Wu et al., 2010a; Yuan et al., 2011). Within each of the BK α-subunits RCK 

domains are two high-affinity Ca2+ binding sites with different Ca2+ affinities. Within 

RCK1, found closer to the N-terminal end of the cytoplasmic side of the gating ring, 

negatively-charged residues D362, D367, and E535 coordinate Ca2+ within a range of 5 

to 30 µM (Sweet and Cox, 2008; Xia et al., 2002; Zhang et al., 2010). Within RCK2, 

found closer to the C-terminal tail of the BK α-subunit, is a group of five consecutive 

negatively-charged aspartic acid residues that coordinates Ca2+ binding within a range of 

0.5 to 5 µM (Schreiber and Salkoff, 1997; Xia et al., 2002; Yuan et al., 2011).  While 

these two sites regulate all physiological effects of Ca2+ on BK channel gating, E374 and 

E399 within RCK1 and D99 and N172 within cytoplasmic face of the transmembrane 

region coordinates millimolar concentrations of divalent cations, namely Mg2+, and 

promotes channel opening by interacting with the voltage-sensing domain at R213 

through electrostatic repulsion (Xia et al., 2002; Yang et al., 2007; 2013). Interestingly, 

while Ca2+ binding allosterically promotes voltage sensor activation and well as pore 

opening, in the absence of Ca2+, the C-terminal domain inhibits voltage-dependent gating 

of the BK channel (Schreiber et al., 1999).  When the C-terminal domain from Slo3, 

which is related in topology to BK, though not Ca2+ sensitive, is chimerically attached to 

the BK transmembrane regions, Ca2+ sensitivity is lost. Furthermore, this chimera has a 

left-shifted voltage dependence of activation compared to wild-type BK channels, 

indicating that perhaps the BK C-terminal tail domain interacts with and inhibits the core 

transmembrane domain of the channel. Thus in the absence of Ca2+, the C-terminal 

domain inhibits voltage sensor activation, presumably through an allosteric mechanism 
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associated with some conformational change of the channel complex (Schreiber et al., 

1999). 

I.3 Alternative splicing of the BK transcript alters BK current properties 

  Unlike other members of the voltage-gated K+ channel family, BK α-subunits are 

only encoded via a single gene, Kcnma1 (Butler et al., 1993), yet still maintain a large-

degree of heterogeneity in current properties across various cell types and tissues 

(Benkusky et al., 2000; Fettiplace and Fuchs, 2003).  One mechanism through which 

physiological diversity of BK current properties manifests itself is via alternative splicing 

of the mRNA transcript.  Alternative splicing of the pre-mRNA transcript acts a 

fundamental mechanism through which phenotypic diversity can be increased from a 

single gene (Black, 2000; Meredith, 2015). Alternative splicing can occur through 

multiple mechanisms, but generally involves the inclusion or exclusion of a particular 

exon or set of exons (Figure 3a). Kcnma1 undergoes alternative splicing and within the 

C-terminal region four major splicing sites have been identified (SS1-SS4) (Shipston, 

2001) (Figure 4a).  

 The first splice site (SS1) is found at the C-terminal tail of the RCK1 domain and 

may include a 12 nucleotide sequence encoding the four amino acid sequence “SRKR” 

(Tseng-Crank et al., 1994). Inclusion of the SRKR insert has been shown to impart 

“harder-to-open” channels, which manifests as slower to activate, faster to deactivate 

right-shifted  BK currents (Tseng-Crank et al., 1994) (Chapter 3). However, it should be 

noted on a different BK channel background with a different complement of alternatively 

spliced exons, the “SRKR” insert had no effect on current properties (Rosenblatt et al., 

1997) suggesting the effect of a singular exon may be dependent on presence or absence  
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Figure 3: Patterns of alternative splicing. 
Constitutive exons present in all final mRNAs are denoted as gray boxes. Alternative 
exons that may or may not be present in all final mRNAs are denoted as black boxes. (A) 
Constitutive splicing occurs when all exons are included in the mRNA transcript. (B) The 
most common form of alternative splicing is a cassette exon, which can be included or 
excluded in the final mRNA transcript. (C) Mutually exclusive exons are when two 
adjacent exons are chosen such that one of the two exons will always be present but both 
will never be found in the same mRNA. (D, E) Alternative splicing of 5’ and 3’ ends is 
another common form of mRNA splicing in which a longer 5’ or 3’ region, sometimes 
untranslated, is included within the mRNA.  (F. G) Alternative promoters and alternative 
polyA sites have the ability to change the 5’ and 3’-most exons of an mRNA transcript. 
(H) Rarely, an intron, which is usually excised, may be included within the transcript that 
is destined to be translated. This intron may either be found to be within the reading 
frame of the rest of the expressed exons, adding more amino acids to the translated 
protein sequence. Intron retention may also shift the reading frame, resulting in a 
premature stop codon or nonfunctional protein.  Figure adapted from Meredith, 2015. 
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Figure 4: Sites of alternative splicing within the mammalian BK channel α-subunit. 
(A) Schematic of a BK channel a-subunit illustrating splice sites 1 through 4 (SS1-SS4) 
found within the intracellular C-terminus.  SS1 lies within the first RCK domain, SS2 lies 
within the linker between RCK1 and RCK2, SS3 lies within the second RCK domain and 
SS4 lies at the distal C-terminus. (B) Each splice site may include multiple different 
exons at that site, allowing for greater diversity in BK α-subunit protein sequence. 
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of other exons.  Indeed, for the BK α-subunit, loss of alternative exons at other sites 

diminishes the effect of a particular exon on BK current properties (Johnson et al., 2011).  

 Perhaps the most studied splice site in the BK channel α-subunit is splice site 2 

(SS2), found within the C-linker between RCK1 and RCK2.   SS2 was originally 

characterized when adrenal Kcnma1 transcripts were sequenced between normal and 

hypophysectomized (pituitary removed) rats.  Hypophysectomy of rats is known to 

remove the hypothalamic-pituitary stress response and as such, these rats were unable to 

elicit an increase in stress hormones (Stachowiak et al., 1994).  Adrenal Kcnma1 

transcripts of hypophysectomized rats lacked either a 174 or 183 nucleotide insert at this 

site that encodes for the “STREX” insert (Xie, 1998). Inclusion of STREX in the BK 

sequence results in a leftward shift in the voltage-dependence of activation as well as a 

slowing of activation and deactivation kinetics (Xie, 1998). Furthermore, inclusion of the 

STREX insert changes the BK current response to posttranslational modification: Protein 

Kinase A (PKA) phosphorylation decreases the PO, whereas on the insertless background, 

PKA phosphorylation promoted channel activation (Tian et al., 2001). STREX inclusion 

also results in a specific association between the C-terminal domain and the plasma 

membrane through palmitoylation of cysteine residues in the STREX insert (Tian et al., 

2008).  

 Splice site 3 (SS3) lies near the end of the RCK2 domain very near the high-

affinity Ca2+ binding site known as the “Ca2+ bowl” and may include an 81 nucleotide 

exon encoding for a 27 amino acid insert. Inclusion of this exon results in an elimination 

of the voltage-sensitivity of the Hill Coefficient between Ca2+ and voltage, suggesting 
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that perhaps channels containing this insert have a loss of coupling between Ca2+ binding 

and channel activation (Ha et al., 2000).  

 The final splice site (SS4) lies at the distal end of the C-terminal tail and can 

encode for three C-termini for the BK α-subunit: -VYR, -VEDEC, or –QEERL. While 

none of these alternatively spliced C-termini have been found to result in altered current 

properties, alternative splicing of the BK C-terminus has been shown to affect channel 

trafficking.  Specifically, in some cells, the -VEDEC sequence has been proposed to limit 

plasma membrane expression while also targeting BK channels to the mitochondria of 

cells (Chen et al., 2010; Singh et al., 2013). Together, with the complex effect all of these 

splice sites have on current properties and trafficking, these data suggest the importance 

of profiling the alternatively spliced complement of exons available in the Kcnma1 

transcripts expressed in the tissue of interest. 

I.4 Auxiliary subunits associate and regulate BK current properties 

 While BK channel α-subunits can form functional channels that pass an outward 

current on their own, another mechanisms for physiological diversity of BK currents 

across cell-types and tissues is through the association with auxiliary β- and γ-subunits.  

β-subunit proteins are two transmembrane domain segments connected with ~120 amino 

acid extracellular loop with intracellular N- and C-termini (Orio et al., 2002)(Figure 5a). 

To date, four β-subunits have been identified (β1-β4) and exhibit tissue and cell type-

dependent expression (Behrens et al., 2000; Brenner et al., 2000a; Meera et al., 2000).  

Sequence similarities are strong between β1 and β2 subunits, as well as between β2 and 

β3, β4 exhibits the largest difference in sequence compared to the other β subunits (Orio 

et al., 2002).  In general, β-subunits have similar effects on BK current properties with an  
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Figure 5: BK channel auxiliary subunits alter BK current properties. 
(A) Schematic diagram of BK channel α-subunit in a plasma membrane with a BK 
channel β-subunit (left) and γ-subunit (right).  β-subunits exhibit a characteristic N- and 
C-termini with a large extracellular loop while γ-subunits are single transmembrane 
domains with leucine-rich repeats found on the extracellular side of the protein.  (B) 
Schematized conductance-voltage relationship of an α-subunit expressed alone and an α-
subunit co-expressed with a β- or a γ-subunit.  When β-subunits are co-expressed they 
generally cause a leftward shift in the voltage dependence of activation on the order of 20 
mV, while γ-subunits can left-shift the voltage-dependence of activation ranging from 
140 to 20 mV. (C) Schematic of BK currents demonstrating the difference in activation 
kinetics between an α-subunit expressed alone and an α-subunit expressed with a β-
subunit.  When β-subunits are co-expressed they generally slow activation kinetics and 
deactivation kinetics.  (D) Schematic of BK currents demonstrating inactivation when 
either β2 or β3 is present. 
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enhancement of Ca2+ sensitivity evidenced by a shift in the conductance-voltage 

relationship to more negative membrane potentials (Figure 5b) as well as a slowing of 

channel activation kinetics (Figure 5c), though these effects will be described in more 

detail for each β-subunit below.  β-subunits are able to induce their effects on BK 

channels in a stoichiometric dose-dependent manner, as up to 4 β-subunits can associate 

with a single BK channel tetramer (Wang et al., 2002).  

 β1 subunits are primarily found within smooth muscle though can also be found 

at low levels in brain, though this may be due to expression within cerebral arteries 

(Behrens et al., 2000; Brenner et al., 2000a; Dworetzky et al., 1994; Tseng-Crank et al., 

1996). When co-expressed with the α-subunit in a heterologous expression system, the 

β1 subunit can induce large hyperpolarizing shifts in the voltage-dependence at multiple 

Ca2+ concentrations due to an increase in Ca2+ sensitivity (McCobb et al., 1995).  β1 also 

induces a slowing of macroscopic current activation through a reduction in the voltage-

dependence of activation of the BK channel.  This occurs through a direct reduction in 

the voltage-dependence of the voltage sensor activation process and it is also this 

reduction in voltage-dependence that provokes the apparent increase in Ca2+ sensitivity of 

the BK current (Orio, 2005).  The reduction in voltage-dependence of the voltage sensor 

activation process is partially due to an interaction between Y74, S104, Y105, and I106 

of the β1 extracellular loop and the α-subunits’ voltage sensing domain (Gruslova et al., 

2012). This interaction destabilizes the open conformation of channels that have few 

voltage sensors activated at rest. Therefore  channel opening is reduced through a 

destabilization of a state where channels are open but voltage sensors remain in the 

resting condition (Gruslova et al., 2012).  However, with long enough depolarization, this 
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extracellular loop stabilizes channel opening, promoting the enhanced Ca2+ sensitivity 

observed with β1 (Gruslova et al., 2012).  It should be noted that this extracellular loop 

domain reside within the region of highest sequence conservation between β1, β2, and β4 

subunits, suggesting a common role for these residues in altering current properties 

(Gruslova et al., 2012).   

 β4 subunits are the second most studied β-subunits mainly because of their 

predominant expression within neuronal tissue as well as low levels of expression in 

heart, kidney and lungs (Behrens et al., 2000; Brenner et al., 2000a; Meera et al., 2000).  

Classically, β4 containing BK channels were first identified from brain synaptosomal 

membranes as "type-II" BK currents with slow kinetics and resistance to block by the BK 

channel specific antagonist, iberiotoxin (Reinhart and Levitan, 1995; Reinhart et al., 

1989). Unlikeβ1 subunits, β4 subunits induce complex effects on BK current properties 

such as decreasing the voltage-dependence of activation at low Ca2+ (<10 µM Ca2+) 

through decreasing the intrinsic gating equilibrium constant and decreasing the allosteric 

coupling equilibrium constant between voltage sensor activation and Ca2+ activation 

(Wang et al., 2006). Yet, at high Ca2+ (>10 µM Ca2+) the β4 subunit increases the 

voltage-dependence of activation through an apparent increase in Ca2+ sensitivity.  This 

occurs through an increase in the allosteric coupling equilibrium constant between Ca2+ 

binding and pore opening (Wang et al., 2006).  

 The other two β-subunits, β2 and β3, are less studied physiologically though β2 

does induce some similar effects to BK current properties as β1, such as slowing current 

kinetics and shifting the conductance-voltage relationship to more hyperpolarized 

membrane potentials (Orio, 2005). It should be noted though that although β2 subunits 
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generally exhibit similar effects to the BK current as β1 subunits, the increase in Ca2+ 

sensitivity is most likely due to an increase in all of the allosteric coupling equilibrium 

constants rather than just a reduction in the voltage-dependence of the voltage-sensor 

(Orio, 2005).  β2 and β3 subunits are also distinct from β1 and β4 subunit because they 

induce BK channel inactivation (Figure 5d). BK current inactivation exhibits a time-

dependent decay (~30 to 110 ms) in current amplitude due to current activation (Solaro et 

al., 1995).  β-subunit mediated inactivation is mediated through an N-type “ball and chain” 

inactivation process (Hoshi et al., 1990), in which the N-terminal domain of β2 or β3 

physically moves into or near the channel pore, blocking the flow of K+ ions (Wallner et 

al., 1999; Xia et al., 1999). The inactivation conferred by both β2 and β3 subunits is both 

Ca2+ and voltage-dependent as inactivation is directly related to channel opening.  

Inactivation is also dependent on the stoichiometric ratio of BK α:β subunits as the 

inactivation time constant increases with either more intracellular Ca2+ or β subunits 

(Wallner et al., 1999; Wang et al., 2002; Xia et al., 1999). 

 In addition to the four β-subunits, BK γ-subunits have been newly identified in a 

line of non-excitable prostate cancer cells (Yan and Aldrich, 2012).  γ-subunits are single 

transmembrane domain proteins with a number of leucine-rich repeats (LRR) oriented to 

the extracellular space (Yan and Aldrich, 2012). Four γ-subunits have so far been 

identified (γ1-γ4), with each subunit shifting the voltage-dependence of activation to 

more hyperpolarized potentials with varying effect (~ 140 mV for γ1/LRRC26, ~100 mV 

for γ2/LRRC52, ~50 mV for γ3/LRRC55, and ~20 mV for γ4/LRRC38) (Yan and 

Aldrich, 2012) (Figure 5b). The transmembrane domain and immediately adjacent juxta-

membrane positively charged regions of the C-terminal tail interact with the BK channel 
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α-subunit in order to shift the voltage-dependence of activation (Li et al., 2015). γ-

subunits exhibit a tissue-specific expression pattern with γ1 and γ4 subunits mainly found 

in secretory cells such as the adrenal, thymus and thyroid glands, γ2 being found in the 

testis and γ3 being found in the brain (Yan and Aldrich, 2010). It should also be noted 

that γ- and β-subunits are able to coassemble together in a macromolecular complex with 

BK α-subunits. When coexpressed, the β and γ-subunits’ effects are additive, suggesting 

they regulate gating through distinct mechanisms and also allow for a range of BK 

channels with functionally distinct properties (Gonzalez-Perez et al., 2015).  

I.5 BK current properties are determined via their Ca2+ sources in vivo 

 In order to study steady-state BK current properties, BK currents must be 

measured in tightly controlled Ca2+ conditions, which is rarely physiological.  

Intracellular Ca2+ concentration is constantly varying, as Ca2+ enters the cells through 

voltage-gated Ca2+ channels (VGCCs) or is released from intracellular stores. The local 

Ca2+ concentration is transiently high but then quickly dissipates due to intracellular Ca2+ 

buffering and diffusion, restoring free Ca2+ to nanomolar concentrations (Fakler and 

Adelman, 2008).  BK channels probably need at least 10 µM Ca2+ in order to activate 

within the physiological voltage range (Brenner et al., 2000a), (in the SCN free cytosolic 

Ca2+ is measured to be ~150-200 nM; (Colwell, 2000)) and thus must either be very 

close a single source or close to multiple sources in order activate.  Thus, it is paramount 

to understand where BK channels receive their Ca2+ and how the current and kinetic 

properties of these Ca2+ currents may shape BK’s own current properties. 

 In heterologous expression systems, BK α-subunits are able to form 

macromolecular nanodomain complexes with L-type (CaV1.2), P/Q-type (CaV2.1) and 
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N-type (CaV2.2) VGCCs (Berkefeld et al., 2006; Prakriya et al., 1996; Prakriya and 

Lingle, 1999; 2000). These Ca2+ sources are able to activate BK currents within a 

physiological voltage range (-50 mV to +30 mV) with BK current properties distinct to 

each Ca2+ source.  For example, BK α-subunits activated via L-type channels exhibit BK 

currents that depolarize are higher voltages compared to those activated via P/Q-type 

channels (Berkefeld and Fakler, 2008).  

The degree of association between the BK α-subunit and its Ca2+ source, and thus 

the effective Ca2+ concentration the BK channel senses may also contribute to 

physiological diversity of the BK current.  For example, in adrenal chromaffin cells, in 

order to record BK currents activated via native Ca2+ sources, cells must undergo a Ca2+ 

loading protocol, in which cells are held at a voltage that preferentially activates VGCCs 

to allow Ca2+ to “load” into the cell, following which voltage is changed to one that 

preferentially activates BK currents (Solaro et al., 1995). Without the Ca2+ loading 

protocol, recorded BK current in the physiological voltage range within adrenal 

chromaffin cells is minimal, suggesting that BK channels are not tightly coupled to Ca2+ 

sources.  Using this Ca2+ loading protocol, BK activation occurs through summation of 

numerous Ca2+ sources, including release from intracellular stores (Prakriya et al., 1996), 

as well as influx through voltage-gated L-and Q-type Ca2+ channels (Prakriya and Lingle, 

1999; 2000). Furthermore, depending on the degree of association between the Ca2+ 

source and the BK α-subunit, cells exhibit a current decay very similar to current 

inactivation (Solaro et al., 1995).  However, this current decay can partially be 

attributable to clearance of the intracellular Ca2+ concentration in cells where BK α-

subunits are not tightly coupled to Ca2+ sources (Marcantoni et al., 2010). This is in 
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contrast to neurons in the SCN, where BK currents can be recorded without the use of a 

Ca2+ loading protocol, suggesting the BK-Ca2+ channel coupling is greater in SCN than in 

adrenal chromaffin cells (Montgomery and Meredith, 2012; Montgomery et al., 2013; 

Pitts et al., 2006). Thus, in a physiological system, it is important to understand what Ca2+ 

sources are activating BK channels in a physiological manner. 

I.6 The suprachiasmatic nucleus of the hypothalamus as a model system for 

information processing 

 Our brains encode information through a series of changes in the pattern and 

frequency of electrical activity (action potentials).  However, much of how information is 

transformed into electrical activity within neurons has yet to be elucidated.  Thus, in 

order to study how changes within a single type of ion channel could change information 

processing, one needs a simple model system of information processing within the central 

nervous system: enter the suprachiasmatic nucleus of the hypothalamus (SCN).  The SCN 

is the body’s master circadian clock (Ralph et al., 1990) necessary for coordinating all 

circadian rhythms throughout the body, such as sleep/wake cycle, metabolism and 

hormone secretion (Herzog, 2007). The SCN constitutes two bilateral nuclei made up of a 

network of ~20,000 small-diameter neurons that lay just lateral to the third ventricle and 

are found dorsally to the optic chiasm (Klein et al., 1983; Van den Pol, 1980). The SCN 

receives input from three major pathways: direct photic information from melanopsin 

containing retinal-ganglion cells through the retinohypothalamic tract as well as indirect 

photic information from the geniculohypothalamic tract and “alertness” projections from 

the raphe nuclei (Morin and Allen, 2006).  
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 SCN neurons are able to “keep track of time” in a simple manner—through the 

generation of circadian rhythms in action potential frequency. Specifically, neurons fire 

faster during the light phase (or subjective day), and slower during the dark phase (or 

subjective night) (Albus et al., 2002; Green and Gillette, 1982; Herzog et al., 1998; 

Nakamura et al., 2008; Schwartz et al., 1987; Welsh et al., 1995). Manipulation of this 

change in firing rate disrupts circadian behavioral rhythms in vivo (Jones et al., 2015).  

This circadian difference in firing rate is intrinsic and occurs in the absence of synaptic 

input from the retinohypothalamic tract, pointing to the fact that SCN neurons act as 

pacemaking cells, integrating a set of intrinsic currents in order to fire action potentials 

(Jackson et al., 2004). In fact, like other pacemaking cells such as sinoatrial nodal cells of 

the heart (Lai et al., 2014), dopaminergic neurons of the ventral tegmental area (Khaliq 

and Bean, 2010), and subthalamic neurons of zona incerta (Trageser et al., 2006), SCN 

neurons exhibit a very high input resistance that decreases from day to night (de Jeu et al., 

1998). It is this change in input resistance that is hypothesized to govern the move from a 

depolarized upstate during the day to the hyperpolarized downstate at night (Colwell, 

2006; Kuhlman and McMahon, 2004).  This day-night difference in input resistance is 

likely be linked to the circadian transcriptional-translational feedback loop (TTFL) within 

SCN neurons (Figure 6a).  The TTFL is the core mechanism that underlies time-encoding 

and acts as the gears to the SCN neurons’ clock. Briefly, the TTFL exhibits a periodicity 

of ~24 hours, and involves the proteins Clock and Bmal1, transcription factors, turning on 

the expression of Per and Cry, which heterodimerize and translocate back to the nucleus 

and repress the activity of Clock and Bmal1, repressing the cycle and starting it at the 

beginning again (Bunger et al., 2000; Gekakis et al., 1998; Hogenesch et al., 1998; King  
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Figure 6: Intrinsic membrane properties are linked to the transcriptional-
translational feedback loop. 
(A) Cells within the SCN have a transcriptional-translational feedback loop (TTFL) 
which cycles with a periodicity of 24 hours, and are proposed to be linked to changes in 
ion channel function within the SCN.  (B) A day-night difference in K+ channel 
expression could explain the general increase in K+ conductance (gK) during the night, 
which allows for the decrease in the input resistance (Ri) hyperpolarized membrane 
potential (Vm) characteristic of the "nighttime downstate." This downstate results in a 
lower firing rate in SCN neurons at night, as schematized by the fewer hash-marks found 
in the figure. 
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et al., 1997; Kume et al., 1999; Lee et al., 2001; Okamura et al., 1999; Sato et al., 2006; 

Shearman et al., 2000; Zheng et al., 2001).  

If the molecular TTFL acts as the gears to the SCN clock, then ion channels act as 

the hands of the clock.  Excitatory drive to the SCN is conferred via a leak Na+ 

conductance encoded via Nalcn (Flourakis et al., 2015), which depolarizes the membrane 

potential during the day, by activating voltage-gated Na+ channels, encoded by 

NaV1.8/1.9 channels (Jackson et al., 2004; Kononenko and Dudek, 2004), allowing for 

the firing of action potentials.  L-type VGCCs also participate in (but do not dominate) 

the depolarizing drive during the day, but not at night (Jackson et al., 2004; Nahm, 2005; 

Pennartz et al., 2002).  However, much of the circadian difference in firing rate is 

hypothesized to be due to an increase in K+ conductance at night (Kuhlman and 

McMahon, 2004) (Figure 6b).  Indeed, accompanying the overall increase in K+ 

conductance, the BK channel α-subunit has been found to be necessary for nightly 

hyperpolarization of the membrane potential and silencing of action potentials (Kent and 

Meredith, 2008; Meredith et al., 2006; Montgomery et al., 2013; Pitts et al., 2006). 

Furthermore, BK α-subunit expression is linked to the TTFL as a mutation in Per2 

results in an aberrant decrease in the periodicity of BK channel protein expression 

(Meredith et al., 2006).  

I.7 BK current regulation in the SCN 

 BK channel protein and current magnitude is diurnally regulated within the SCN, 

with a larger amount of BK α-subunit protein and BK current measured during the 

middle night 20 hours after lights turned on in a 12:12 hour light:dark cycle (Zeitgeber 

Time [ZT] 20) (Meredith et al., 2006) (Figure 7a). Furthermore, loss or block of BK  
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Figure 7: BK currents are diurnally regulated and have different effects on firing 
rate between the day and the night. 
(A) SCN neurons were recorded in the whole-cell patch-clamp configuration during the 
day and the night. Current density 30 msec after the start of the voltage pulse is plotted as 
a function of the membrane potential used to elicit the current. Daytime BK currents 
exhibit a smaller amount of current compared to nighttime BK currents. (B) Average 
firing rates calculated from SCN neurons during the day.  Normally, firing rate during the 
day is higher than night and remains unchanged in KO neurons or neurons exposed to 10 
µM paxilline.  However, application of the BK activator, 10 µM NS11021, daytime firing 
rate decreases, demonstrating that in contrast to inhibition of BK channels, activation of 
BK channels can result in suppression of firing.  
  



	

	26	

channels results in an increase in firing rate at night, with no effect during the day 

(Cloues and Sather, 2003; Meredith et al., 2006). This evidence supports the hypothesis 

that transcriptional regulation of the BK channel results in larger BK currents at night, 

where BK currents participate in slowing the action potential firing rate.  

However, there is evidence that perhaps there is more than just transcriptional-

translational regulation of the BK channel.  Specifically, BK channel properties may be 

regulated during the day so that BK current is limited and thus, has less of an effect on 

action potential firing rate during the day.  First, when expressed in a heterologous 

expression system, two different alternatively spliced BK α-subunit variants produce 

larger currents in response to a daytime action potential waveform compared to that from 

night (Shelley et al., 2010). This data predicts that even small BK currents during the day 

would have some effect on setting firing rate during the day (Shelley et al., 2010), yet in 

SCN neurons, blocking BK has no effect on firing rate (Cloues and Sather, 2003; 

Meredith et al., 2006).  Second, both free intracellular Ca2+ as well as total VGCC 

currents are found to be larger during the day (Enoki et al., 2012; Pennartz et al., 2002). 

While it is possible that a decrease in the amount of BK channel α-subunit protein may 

be used to limit BK current when Ca2+ is high, if there is no regulation of other BK 

channel properties, an increase in intracellular Ca2+ would be predicted to shift the 

voltage-dependence of activation to more hyperpolarized membrane potentials.  However, 

in recordings of BK currents from SCN neurons, there is no effect on either V1/2 values or 

I/Imax curves between the day and the night (Montgomery and Meredith, 2012). This data 

suggests that while more Ca2+ is available to BK channels during the day, channel 

properties are somehow regulated such that the BK current voltage-dependence of 
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activation remains unchanged between the day and the night.  Lastly, I found that use of a 

specific activator of the BK current, NS11201, resulted in a decrease in firing rate during 

the day, even though the BK blocker, paxilline, had no effect (Figure 7b).  This suggests 

that while BK is present during the day, it may be functionally inhibited or in a non-

conducting state. Taking all of this data together, it becomes apparent that perhaps the 

diurnal regulation of the BK channel transcription and translation may not be enough to 

explain how the BK current has no effect on firing rate during the day and a large effect 

on firing rate at night, and we will test this in the following Specific Aims. 
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II. SPECIFIC AIMS 

 Here we test the overarching hypothesis that daily regulation of BK current 

properties in the SCN via β-subunit association, alternative splicing, and control of Ca2+ 

sources limits a role for BK currents in setting firing frequency during the day.  From this 

hypothesis we derive several predictions, which we will test in the following four specific 

aims: 

II.1 Specific Aim 1: To determine if β  subunits expressed in the SCN modulate BK 

current properties in a diurnal manner. 

 The goal of this aim is to determine if β-subunit association will contribute to 

differences in native SCN-BK currents between the day and the night. Because both β2 

and β4 subunits have been found to be expressed in SCN neurons (Montgomery and 

Meredith, 2012),we predict the following: Recording BK currents from day and night 

SCNs will result in a day-night difference BK current properties conferred to the channel 

via β-subunit association.  Because the aforementioned functional data show that BK 

may be in inhibited during the day, I hypothesize that the effect of the β-subunit will be 

to limit BK current during the day, either due to a slowing of activation kinetics or 

generation of inactivation.  Thus, if either of these β-subunits are necessary for BK’s non-

conducting state during the day, loss of either of these β-subunits will result in an 

increase in BK current during the day, with little effect at night. 

II.2 Specific Aim 2: To determine whether Kcnma1 alternative splice variants 

expressed in SCN modulate BK current properties in a diurnal manner. 

 The goal of this aim is to determine if alternative splicing will contribute to 

differences in native SCN-BK currents between the day and the night. We predict the 
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following: While constitutive exons will exhibit a similar expression pattern to total 

Kcnma1, with lower expression during the day and high expression during the night, 

alternative exons may deviate from this expression pattern between the day and night. If 

expression of a particular alternative exon contributes to diurnal regulation of the BK 

current, the presence of that exon in the BK channel sequence will produce an alteration 

in BK current properties. Because the aforementioned functional data show that BK may 

be inhibited during the day, I hypothesize that the Kcnma1 variant present during the day 

will produce a “harder-to-open” BK channel as evidenced by its macroscopic current 

properties, compared to the Kcnma1 variant expressed at night. Furthermore, if 

alternative splicing is contributing to an inhibited BK channel during the day, 

transforming the daytime BK channel into its nighttime counterpart should increase BK 

current recorded during day in SCN neurons. 

II.3 Specific Aim 3: To determine if BK coupling to its Ca2+ source changes from the 

day to the night and if this change modulates BK current properties in a diurnal 

manner. 

 The goal of this aim is to determine if BK-Ca2+ coupling contributes to 

differences in native SCN-BK currents between the day and the night. Because L-type 

current is at its peak during the day and has the ability to be tightly coupled to BK 

activation (Berkefeld and Fakler, 2008), we predict that BK will predominantly receive 

Ca2+ from the L-type current during the day and change to another Ca2+ source at night.  

We hypothesize this coupling to the LTCC will promote inhibition of the BK current 

during the day.  Inhibition of the BK current through LTCC-coupling may arise through 
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LTCC driving BK activation, and as such, drive activation-dependent inactivation of the 

BK current. This, in turn, could lead to a decrease in BK current during the day. 

II.4 Specific Aim 4: To determine if β-subunit association, alternative splicing, and 

diurnal changes in Ca2+ sources are necessary for regulating firing rate in SCN 

neurons during the day. 

 Because β-subunit association, alternative splicing and diurnal changes in Ca2+ 

sources may limit BK current in daytime SCN neurons, the goal of this aim is to 

determine if these mechanisms contributes to setting normal firing rate in SCN during the 

day. Because SCN neurons exhibit a depolarized resting membrane potential 

(Montgomery et al., 2013) that may weakly activate BK channels, I hypothesize that β-

subunit association, alternative splicing and diurnal changes in Ca2+ sources all work 

synergistically to limit BK current during the inter-spike interval.  SCN neurons act as 

pacemaker neurons, and it is the balance of currents during the inter-spike interval that is 

proposed to be the predominant regulator of firing rate (Jackson et al., 2004). Thus, I 

predict that loss of any of these three mechanisms will lead to an increase in BK current 

during the inter-spike interval, and result in a decrease in firing rate.  
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III. GENERAL METHODOLOGY 

III.1 Mice 

WT, β2 KO (Kcnmb2−/−, obtained from C. Lingle, Washington University, St. 

Louis, MO), β4 KO (Kcnmb4−/−, gift from R. Brenner, University of Texas Health 

Sciences Center San Antonio, San Antonio, TX), and Kcnma1−/− mice were maintained 

on inbred C57BL/6 background (Brenner et al., 2005; Martinez-Espinosa et al., 2014; 

Meredith et al., 2006). Kcnmb2 floxed mice are available at The Jackson Laboratory 

(Stock no. 028416). Male and female mice were used (3 weeks to 5 months old) and were 

group housed and separated by sex until experimental procedures as indicated. Day time 

points were collected from mice housed on a standard 12 h light, 12 h dark cycle (12:12 

LD), and night time points were collected from mice housed on a reverse 12:12 LD cycle. 

All procedures involving mice were conducted in accordance with the University of 

Maryland School of Medicine Animal Care and Use Guidelines and approved by the 

IACUC Committee. 

III.2 Acute SCN slice preparation and electrophysiological recordings 

Brains are harvested during the light portion of the circadian cycle at ZT0–2 (day) 

or ZT12–13 (night) from 3- to 6-wk-old mice. Brains are rapidly placed into ice-cold 

sucrose-substituted saline containing the following (in mM): 1.2 MgSO4 , 26 NaHCO3 , 

1.25 Na2 HPO4 , 3.5 KCl, 3.8 MgCl2, 10 glucose, and 200 sucrose. Acute coronal slices 

are cut at 300 µm on a VT1000S vibratome (Leica Microsystems) at 3–4°C. Slices 

containing SCN are recovered for optimally 2 hours at 25°C submerged in oxygenated 

artificial cerebrospinal fluid (in mM): 125 NaCl, 1.2 MgSO4, 26 NaHCO3 , 1.25 Na2 

HPO4 , 3.5 KCl, 2.5 CaCl2 , and 10 glucose, in a recovery chamber (BSK-AM, Sci Sys).  
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Acute slices are transferred to the recording chamber (RC26GLP/ PM-1; Warner 

Instruments) with gravity flow bath perfusion of 1–2 ml/min oxygenated artificial 

cerebrospinal fluid at 25°C. Neurons are visualized with a Luca-R DL-604 EMCCD 

camera (Andor) under IR-DIC illumination on an FN1 upright microscope (Nikon). 

Recordings are made from cells distributed broadly across the SCN, targeting small 

irregular (non-circular) cells found closer to the midline of the brain around the third 

ventricle (Figure 8a). Current- and voltage-clamp recordings are made with a Multiclamp 

700B amplifier and pCLAMP v10 software (Molecular Devices). Data are acquired at a 

20-kHz sampling rate. Drugs are delivered to the bath by a controlled pressurized 

oxygenated perfusion system (ValveLink 8.2; Automate Scientific) at the concentrations 

indicated from 1,000x stocks. Recording windows are at the peak (ZT4 – 8) and nadir 

(ZT16–21) of the circadian rhythm in action potential firing. All recordings are made 

with synaptic transmission intact to more closely approximate in vivo activity, unless 

otherwise noted.  Cells are sealed with a >1 GΩ seal resistance. Intracellular solution (in 

mM: 123 KMESO3, 9 NaCl, 0.9 EGTA, 9 HEPES, 14 Tris-Phosphocreatine, 2 MgATP, 

0.3 TrisGTP, 2 Na2ATP) is allowed to equilibrate into the cell for at least 30 seconds 

prior to recording.   

III.3 Voltage-clamp recordings in SCN slices 

Electrodes (4–7 MΩ, ideal 4.5 MΩ resistance) are filled internal solution (in 

mM): 123 K-methanesulfonate, 9 NaCl, 0.9 EGTA, 9 HEPES, 14 Tris-phosphocreatine, 2 

Mg-ATP, 0.3 Tris-GTP, and 2 Na2-ATP, pH adjusted to 7.3 with KOH). The electrode 

solution is adjusted to 315 mosM with glucose, and bath osmolarity was 300 mosM. 

Electrode solution was made weekly and stored at -20°C. After GΩ seal and whole cell  
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Figure 8: Location of SCN neurons used in SCN acute slice recordings. 
(A) Schematic diagram of SCN in coronal slice.  Top of the diagram represents the dorsal 
edge of the SCN, while the bottom of the diagram represents the ventral edge of the SCN.  
The SCN consists of 2 bilateral nuclei that can be found next to the third ventricle (3V) 
and dorsal of the optic chiasm (OC).  SCN neurons were recorded from the area within 
the hexagonal shape in the diagram.   
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break-in, membrane properties are elicited from a +20-mV voltage step from a holding 

potential (Vh) of −90 mV. Access resistance is verified to be <15 MΩ with less than ±5% 

change at the end of the recording (on average ~12 MΩ). Series resistance is 

compensated at 80%. 

In voltage-clamp mode, total voltage-activated outward currents are elicited from 

a holding potential of −90 mV, stepping from −110 to +90 mV for 150 ms in 20 mV 

increments. BK currents are isolated by focal application of the BK antagonist paxilline 

(10 µM) (Cat. #P-450, Alamone Labs; Jerusalem, Israel) and subtracting currents after 

paxilline from the initial current. The effective concentration of paxilline in the recoding 

chamber is 3.75 µM. Currents are averaged from three to five voltage families. Current–

voltage (I–V) relationships are constructed from either the peak, 30 msec after the start of 

the voltage step or steady-state current levels. Current density values are obtained by 

normalizing to cell capacitance. Voltage values are adjusted for the liquid junction 

potential of 10 mV. τinact values are calculated from single exponential fits of the 

macroscopic current decay from the +90 mV step for 150 ms (Clampfit, Molecular 

Devices). BKi and BKs currents are categorized as exhibiting τinact values <110 ms. 

III.4 Current clamp recordings in SCN slices 

Action potentials are recorded in whole cell current-clamp mode. Electrodes are 

filled with the same internal solution used for voltage-clamp recordings. Data is acquired 

in 10-s sweeps and filtered at 10 kHz. Silent cells were identified by injecting a +20-pA 

current to elicit an action potential. If no action potential was elicited, the cell is 

identified as glia and not as a neuron and the data are not included in analysis. 
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III.5 HEK293T cell culture and transfections 

 HEK293T cells (CRL-11268, ATCC, Manassas, VA) are cultured in 25 mm or 60 

mm tissue culture dishes in media containing DMEM (Cat. #11995, Life Technologies), 

10% fetal bovine serum (Cat #4315, Sigma-Aldrich), 1% penicillin/streptomycin (Cat. 

#30-002-Cl, Corning) and 1% L-glutamine (Cat. #25-005-Cl, Corning).  The cell line is 

maintained at 37°C in an incubator supplied with 5% CO2. Cells are used from passage 5-

25. 

 HEK293T cells are plated onto 35 mm dishes and are transiently transfected with 

BK channel cDNA using Lipofectamine 2000 (Cat. #, Life Technologies, Grand Island, 

NY) transfection reagent when cell confluency is greater than 50%.  Using Lipofectamine, 

a 1/5 ratio of DNA/Lipofectamine is used for transfections and then diluted within 500 

µL Opti-MEM reagent (Cat. #31985, Life Technologies).  Opti-Mem transfection 

mixture is then added dropwise to HEK293T cells and incubated at 37°C for four hours.  

Following the four hours of transfection, cells are incubated with 0.25% Trypsin-EDTA 

(Cat. #25200-056, Life Technologies) for 1 to 2 mins.  Following trypsin application, 

cells are gently displaced from the dish with media, and centrifuged at 1000 rpms for 2 

mins.  Trypsin-Media mix is aspirated of cellular pellet and cells are resuspended in 

media and passaged at a 1:2 dilution onto coverslips coated with 0.1 mg/mL poly-L-

lysine hydrobromide in water (Cat. #P6282-5MG, Sigma). Cells are recorded from 24 

hours following transfection. 

III.6 Inside-out patch clamp recordings from HEK293T cells 

 BK currents are recorded at 0, 1, 10, and 100 µM intracellular Ca2+ concentrations 

using the inside-out patch configuration.  The pipette (extracellular) solution is composed 
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of (mM): 140 KMESO3, 2 KCl, 2 MgCl2, and 20 HEPES, pH 7.3.  The bath 

(intracellular) solution was composed of (mM): 140 KMESO3, 2 KCl, 2 MgCl2, and 20 

HEPES and 5 HEDTA for 1, 10, and 50 µM free Ca2+, and 5 EGTA for 0 Ca2+, pH 7.3.  

No Ca2+ buffer is utilized to make 100 µM Ca2+ solutions. To determine the total Ca2+ 

required to desired free Ca2+ concentration, we utilize WebMaxC 

(http://web.stanford.edu/~cpatton/webmaxcS.htm). For the online calculator, we utilize a 

temperature of 25°C, a pH of 7.3 and an ionic concentration of 0.16.  Ca2+ is added to 

intracellular solutions from a stock 1M CaCl2 stock (Cat. #21115-100ML, Sigma). 

 BK currents are also recorded in a physiological K+ extracellular solution in order 

to mimic native conditions.  The intracellular solution is identical to the intracellular 

solution used in symmetrical K+ recordings, 142 mM K+, except with free Ca2+ adjusted 

to 50 µM. The bath (extracellular) solution consists of (mM): 145 NaCl, 5 KCl, 2 CaCl2, 

1 MgCl2, and 10 HEPES, with pH adjusted to 7.2 with NaOH.  

Patch-clamp recordings are performed using the voltage-clamp mode in the 

inside-out patch configuration (Axopatch; Molecular Devices) using thin-walled 

borosilicate pipettes with resistances of 2–5 MΩ, ideally 2.5 MΩ. Recordings are made at 

room temperature, and the data were acquired at 50 kHz and filtered at 10 kHz. To elicit 

BK currents using voltage-step protocols, patches are stepped from holding potentials of 

−100 to voltages of −150 to +350 mV (in 10-mV increments) for 20 ms.  Tail steps 

follow by stepping back to −80 mV for 10 ms to generate tail currents.  

III.7 HEK293T cell patch clamp data analysis 

 The conductance of macroscopic BK currents recorded from HEK293T cell 

patches is determined by dividing the amplitude of the peak tail current after the start of 



	

	37	

the tail step by the driving force of that tail step (-80 mV).  Normalized conductance is 

then determined by dividing all conductance values by the maximal conductance value 

elicited from that voltage family.  Conductance-voltage relationships were then be plotted 

and fit with a Boltzmann function using Origin 8.5 (Origin Labs) using the following 

equation: G=Gmax/(1+eZF(V0.5-V)/RT). 

Activation and deactivation kinetics for inside-out patches are determined by 

fitting a single exponential function to the current recordings in pClamp10 using the 

following equation: f(x) = Aie(−t/τi) + C.  Activation kinetics are determined to have a 

good fit if the standard error for each fit has a value less than 0.1.   

 

The methods sections in each data chapter contain further methodological details. 
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IV. CIRCADIAN REGULATION OF β-SUBUNIT ASSOCIATION WITH THE 

BK CHANNEL α-SUBUNIT PRODUCES DISTINCT BK CURRENTS 

BETWEEN THE DAY AND THE NIGHT 

IV.1 Introduction  

Introduction section modified from Whitt et al., 2016.  

β-subunit proteins are two transmembrane domain segments connected with ~120 

amino acid extracellular loop with intracellular N- and C-termini (Orio et al., 2002). Four 

β-subunits have been identified (β1-β4) and exhibit tissue and cell-dependent expression 

(Behrens et al., 2000; Brenner et al., 2000a; Meera et al., 2000).  Within the SCN, β2 and 

β4 subunit transcripts have been detected, though not with a circadian pattern of 

expression (Montgomery and Meredith, 2012). In general, both β-subunits have similar 

effects on BK current properties with an enhancement of Ca2+ sensitivity, evidenced by a 

shift in the conductance-voltage relationship to more negative membrane potentials as 

well as a slowing of channel kinetics.  β2 is unique though, in that it also induces BK 

current inactivation. BK current inactivation exhibits a time-dependent decay (~30 to 110 

ms) in current amplitude following current activation (Solaro et al., 1995).  Both of these 

β-subunits are able to induce their effects on BK currents in a stoichiometric-dependent 

manner, as up to four β-subunits can associate with a single BK channel (Wang et al., 

2002).  

 Inactivation gating of ion channels is essential to electrical signaling in most 

neurons. Two distinct inactivation mechanisms have been identified in K+ channels, N- 

and C-type inactivation (Hoshi et al., 1990; 1991; Liu et al., 1996; Yellen et al., 1994; 

Zagotta et al., 1990). C-type inactivation occurs slowly and may involve the alteration of 
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the mouth of either the intracellular or extracellular side of the pore.  Conversely, N-type 

inactivation is faster and is mediated through an N-type “ball and chain” inactivation 

process, in which the N-terminal domain of the K+ channel α-subunit, or in the case of 

BK, the N-terminal domain of β2, physically moves into or near the channel pore, 

blocking current flow (Solaro and Lingle, 1992).   

Inactivating BK currents have been observed throughout the nervous system and 

in neuroendocrine cells (Abdul-Ghani et al., 1996; Armstrong and Roberts, 2001; Faber, 

2003; Grimes et al., 2009; Hicks and Marrion, 1998; Li et al., 2007; 1999; Pyott et al., 

2004; Shao et al., 1999). Perhaps best studied in adrenal chromaffin cells, BK current 

inactivation is mediated by the β2 subunit (Martinez-Espinosa et al., 2014; Xia et al., 

1999). Inactivation shares several common features with Shaker N-type inactivation, 

including a rapid time course and contribution of intracellular domains sensitive to 

proteolytic cleavage (Solaro and Lingle, 1992). Macroscopic current recordings from 

mouse and rat chromaffin cells express both inactivating and non-inactivating BK 

currents (Martinez-Espinosa et al., 2014; Solaro et al., 1995). However, even though the 

mechanism through which BK current inactivation has been elucidated, the physiological 

relevance for BK inactivation has been complicated by other properties conferred by the 

β2 subunit, including a shift in the voltage dependence of activation and slowing of 

activation and deactivation kinetics (Martinez-Espinosa et al., 2014; Sun et al., 2009).  

In this study, we were able to determine that inactivating BK currents are 

diurnally regulated, with more BK currents found to be inactivating during the day than 

night.  Inactivation was due to a constitutively expressed low amount of β2 found within 

the SCN as genetic ablation of the β2 subunit resulted in a lack of current inactivation.  
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We were able to rescue BK current inactivation in the β2 knockout (KO) SCN neurons 

by introducing the N-terminal "ball and chain" domain of the β2 subunit to the 

intracellular side of the BK channel.  With the delivery of an intracellular 45 amino acid 

peptide corresponding to the N-terminal “ball and chain” domain of the β2 subunit, we 

rescued current inactivation in β2 KO neurons.  Furthermore, we increased inactivation 

of BK currents at night with the delivery of this intracellular inactivating peptide, thus 

illustrating the presence of a β-subunit-mediated and diurnally regulated BK current. 

IV.2 Materials and Methodology 

Quantitative PCR 

Total RNA is isolated from SCN tissue at 6 h after lights on (ZT6; “day”) and 7 h 

after lights off (ZT19; “night”) with the RNeasy mini kit (QIAGEN).  "Exon tiling" based 

qPCR, measuring the expression of every exon in our target genes, was done at Bar 

Harbor Biotechnology (Trenton, ME). Primers directed against all exons within β1-4 and 

γ1-4 are used in an exon tiling based quantitative PCR approach, in which samples are 

run in quadruplicate with 3 samples per time point.  If 2 or more of the quadruplicate runs 

did not reach detectability above threshold (a value of 40), that exon is determined not to 

be expressed. For exons expressed, data is analyzed using the 2ΔΔ
Cq method, with 18S 

RNA used as the normalization control (Livak and Schmittgen, 2001). Cq values for day 

are normalized to the night values. 

Western Blots 

A single block of hypothalamus containing the SCN (~2 mm) is harvested at the 

indicated time points from mice (2- to 3-mo-old). Tissue is homogenized in lysis buffer 

(50 mM sodium phosphate, 150 mM NaCl, 10 mM KCl, and 2% Triton X-100, pH 7.2) 
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with 100 µM PMSF, 0.5 µg/mL Pepstatin A, 10 µg/mL Benzamidine, 5 µg/mL Leupeptin, 

and 2 µg/mL Aprotonin. The suspension is rocked in 4°C cold room for 1 h and then 

centrifuged at 13,200 rpm for 30 min to spin down insoluble materials, and the 

supernatant is saved at −80°C. Four micrograms solubilized protein from individual 

SCNs are loaded per lane. Protein is run on at 7.5% acrylamide gel at a constant current 

of 25 mA until the dye front from the loading buffer reached the bottom of the gel.  

Electrophoretically separated protein is then transferred to a nitrocellulose membrane for 

2 hours at 4°C at a constant current of 400 mA.  Densitometry of BK doublet band (10 

µg/ml L6/60 mouse monoclonal anti-BK antibody, Neuromab; University of California, 

Davis, CA) to α-tubulin (1:75,000 DM1α anti-α-tubulin antibody; Sigma-Aldrich) is 

performed using NIH ImageJ software and presented as a proportion of ZT20. Three 

independent circadian cycle tissue harvests are performed for each condition. 

For immunoprecipitation, individual SCNs (~50 µg of protein) are precleared by 

incubation with 20 µL TrueBlot anti-rabbit Ig IP beads (Rockland Immunochemicals) for 

2 hours at 4°C.  Protein samples are then centrifuged at 13,200 rpm for 30 minutes to 

precipitate the beads.  Supernatant is collected and mixed with 1 µg of anti-BK α-subunit 

antibody (anti-KCa1.1 #1184-1200, Alamone Labs) and rotated for 2 hours at 4°C.  

Following the antibody incubation, 50 µL TrueBlot anti-rabbit Ig IP beads are added to 

the lysate and the solution was rotated, overnight, at 4°C.  The solution is then 

centrifuged at 13,200 rpm for 30 minutes to precipitate the beads and the supernatant is 

collected and saved at -80°C.  Beads are washed three times with lysis buffer, with a 

centrifugation at 13,200 rpms for 15 minutes in between each wash.  Following the last 

wash, beads are resuspended in 20 µL of lysis buffer.  Following resuspension, the full 
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bead solution is loaded into one lane on a gel and the western blotting protocol is 

followed as described above, with the exception that protein was run on a 4-20% gradiant 

acrylamide gel (Sigma-Aldrich, St. Louis, MO). β2 expression is also measured using an 

10 µg/ml mouse monoclonal anti-β2 antibody (N53/32; Neuromab; University of 

California, Davis, CA) (Martinez-Espinosa et al., 2014).  Mouse TrueBlot Ultra anti–

mouse IgG HRP (Rockland Immunochemicals) is applied as the secondary antibody in 

order to reduce expression of the light chain of the pulldown antibody, running at 

approximately the same size as β2 (~25 kDa). 

Drugs and β2N peptides 
β2N, was synthesized as the first 45 amino acids of the β2 subunit 

(MFIWTSGRTSSSYRQDEKRNIYQKIRDHDLLDKRKTVTALKAGED) (GenScript). 

β2NΔ
FIW was a 42 amino acid peptide with the underlined FIW deletion. Lyophilized 

peptides are reconstituted in intracellular solution as 100x stocks, stored at -20°C and 

added at the final indicated concentrations. 

HEK cell patch-clamp electrophysiology 

HEK293T cells are cultured and transfected as stated in Chapter III.  HEK293T 

cells expressing BK channel cDNA are recorded in 50 µM intracellular Ca2+ conditions 

using physiological K+ solutions outlined in Chapter III. 

Statistics 

Two-way ANOVAs with Bonferroni post-hoc corrections were used to determine 

statistical significance for differences between current values at the +90 mV step as well 

as τinact values. Statistical significance was achieved if P ≤ 0.05. Mean values in figures 

are given as ± SEM. 
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IV3. Results 

Results section modified from Whitt et al., 2016. 

Auxiliary subunits are expressed in SCN neurons 

 To investigate the effect of auxiliary subunits in the SCN, we used a quantitative 

real-time PCR based approached to quantify exon expression of all currently known 

auxiliary subunits in a block of hypothalamic tissue, containing the SCN, during the day 

and the night. We assayed the expression of β1 (4 exons), β2 (6 exons), β3 (4 exons), and 

β4 (3 exons) as well as the expression of γ1 (2 exons), γ2 (2 exons), γ3 (3 exons), and γ4 

(2 exons) (Figure 9a, b).  We found that exon sequences corresponding to β2, β4, γ1, γ3, 

and γ4 were expressed in the SCN.  However, comparison of expression of these 

sequences from the day to the night revealed no difference in expression, suggesting that 

while these auxiliary subunits are expressed in the SCN, they are not under control of the 

circadian clock. In order to probe whether or not these subunits are involved in circadian 

regulation of the BK current, we focused our attention on the two β subunits expressed, 

as knockouts of both of these genes have already been completed in the mouse (Brenner 

et al., 2005; Martinez-Espinosa et al., 2014). 

Loss of β2 produces a loss of BK current inactivation in SCN neurons	

 While both β-subunits exhibit similar effects on the voltage-dependence of 

activation as well as current kinetics, β2 alone causes inactivation of the BK current.  As 

such, we hypothesized that β2 may be influencing circadian rhythmicity in SCN neurons 

through diurnal regulation of BK current inactivation.  Recording BK currents from SCN 

neurons using whole-cell voltage clamp, we were able to characterize two types of 



	

	44	

macroscopic BK currents, varying only by the amount of current decay observed during 

the 150 ms voltage step.  We delineated these two groups of currents through a fractional  

Figure 9: Relative expression of β- and γ-subunit exons within the mouse SCN. 
(A) Relative expression of β- and γ-subunit exons found within the SCN.  Expression was 
determined using a qPCR based exon-tiling approach, in which all exons of each of the 
genes encoding the β- and γ-subunits were probed (Bar Harbor Biotechnology, Trenton, 
ME).  Experiments were excluded from analysis if a number of quality control measures 
were not met. Normalization utilized the 2Δ

CT method (Livak and Schmittgen, 2001) 
using 18S RNA as our reference gene. Values are equal to 2[Reference gene CT - Target gene CT].  
All β4 subunit exons showed the highest expression in SCN (Two-Way ANOVA with 
Bonferroni post hoc test, P<0.05).  β2 subunit exons were expressed in moderate amounts, 
with very low γ1, γ4, and γ3 expression (Two-Way ANOVA with Bonferroni post hoc 
test, P<0.05). (B) Expression of auxiliary subunit exons normalized to time of day using 
the 2ΔΔ

CT method, values are equal to 2(Night[Reference gene CT - Target gene CT]-Day[Reference gene CT - 

Target gene CT]). Neither γ nor β subunit expression were found to be significantly different 
between day and night (Two-Way ANOVA with Bonferroni post hoc test, P>0.05) 
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current ratio measurement:  Currents that exhibited a pronounced decay within 30 ms 

were defined as BKi (IBK/IBKpeak < 0.7 at +90 mV) while currents that exhibited little to no 

decay within 30 ms were defined as BKs (IBK/IBKpeak > 0.7 at +90 mV) (Figure 10a,b).  

BKi currents exhibited a similar time constant of decay (44 ± 4 ms at +90 mV) similar to 

inactivating BK currents found in other neuronal cell types (Martinez-Espinosa et al., 

2014; Solaro et al., 1995) while BKs currents exhibited a much slower time course of 

current decay (172 ± 13 ms at +90 mV) (Figure 10c).  As Ca2+ is necessary for 

activation of the BK channel, the current decay found with BKs currents was most likely 

due to Ca2+ clearance away from the Ca2+ sensor of individual BK channels via diffusion, 

Ca2+ binding proteins, and Ca2+ reuptake into store (Solaro et al., 1995).   

 Within the SCN, we found a ~70% of BK currents were BKi currents during the 

day, while at night most currents were defined as BKs (Figure 10d).  In order to 

determine if inactivation played a role in the diurnal difference of BK steady-state current 

magnitude, we looked at steady state current densities from day and night neurons 

(Figure 10e).  We found a increased BK current density during the night that correlated 

with the reduction of current decay in the larger BKs cell population found at night.  

During the day, when current decay is greater, steady-state BK currents are much smaller, 

indicating the larger proportion of BKi cells recorded during the day may be attributing to 

this.  Indeed, when we examine steady-state current density values from BKi and BKs 

cells recorded during the day and the night, we find that BKi cells, regardless of the time 

of day, exhibit a similarly low amount of current density while BKs cells, regardless of 

the time of day, exhibit a similarly large amount of current density (Figure 10f).  Thus, 

rather than changing the amount of current decay between the day and the night, it is the  
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Figure 10: BKi and BKs currents in SCN neurons. 
Representative BK current traces and macroscopic decay time constants (τinact) for BKi 
and BKs currents from WT SCN neurons. BK currents were isolated by subtraction with 
the antagonist paxilline. (B) Fractional BK current (I30ms/Ipeak at +90 mV) was reduced 
during the day compared to night in WT neurons.  D, daytime recording, N, nighttime 
recording. (C) τinact (at +90 mV) is lower for daytime BKi currents compared to night BKs 
currents in WT neurons. (D) Proportion of neurons with BKi and BKs currents. WT 
neurons have more BKi currents during the day compared to at night. (E) Current density, 
measured 30 msec after the onset of the voltage step, versus voltage relationship for day 
and night BK currents from WT SCN neurons.  The average daytime current magnitude 
is reduced compared with night. (F) BKi current density is lower than BKs, regardless of 
day or night.  All values are mean ± S.E.M. n values:  WT, day BKi (18), BKs (9) and 
night BKi (3), BKs (19). *P < 0.05, Fisher’s exact test (D) or Bonferroni post hoc analysis 
(E, F). 
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relative proportion of BKi to BKs currents within the SCN that sums to produce the day 

versus night BK current magnitude observed across the SCN. 

Because the β2 subunit produces inactivation of BK currents, we examined β2 

protein found within a macromolecular complex with the BK channel α-subunit to 

determine whether expression of the β2 subunit was correlated with the increased number 

of BKi currents observed in daytime SCNs.  We predict that because inactivating BK 

currents are more abundant during the day, more β2 would associate with the α-subunit 

during the day compared to the night. Through immunoprecipitation of the BK α-subunit, 

we measured expression of the BK α-subunit, β2 and α-tubulin as a loading control. 

While the amount of β2 remains consistent throughout the day, as the BK α-subunit 

increases at night, the relative ratio of β2 associated with the BK α-subunit was found to 

be higher during the day (Figure 11a-c) correlated with the higher proportion of BKi 

currents found during the day.  Thus, as the BK α-subunit levels increase, the reduction 

in BKi currents found at night is consistent with a lower β2:α ratio.  

 In order to determine whether the current decay recorded was attributed to β2-

mediated inactivation of the BK current, we recorded BK currents from β2 KO neurons.  

We predicted that loss of β2 would result in loss of BK current inactivation as well as a 

loss in day-night different in BK current magnitude. In β2 KO neurons, we were able to 

record only BKs currents during both the day and the night, suggesting inactivation as the 

mechanism for current decay (Figure 12a,b).  We also observed in β2 KO, the diurnal 

difference in steady-state current density was no longer evident, implicating inactivation 

as the mechanism through which BK current density is decreased during the day (Figure  
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Figure 11: Expression of BK β-subunit and β2 in WT SCNs. 
(A) BK channel complexes were immunoprecipitated with an anti-BK α-subunit 
antibody from WT SCNs at the indicated time points.  Western blot analysis was 
performed for BK α (top panel), β2 (middle) or α-tubulin (bottom). α-Tubulin westerns 
(loading control) were obtained by running an equivalent volume of supernatant as was 
used for the immunoprecipitation. Protein was also harvested from α+β2 subunits co-
expressed in HEK293T cells (positive control) or from β2 KO SCNs (negative control). 
ZT, zeitgeber time. (B) BK α and β2 band intensities normalized to a-tubulin. a-subunit 
expression increases at night, while β2 expression does not change. Data are the average 
from four independent timed SCN collections (four SCNs at each timpoint). (C) Ratio of 
β2:α expression in WT SCNs across the circadian cycle.  All values are mean ± S.E.M 
*P<0.05, Bonferonni post hoc analysis. 
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Figure 12: The β2 subunit is required for BKi current decay and the diurnal 
difference in BK current magnitude in SCN neurons. 
(A) Representative BK current traces and macroscopic decay time constants (τinact) for 
BKs currents from β2 KO neurons. Voltage protocol same as in Figure 10. (B) All 
currents are BKs from β2 KO SCNs, day or night. (C) β2 KO neurons do not show a day–
night difference in BK current density, measured 30 msec after the onset of the voltage 
step. The β2 KO daytime BK current magnitude is larger than WT, comparable to WT 
levels at night. (D) The fractional BK current was similar during the day compared with 
night in β2 KO neurons. (E) τinact values from β2 KO BKs currents are all >100 ms. All 
values are mean ± S.E.M.. n values: β2 KO, day (20) and night (20). 
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12c).  Indeed, BK currents recorded during the day and night showed no difference in 

either the fractional current or time constants of decay (τinact) (Figure 12d,e).  The loss of 

the diurnal difference in BK current magnitude in β2 KO SCNs was not due to a change 

in the normal circadian expression pattern of the BK α-subunit, as in both WT and β2 

KO SCN tissue, the BK α-subunit still cycles, peaking around ZT20 (Figure 13a-c).  

β2 is not the only auxiliary subunit expressed in the SCN, β4 is also expressed 

and in arguably larger quantities (Figure 9a). When recording BK currents in β4 KO 

neurons of the SCN, the amount of BK current decay is not different from WT neurons 

(Figure 14a,b). In fact, while current magnitude is larger in β4 KO SCN neurons, this 

increase is still small compared to the increase in current found with β2 KO (Figure 14c).  

The increase in current is only found at high voltages (>30 mV).  Interestingly, β4 KO 

also produces currents with a rightward shift in the voltage-dependence of activation to 

more depolarized voltages, but only at negative membrane potentials (Figure 14d).  Thus, 

rather than modulating current magnitude through inactivation, β4 specifically regulates 

BK current magnitude at high voltages, through a shift in the voltage-dependence of 

activation. 

β2N restores the steady-state reduction in BK current density during the day 

 While β2 most evidently causes inactivation of the BK current, it also produces 

complex effects on other current properties.  For example, β2 slows current kinetics and 

shifts the voltage-dependence of activation to more hyperpolarized voltages (Wallner et 

al., 1999; Xia et al., 1999). Because of these complex effects, it is hard to say if it is 

inactivation alone causing the appearance of BKi currents, or one of the other multiple 

effects β2 imparts on the BK current.  Fortunately, β2 is very modular in nature, with its  



	

	52	

	
Figure 13: Expression of BK α  in WT and β2 KO SCNs. 
(A) Representative western blots (full membrane shown) showing BK α-subunit 
expression in WT SCNs harvested at 6 hour intervals (top).  α-tubulin expression was 
used as a loading control (bottom). (B) BK α-subunit (top) and α-tubulin (bottom) 
expression from β2 KO SCNs. (C) BK α band intensity normalized to α-tubulin and 
plotted as a proportion of ZT 20 expression. BK α-subunit expression was not different in 
β2 KO compared to WT (P = 0.47, Two-Way ANOVA). Data are the average from 3 
independent timed SCN collections (3 SCNs per genotype at each timepoint). 
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Figure 14: BK currents recorded from WT and β4 KO day SCN neurons. 
(A) Representative BK current traces BKi currents from WT and β4 KO neurons during 
the day. (B) Scatter plot of IBK/IBKpeak values demonstrating that β4 KO during the day 
has no effect on current inactivation in the SCN. (C) β4 KO produces BK currents with 
larger current densities, measured 30 msec after the onset of the voltage step, only at 
more depolarized membrane potentials.  (D) β4 KO produces BK currents with voltage-
dependence of activation shifted to the right only at more negative membrane potentials. 
All values are mean ± S.E.M.. n values: β4 KO, day (5) and WT Day (9). 
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cytoplasmic N-terminus  (45 amino acids) comprising the “ball-and-chain” inactivating 

particle for the BK current (Bentrop et al., 2001). Transplantation or application of this 

domain to the intracellular solution of cells confers inactivation gating to the BK α-

subunit in the absence of the β2 subunit (Armstrong and Roberts, 2001; Bentrop et al., 

2001; Wallner et al., 1999).  Conversely, mutation of the “ball” residues (ΔFIW) removes 

inactivation from β2, while leaving other properties intact (Xia, 2003). We therefore 

reasoned, that if inactivation determines BK current density between the day and the 

night, then taking advantage of this modular nature, the presence of this inactivating 

peptide (β2N) would result in a rescue of BK current density in β2 KO neurons 

comparable to WT day-like levels.  We first synthesized two peptides corresponding to 

the N-terminus of β2, with one peptide lacking the "inactivating ball" domain. 

If inactivation is present, we predict that β2N treatment would be result in smaller 

steady-state BK currents.  Indeed, β2N contained the full length N-terminal sequence (45 

amino acids) and caused a reduction in steady state BK current recorded in HEK293T 

cells in a dose-dependent manner while β2NΔ
FIW, lacking the “FIW ball-domain,” had no 

effect on inactivation (Figure 15a-c).  The time constant for inactivation (τinact) reached a 

plateau at a concentration of 50 µM, with values similar to τinact values recorded in WT 

BKi neurons (Figure 15d).  Furthermore, α-subunits present with β2N recapitulated the 

voltage-dependence of inactivation recorded in cells coexpressing α and β2 subunits in 

HEK293T cell patches (Figure 15e).   

 Application of 50 µM β2N, but not β2NΔ
FIW, to the intracellular solution in β2 KO 

neurons resulted in BK current decay as well as the steady-state decrease in current 

magnitude similar to that observed in WT day neurons (Figure 16a,b).  Therefore,  
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Figure 15: The β2N terminus (β2N) causes inactivation of BK currents from α-only 
channels expressed in heterologous cells. 
(A) Representative macroscopic current traces from HEK293T cells expressing BKSRKR 
channels, a daytime BK variant previously cloned from SCN (Shelley et al., 2013). β2N 
(0–100 µM), corresponding to the first 45 amino acids of the N terminus, was dissolved 
in recording solution and applied to the intracellular side via the patch pipette. (B) 
Representative currents in the presence of 50 µM β2NΔ

FIW, a peptide mutating the three 
residues required for inactivation. There was no macroscopic current decay with β2NΔ

FIW. 
(C) Representative traces from the +90 mV voltage step at each concentration of β2N. 
The current peaks were scaled to illustrate the dose-dependent speeding of inactivation. 
(D) τinact values were calculated from the current elicited at +90 mV and plotted as a 
function of β2N concentration. τinact was plotted for BKi and β2 KO SCN BK currents for 
cross-comparison. (E) τinact versus voltage for BK channels co-expressed the β2 subunit, 
or with 50 µM β2N. There is no difference in the voltage dependence of activation using 
the isolated β2N compared with the intact β2 subunit. All values are mean ± S.E.M. For 
currents from HEK293T patches, n=4 at each concentration of β2N or β2NΔ

FIW peptide. 
For currents from daytime SCN neurons, BKi (n=18) and β2 KO+β2N (n=10). 
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Figure 16: β2N rescues inactivation and restores daytime BK current levels in β2 
KO SCN neurons. 
(A) Representative traces showing rescue of the macroscopic BK current decay in β2 KO 
neurons with 50 µM β2N applied intracellularly. 50 µM β2NΔ

FIW did not rescue the 
current decay. Voltage protocol same as in Figure 10. (B) Application of β2N reduced the 
BK current density, measured 30 msec after the onset of the voltage step, in β2 KO 
neurons to levels comparable to WT. β2NΔ

FIW had no effect on BK current levels. WT and 
β2 KO I–Vs re-plotted for cross-comparison. n values: WT (27); β2 KO (20); β2 
KO+β2NΔ

FIW (18); β2 KO+β2N (20). All values are mean ± S.E.M. *P<0.05, Bonferroni 
post hoc analysis. 
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inactivation must be both necessary and sufficient for the decrease in BK current 

magnitude observed during the day. It should be noted that the application of the β2N 

peptide in WT and β2 KO neurons did not result in any change in the voltage-dependence 

of activation of BK currents, illustrating the point that this domain is specific to 

inactivation and not the shifting voltage-dependence of the BK current by β2 (Figure 17). 

The peptide also did not block of other voltage-dependent outward currents, as total 

outward current magnitude in the presence of paxilline remain unchanged in the presence 

of β2N (Figure 18). 

 If β2-mediated inactivation regulates steady-state BK current magnitude through 

a change in the β2:α ratio, then situations where the β2:α ratio can be manipulated and 

more BKs currents can be converted to BKi currents or vice versa, should result in a 

respective change in steady-state BK current magnitude.  Because nighttime SCN 

neurons primarily have BKs currents, we recorded from BK currents in nighttime SCN 

neurons in the presence of β2N (Figure 19a). While normally nighttime current density is 

greater than WT daytime current density, β2N decreased the current density of WT night 

BK currents (Figure 19b). β2n also resulted in an increase in BKi recorded during the 

night, from ~15% to ~70% (Figure 19c). Associated with this increase in BKi currents, 

we also found a reduction in steady-state BK currents due to β2N (Figure 19d).   

 Furthermore, we utilized a different transgenic mouse line, Tg-BKR207Q, where the 

normal diurnal difference in BK α-subunit expression is ablated due to an aberrant 

increase in BK expression during the day (Montgomery et al., 2013). Because the α-

subunit expression is higher during the day in this transgenic line, compared to WT 

animals, we predicted that a decrease in the β2:α ratio in the Tg-BKR207Q would result in  
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Figure 17: Normalized current-voltage relationships for BKi and BKs currents in 
WT or β2 KO SCN neurons. 
Steady-state current at each voltage was normalized to the maximal current level at +90 
mV.  Voltage protocol used is the same as in Figure 10. (A-C) The voltage dependence of 
activation does not differ between BKi and BKs currents in WT or β2 KO neurons during 
the day (A, P = 0.65, factorial ANOVA) or at night (B, P =0.34, factorial ANOVA).  (C) 
Rescue of inactivation by β2N does not affect the voltage dependence of activation. n’s: 
WT, day BKi (18), BKs (9) and night BKi (3), BKs (19); β2 KO, day (20) and night (20); 
β2 KO + β2NΔ

FIW, day (18); and β2 KO + β2N, day (20) 
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Figure 18: β2N does not have off-target effects on non-BK currents. 
(A) Representative macroscopic current traces from WT neurons (in 10 µM paxilline to 
block BK currents), with and without β2N. Voltage protocol same as in Figure 10. (B) 
Representative macroscopic current traces with β2 KO neurons (in 10 µM paxilline to 
block BK currents), with and without β2N. (C) Current-voltage relationships, measured 
30 msec after the onset of the voltage step, are the same with and without β2N (P = 0.88, 
factorial ANOVA), showing that the β2N does not cause a non-selective reduction of 
other voltage-activated outward K+ currents. n’s: WT(27); β2 KO (20); and WT + β2N, 
night (20). 
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Figure 19: The effect of β2N on WT BK currents at night. 
(A) Representative macroscopic traces from WT neurons at night showing a typical 
BKs current, and a BKi current resulting from application of 50 µM β2N. Voltage 
protocol same as in Figure 10. (B) β2N reduced the night time current density, measured 
30 msec after the onset of the voltage step, in WT neurons to daytime levels. WT day and 
night data re-plotted for cross-comparison. (C) The proportion of BKi currents increased 
significantly with β2N (P=0.0001, Fisher’s exact test). (D) Steady-state current 
magnitude was reduced to WT daytime levels in WT night when treated with β2N. 
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a loss of inactivation during the day, and thus an increase in steady-state BK current.  We 

recorded BK currents from daytime WT and Tg-BKR207Q SCN neurons (Figure 20a).  

Indeed, Tg-BKR207Q SCN neurons had a slightly larger BK current magnitude during the 

day (Figure 20b).  Associated with this increase in magnitude, was a slight decrease in 

the number of BKi currents recorded during the day in Tg-BKR207Q  neurons that was not 

significant (Figure 20c). There was also a slight increase in steady-state BK current 

density during the day, specifically at -10 mV (Figure 20d).  This data shows that through 

an increase in the amount of inactivating BK channels in the SCN, the amount of steady-

state BK current can be regulated. 

IV4. Discussion 

Discussion section modified from Whitt et al., 2016.  

β2-mediated inactivation drives the diurnal regulation of BK current magnitude 

 The SCN acts as the body’s master clock, computing time-of-day information 

through changes in action potential frequency.  SCN neurons fire relatively slow 

spontaneous action potentials characteristic of other pacemaking neurons (Jackson et al., 

2004) and it is the integration of currents in the inter-spike interval that is thought to be 

the regulator of firing rate (Colwell, 2006; 2011; de Jeu et al., 1998; Kuhlman and 

McMahon, 2004). Previously, it was thought that the BK α-subunit mainly only played a 

role in setting firing rate during the night, mainly due to the circadian expression pattern 

and loss of function studies detailing increases in firing rate during the night with little 

effect during the day (Kent and Meredith, 2008; Meredith et al., 2006). Indeed, the 

central dogma to circadian processing is that changes in expression of different ion  
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Figure 20: Tg-BKR207Q produces altered BK currents during the day. 
(A) Representative macroscopic traces from WT and Tg-BKR207Q neurons at during the 
day showing a typical BK currents. Voltage protocol same as in Figure 10. (B) Tg-
BKR207Q produced slightly larger BK currents during the day, current magnitude 
measured 30 msec after the onset of the voltage step. (C) Tg-BKR207Q neurons exhibit a 
trend to slightly less BKi currents during the day (P=0.08, Fisher’s exact test). (D) 
Steady-state current magnitude was slightly increased in Tg-BKR207Q neurons compared 
to WT neurons at the hyperpolarized membrane potential, -10 mV.  
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channels at different circadian times governs changes in excitability of SCN neurons 

(Colwell, 2011).  

 In this chapter, we have uncovered that regulation of the BK current via the β2 

subunit is paramount to the decrease in steady state BK current observed during the day.  

Loss of β2 in β2 KO neurons, results in a loss of diurnal difference in BK current 

magnitude, even though, BK α-subunit protein still exhibits the same expression pattern.   

 Given that the BK current is functionally reduced by β2-mediated inactivation, 

why then do we observe a circadian expression pattern of the BK α-subunit?  Our data 

would suggest a model where BK α-subunit is upregulated at night in order to decrease 

the β2:α-ratio.  Thus, with a constant amount of β2 present, increasing the amount of α-

subunits at night reduces the chances of any one subunit from associating with a β-

subunit, thus allowing for less inactivation to be measured in the macroscopic current.  

However, when a-subunit expression is low during the day, α-subunits associate with the 

β2 subunits available, increasing the amount of inactivating BK currents present. 

BK channel inactivation may limit BK current during physiological stimuli 

 Given the time course of inactivation, how does one reconcile this time course 

with the relatively fast time course of an action potential and explain the functional 

impact of BK channel inactivation?  In other neurons, where firing rate is faster, and 

resting membrane potentials hyperpolarized, BK inactivation has been theorized to 

contribute to spike frequency adaptation. As each action potential causes more BK 

channels to inactivate, less BK channels are then able to have an effect on the action 

potential.  Thus BK channel inactivation is integrated over a period longer than a single 

action potential (Faber, 2003; Hicks and Marrion, 1998; Shao et al., 1999).  However, in 
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SCN neurons, the depolarized resting membrane potential may drive enough BK to a 

preinactivated state where BK channels do not need to go through the open state in order 

to become inactivated (Solaro et al., 1997).  Conversely, the BK channels that do enter 

the open-state may become inactivated and may not be able to leave the inactivated state 

due to the depolarized membrane potential, resulting in cumulative inactivation of the BK 

current.  As such, inactivation does play a major role in diurnal regulation of the BK 

current and therefore may play a role is setting firing rate, specifically during the day. 

β4 may play a role in action potential induced BK current in the SCN 

 It is interesting to note that while β2 KO had a large effect on BK current 

magnitude, β4 KO resulted in only a small increase in BK current magnitude and 

specifically only at high voltages.  Because these voltages are too depolarized to have an 

effect in the inter-spike interval, when pacemaking neurons are hypothesized to integrate 

currents necessary for determining firing rate (Jackson et al., 2004), it is unlikely that β4 

has an effect on firing rate.  Rather, because β4 only affects current elicited by very 

positive voltages, it is likely that perhaps BK-β4 complexes are involved in regulation of 

BK currents activated via action potentials; however, this has yet to be tested. 
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V. CIRCADIAN REGULATION OF ALTERNATIVE SPLICING OF BK 

(KCNMA1) CHANNEL TRANSCRIPTS PRODUCES DISTINCT BK CURRENTS 

DURING THE DAY AND NIGHT 

V.1 Introduction  

Introduction modified from Shelley, Whitt et al., 2013. 

Alternative splicing of Kcnma1 transcripts has been proposed to be a major 

mechanism that produces physiological diversity in BK currents. Within the cytoplasmic 

C-terminal domain, 4 different splice sites have been identified (Figure 4a):  Site 1 lies 

near the end of the first regulator of K+ conductance (RCK) domain and can either 

contain no insert or a four amino acid insert (SRKR) (Tseng-Crank et al., 1994); Site 2, 

found within the linker between RCK1 and RCK2, is known as the Stress hormone 

Regulated Expression (STREX) site, has been the most widely characterized splice site 

and may contain no insert, or a combination of a three amino acid insert (IYF), a sixty-

one amino acid (STREX) insert and/or a twenty-eight amino acid insert (Chen et al., 

2005; Saito et al., 1997; Xie, 1998); Site 3 lies near the high affinity Ca2+-binding site 

known as the calcium bowl within RCK2 and may contain no insert or a twenty-seven 

amino acid insert (Ha et al., 2000) and Site 4 is the last exon of the C-terminus encoding 

for three different terminal variants (-VEDEC, -VYR, -QEERL) (Chen et al., 2010; Kim 

et al., 2008; Saito et al., 1997).  

While alternative splicing of the mRNA transcript can alone produce effects on 

BK channel properties, splicing may also promote secondary effects through the 

introduction of sites for posttranslational modifications.  Posttranslational modifications 

such as phosphorylation, is major factor mediating the physiological diversity in BK 
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currents.  The BK channel has ~200 potential serine and threonine residues predicted to 

be modified via phosphorylation; however, in a recent mass spectrometrical analysis of 

rat brain BK protein, only ~30 phosphorylated residues were detected in brain lysates 

(Yan et al., 2008).  Some of these phosphorylated residues were are also predicted to be 

within known alternative exons such as inserts at Sites 1, 2, 3 and 4 allowing for the 

possibility of further diversity among individual alternatively spliced channels (Tseng-

Crank et al., 1994; Yan et al., 2008). Thus, while alternative splicing is able to generate a 

large amount of physiological diversity from a single gene, phosphorylation of individual 

variants allows for even more physiological variability in BK currents.  For example, 

alternative splicing of STREX has been shown to change phosphorylation dependence of 

activation.  Phosphorylation of SS2 insertless channels at a PKA consensus sequence in 

the C-terminal tail, S869, increases channel activity while the STREX exon contains a 

phosphorylation site which when phosphorylated inhibits channel activity (Tian et al., 

2001).   Thus, alternative splicing not only modulates BK channel properties, but may 

also act as a molecular switch, determining the sensitivity to phosphorylation.  Though 

phosphorylation of SS2/STREX inserts has been widely studied, the functional impact of 

phosphorylation and alternative splicing at the other splice sites is not as understood. 

In this study, we cloned and characterized two BK channel (Kcnma1) variants 

(BK0 and BKSRKR) from the mouse suprachiasmatic nucleus (SCN) of the hypothalamus, 

the brain’s circadian clock.  We chose to identify BK channel sequences from SCN 

because: 1) BK currents undergo diurnally-regulated transcriptional regulation in this 

tissue suggesting that multiple splice variants may be expressed (Panda et al., 2002; Pitts 

et al., 2006), and 2) in other circadian systems, the BK homolog or homologous auxiliary 
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subunits may undergo circadian regulation of alternative splicing (Hughes et al., 2012; 

Sanchez et al., 2010). Using polymerase chain reaction, (PCR), we were able to identify 

two major BK sequences in the SCN: BK0 and BKSRKR.  Both of these variants exhibited 

the elongated N-terminus (MANG), lack of any insert at SS2, the 27 amino acid insert at 

SS3, and a C-terminal –VYR sequence.  However, BK0 was different from BKSRKR in 

that BKSRKR had a four amino-acid insert (SRKR) at splice Site 1, while BK0 had no 

insert. To determine the functional effects of the SRKR insert, we expressed each BK 

variant in HEK293T cells, eliciting currents in response to standard voltage steps. Next, 

using a combination of phosphatase treatment and site-directed mutagenesis, we 

addressed the role of two serine residues, predicted to be phosphorylated in BKSRKR, in 

generating the difference between currents produced by the BK0 and BKSRKR variants.  

Lastly, we utilized the phosphatase-sensitivity of BKSRKR in order to determine whether 

alternative splicing of BK channels contributes to circadian regulation of BK current 

properties.   

V.2 Materials and Methodology 

Cloning BK0 and BKSRKR variants from SCN 

SCN variants were cloned by Hyunjin Choi. Total RNA is isolated from 10 

pooled mouse SCNs harvested at zeitgeber time (ZT) 6 (6 h after lights on), by TRIzol 

(Invitrogen) and chloroform extractions. Briefly, tissue is homogenized in 2 mL TRIzol 

reagent with sonicator.  Following sonication, TRIzol-tissue mixture is incubated for 5 

minutes at room temperature.  200 µL of chloroform is then added to each sample for 

every 1 mL of Trizol and solutions are shaken vigorously for 15 seconds.  Solutions are 

then centrifuged at 13,000 rpms for 15 minutes at 4˚C after which supernatant is removed 
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and an equal volume of chloroform is added to the mixture.  The solution is once again 

centrifuged at 13,000 rpm for 15 minutes at 4˚C and supernatant is removed.  Isopropyl 

alcohol is added to the solution and left to incubate at room temperature for 10 minutes, 

after which the solution is centrifuged for 15 minutes at 4˚C.  Alcohol is removed, the 

pellet is washed with 70% ethanol and allowed to dry.  The pellet is resuspended in 100 

µL DEPC treated water.  Total RNA is column purified (RNAeasy; QIAGEN), and 

cDNA is synthesized from 10 µg of total RNA (Superscript II; Invitrogen) using a gene-

specific reverse primer (5′-GGTGACCATCATTCTCCTCAAAG-3′). PCR reactions 

amplifying the N-terminal (5′-ATGGCTGTTGATGGGTGTTCGGG-3′ and 5′-

AGGCCCCCGAAGAAAGTCACCA-3′) or a single product containing splice sites 1–4 

(5′-GAGTACAAGTCTGCCAACAG-3′ and 5′-

CATTCAAATCAAGCCCATGAGTACCC-3′) are performed on 10 µl cDNA (Expand 

Taq; Roche). Products are gel purified, subcloned (pGEMTeasy; Promega), and primers 

specific to alternative exons are used in PCR reactions to determine the presence of 

alternate exons at splice sites 1–4 (Hyunjin Choi, unpublished data). 

Bing Jiang (Bioinnovatise; Rockville, MD) created BK channel constructs in the 

pcDNA3.1 vector. In order to create BK channel sequences corresponding to the 

complement of alternative exons expressed in the SCN, a series of BK channel 

expression vectors containing the step-wise sequence additions and deletions of exons 

were introduced into the mouse BK clone, mbr5 (Butler et al., 1993) in pcDNA3.1. In 

this study, mbr5 contained an N-terminal myc tag and EYFP (716 bp) inserted in the 

RCK2 domain at nucleotide position (nt) 2032 (GenBank accession no. KF530038; 

provided by R. Brenner, The University of Texas at San Antonio, San Antonio, TX). 
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Construct 2 (C2; GenBank accession no. KF530044) contained an insertion of an N-

terminal myc tag followed by 195 bp of additional Kcnma1 N-terminal sequence 

encoding the “MANG” alternate start site. The inserted sequence was synthesized as a 

minigene (Integrated DNA Technologies), digested with KpnI/AgeI, and subcloned into 

mbr5/pcDNA3.1 at KpnI and BssHII sites. 

For all subsequent constructs, splice site insertion or deletions were performed 

using site-directed PCR mutagenesis (QuikChange; Agilent Technologies) according to 

the manufacturer’s protocol. For construct 3, three amino acids (IYF) were deleted from 

the STREX site by amplifying construct 2 with a primer containing a deletion of nts 

2094–2102 (GenBank accession no. KF530036). For construct 4, 180 bp encoding the “-

VEDEC” C terminus was deleted by PCR from construct 3 (nts 4236–4415), and 21 bp 

encoding the “-VYR” C terminus was introduced in a second PCR amplification 

(GenBank accession no. KF530042). BK0 was generated by the addition of 78 bp 

encoding the 27–amino acid insert near the Ca2+-bowl exon at nt 3564 in construct 4 

(GenBank accession no. KF530040). BKSRKR was generated by the addition of 12 bp 

encoding the SRKR exon at nt 1929 (GenBank accession no. KF530041). Construct 5c 

was generated by removing the 27-amino acid near the Ca2+ bowl exon at nt 3568 in 

BKSRKR. 

Quantitative PCR 

Total RNA is isolated from SCN tissue at 6 h after lights on (ZT6; “day”) and 7 h 

after lights off (ZT19; “night”) with the RNeasy mini kit (QIAGEN).  Primers directed 

against all exons within Kcnma1 gene are used in an exon tiling based quantitative PCR 

approach, in which samples are run in quadruplicate with 3 samples per time point.  If 2 
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or more of the quadruplicate runs did not reach detectability above threshold (a value of 

40), that exon is determined not to be expressed. For exons expressed, data is analyzed 

using the 2ΔΔ
Cq method, with 18S RNA used as the normalization control (Livak and 

Schmittgen, 2001). Cq values for day are normalized to the night values. 

Predicted phosphorylation sites and mutagenesis of BK0 and BKSRKR 

Sequence analysis for potential phosphorylation sites are performed online using 

NetPhos 2.0 (Blom et al., 1999). Sites predicted to have a high probability of 

phosphorylation received a score >0.9. 

Mutation of predicted phosphorylation sites S642 and S644 are performed using 

site-directed PCR mutagenesis (QuikChange; Agilent Technologies). BK0-S642D 

contained the mutation AGC to GAC at nts 1923–1925 (GenBank accession no. 

KF530040). BKSRKR-S642A contained the mutation AGC to GCC at nts 1923–1935 

(GenBank accession no. KF530041). BKSRKR-S644A contained the mutation AGC to 

GCC at nts 1929–1931 (GenBank accession no. KF530041). All mutations are verified 

by sequencing. 

HEK cell patch-clamp electrophysiology 

For dephosphorylation experiments, calf intestinal alkaline phosphatase (New 

England Biolabs, Inc.) is diluted to 10 U/ml in the intracellular bath solution and allowed 

to warm up to 30°C before being recorded with at room temperature. After recording 

baseline currents, phosphatase-containing solution (Alk P) is perfused into the bath, and 

post-treatment currents are recorded 5 min later. 

SCN slice electrophysiology 

 SCN neurons were recorded in whole-cell configuration, as described in Chapter 
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III. Alk P is diluted to 10 U/mL in intracellular pipette solution and warmed up to 30°C 

before being placed in pipettes.  As a control, Alk P is also heat inactivated for 10 min at 

95°C before being added to the intracellular solution. Following access to the 

intracellular milieu of the cell, 5 minutes are allowed for the Alk P to take effect. 

Statistics 

Two-way ANOVAs with Bonferroni post-hoc corrections are used to determine 

statistical significance for differences between V1/2 values across the different BK 

channels. Factorial ANOVAs with Bonferroni post-hoc analyses are used to determine 

statistical significance for τact and τdeact between constructs elicited at different Ca2+ 

across a range of voltages. Statistical significance was achieved if P ≤ 0.05. Mean values 

in figures are given as ± SEM. 

V.3  Results 

Results section modified from Shelley, Whitt et al., 2013. 

Alternative splicing of Kcnma1 is diurnally regulated 

 In order to investigate whether alternative splicing of Kcnma1 regulated diurnal 

regulation of the BK current in the SCN, we had to amplify full length BK channel 

cDNAs from 10 pooled SCNs harvested during the day (performed by Hyunjin Choi, 

unpublished data).  We identified two highly expressed BK channel transcripts that were 

nearly identical in sequence; both exhibited the full length N-terminus starting with 

MANG-, neither had an insert at the STREX site (SS2), both had an insert at SS3, and 

both ended with the C-terminal variant –VYR (SS4).  The only difference between these 

two transcripts was that one had a four amino SRKR acid insert within the RCK splice 

site (SS1) (BKSRKR) while the other one lacked an insert at this site (BK0) (Figure 21a).  
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Figure 21: BK channel exons expressed in SCN. 
(A) Schematic of BK channel α-subunit with different alternative spliced exons at 
different splice sites.  (B) Relative expression of exons within the BK channel gene, 
Kcnma1, found within the SCN.  Expression was determined using a qPCR based exon-
tiling approach, in which all exons of each of the genes encoding the β- and γ-subunits 
were probed (Bar Harbor Biotechnology, Trenton, ME).  Experiments were excluded 
from analysis if a number of quality control measures were not met. Normalization 
utilized the 2Δ

CT method (Livak and Schmittgen, 2001) using 18S RNA as our reference 
gene. Values are equal to 2[Reference gene CT - Target gene CT]. Exons found within splice sites are 
marked with SS1-SS4.  (C) Expression of exons normalized to time of day using the 2ΔΔ

CT 

method, values are equal to 2(Night[Reference gene CT - Target gene CT]-Day[Reference gene CT - Target gene CT]). 
For most exons, expression increases from the day to the night.  The one exception is the 
exon encoding the "SRKR " insert. Expression of the exon, SRKR, was higher during the 
day (n=3, P=0.015, t test). This is in contrast to expression of constitutive exon 16, which 
was significantly  higher at night (n=3, P=0.0023, t test). 
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 Next, we examined expression of every exon in the BK channel (Kcnma1) gene 

using qPCR. We predicted that if any alternative exon is differentially expressed from the 

rest of the diurnally regulated gene (Meredith et al., 2006; Montgomery and Meredith, 

2012; Montgomery et al., 2013; Panda et al., 2002; Pitts et al., 2006) it would manifest as 

a difference between the day and night abundance of that exon compared to constitutive 

exons.  We found that expression of all constitutive exons exhibited lower expression 

during the day and higher expression at night (Figure 21b). Interestingly, of those 

alternative exons expressed, only one exon, SRKR, was found to have a differential 

expression pattern.  The exon SRKR is expressed are higher levels during the day, with 

lower levels of expression at night.  This is in contrast to expression of the constitutive 

exon 16, the exon immediately 5’ to the SRKR exon, which exhibits an expression 

pattern consistent with total BK expression. Because the SRKR insert constitutes an 

exon-skipping splicing event (Figure 3b), this suggests that as the SRKR exon decreases 

in expression, BK channels not containing SRKR must increase in expression, in order to 

accommodate for the increase in total BK transcripts measured at night.  Thus, SRKR 

levels suggest that the SCN may utilize a BK channel like BKSRKR mainly during the day 

and switch to BK0 channels at night.  

BKSRKR channels produce BK currents with altered properties 

 Because BK current magnitude is known to be diurnally regulated within SCN 

neurons, with larger amount of steady-state current found at night, we hypothesized that 

the presence of a day BK channel containing the SRKR insert would work to functionally 

inhibit BK current.  We expressed both BK0 and BKSRKR in a heterologous expression 

system, HEK293T cells, and recorded macroscopic currents from inside-out patches in 
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symmetrical K+ at 0, 1, 10, and 100 µM intracellular Ca2+.  While both channels 

produced outward K+ currents that activated with depolarization and increasing Ca2+ 

(Figure 22a), BKSRKR currents activated at more positive voltages.  Specifically, at 0, 1 

and 100 µM Ca2+, BKSRKR currents were found to have a shifted voltage-dependence of 

activation such that BKSRKR currents needed more depolarized voltages in order to 

activate at in the absence of Ca2+ (+49 mV right-shift), in 1 µM Ca2+ (+35 mV right-shift) 

and at saturating Ca2+ concentration of 100 µM (+19 mV right-shift) (Figure 22b, c). 

BKSRKR channels also produced currents with slower activation and faster deactivation 

kinetics, which are indicative of channel opening and closing, respectively.  At 0, 1 and 

100 µM Ca2+, the time constants of activation (τact) for BKSRKR currents were increased, 

indicating that it takes longer for BKSRKR channels to open compared to BK0 channels. 

The time constants of deactivation (τdeact) were decreased for BKSRKR, indicating that 

BKSRKR channels close much faster upon repolarization compared to BK0 channels 

(Figure 22d-f).  Interestingly, at the intermediate Ca2+ concentration of 10 µM, no 

difference was observed with conductance-voltage relationships, τact, or τdeact.  

Though the voltage-dependence of activation was different between BKSRKR and 

BK0 channels, this is not due to a loss in voltage sensitivity of the voltage sensors, as 

slope factors (z) did not change at any Ca2+ concentration between BKSRKR and BK0. 

 Data from other labs had previously found conflicting results on the effect of 

SRKR inclusion in the channel and current properties (Rosenblatt et al., 1997; Tseng-

Crank et al., 1994).  This discrepancy may be due to the presence or absence of other 

sequences in splice sites in those BK channels. It has been hypothesized, that the effect of 

certain splice sites on channel function is dependent on the presence or absence of other  
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Figure 22: Voltage-clamp recordings and analysis of BK0 and BKSRKR currents from 
variants expressed in HEK293 cells.  
(A) Current traces from BK0 and BKSRKR patches elicited from voltage jumps at the 
indicated intracellular Ca2+. (B) Normalized G-V relationship for BK0 and BKSRKR at 
different Ca2+. There were no significant differences in the slopes of the G-V curves 
between BK0 and BKSRKR at each Ca2+ concentration (P = 0.07; two-way ANOVA). (C) 
Plot of V1/2 versus Ca2+ exemplifying the difference in voltage dependence of activation 
between BK0 and BKSRKR. V1/2 values were significantly different between BK0 and 
BKSRKR at 0 Ca2+ (198 vs. 247 mV; P < 0.01; n = 8; two-way ANOVA), 1 µM Ca2+ (169 
vs. 204 mV; P < 0.01; n = 8; two-way ANOVA), and 100 µM Ca2+ (−11 vs. 8 mV; P < 
0.01; n = 8; two-way ANOVA). No significant difference in V1/2 was detected at 10 µM 
Ca2+ (64 vs. 67 mV; P = 0.1; n = 8; two-way ANOVA). (D and E) Plot of τact versus 
voltage for BK0 and BKSRKR at 0, 1, and 10 µM Ca2+ (D) and 100 µM Ca2+ (E). 
Activation of BK0 was significantly faster than BKSRKR at 0, 1, and 100 µM (P < 0.01; 
factorial ANOVA), but not at 10 µM Ca2+, where no differences in kinetics were 
observed. All symbols as in B. (F) Plot of τdeact versus voltage for BK0 and BKSRKR at 0, 1, 
10, and 100 µM Ca2+. Deactivation of BK0 was significantly slower than BKSRKR with 0, 
1, and 100 µM Ca2+, but not with 10 µM Ca2+ (P < 0.01; factorial ANOVA). All symbols 
as in B. 
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splice site (Johnson et al., 2011). In our hands, we found that BKSRKR had the largest 

overall effect on current properties (Figure 23a-d). In order to determine whether or not 

the large effect of SRKR inclusion is dependent upon other splice sites, we examined the 

effect of SRKR addition with (BKSRKR) or without (BKCaBowl) the sequence found at SS3.  

Comparing BKSRKR [SRKR, 0, CaBowl, VYR] to BKCaBowl [0, 0, CaBowl, VYR] we found that deletion 

of the insert at SS3 near the Ca2+ bowl in RCK2 in BKSRKR, resulted in a diminished 

right-ward shift in the conductance-voltage relationship, and ameliorated effects on 

current kinetics (Figure 24a-c).  Thus, the effect of SRKR on the BK current depends on 

the presence of the CaBowl exon at SS3. 

Alkaline phosphatase treatment of BKSRKR channels alters current properties 

 While only four amino acids, inclusion of SRKR imparts substantial effects on the 

kinetic and steady-state properties of the BK current.  Due to the unique nature of the 

insert, we hypothesized that perhaps the serine contained within SRKR (S644) could be 

phosphorylated and that may be contributing to the altered current effects.  Using a 

phosphorylation prediction algorithm, NetPhos2.0 (Blom et al., 1999), we found that 

when SRKR is present, S644 and S642, the constitutive serine right before the SRKR 

insert, both had a high predicted probability for phosphorylation (0.991 and 0.995, 

respectively).  In contrast, when SRKR is not included, S642 has a very low predicted 

probability of phosphorylation (0.178).   Thus phosphorylation of either or both of these 

serines (S642 and S644) may be mediating the effect on altered current properties in 

BKSRKR.   

 In order to examine whether or not differential phosphorylation between BKSRKR 

and BK0 produces altered current properties, we applied alkaline phosphatase (Alk P) to  
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Figure 23: Properties of BK currents from clones mbr5, C2, C3, C4, BK0 and 
BKSRKR. 
(A) Schematic diagram of mbr5, BK0, BKSRKR, and the intermediate clones used to 
examine the functional consequences of stepwise additions or deletions of particular 
inserts. (B) G-V relationships for all constructs at the indication Ca2+ concentrations.  The 
alternative N-terminus, deletion of  IYF and the alternative C-terminus had no effect on 
G-V curves.  The addition of the 27-amino acid insert at SS3 (BK0) and SRKR at SS1 
(BKSRKR) exhibited right-shifts in the G-V relationship at all Ca2+ except for 10 µM Ca2+, 
where no shift was observed.  The magnitude of the shift was similar between BK0 and 
mbr5 and BK0 and BKSRKR at 1 and 100 µM Ca2+, but was larger for BKSRKR at 0 Ca2+.  
(C, D) Plot of τact and τdeact versus voltage for constructs at the indicated Ca2+.  While the 
alternative N-terminus, deletion of IYF and the alternative C-terminus had no effect on 
time constants, BKSRKR was found to be slower to activate compared to mbr5 at all Ca2+ 
concentrations. In contrast, BK0 only activates slower than mbr5 at 10 and 100 µM Ca2+. 
At 0 Ca2+, both BK0 and BKSRKR deactivate faster than mbr5, however as Ca2+ is 
increased, the rate of deactivation of BK0 slows compared with BKSRKR to be more like 
mbr5. 
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Figure 24: Properties of BK currents from clones mbr5, BK0, BKSRKR, and BKCa Bowl. 
(A) Schematic diagram of mbr5, BK0, BKSRKR, and BKCa Bowl used to examine the 
functional consequences of stepwise deletions of the 27-amino acid insert at SS3. (B) G-
V relationships for mbr5, BK0, BKSRKR, and BKCa Bowl at the indicated Ca2+ concentration.  
While SRKR has a large leftward shift at 0 Ca2+ in the presence of the 27-amino acid 
insert, loss of that insert promotes a shift very similar to the shift witnessed when adding 
the 27 amino insert compared to mbr5. 
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the intracellular side of inside-out patches to act as a general dephosphorylation agent of 

BK channels. Dephosphorylation of BKSRKR channels resulted in left-shifted voltage-

dependence of activation of the BK current, mimicking a BK0-like conductance-voltage 

relationship (Figure 25a, b).  Surprisingly, dephosphorylation of BK0 channels had no 

effect on BK current properties, suggesting that inclusion of SRKR, and thus the region 

immediately surround and including the SRKR insert is necessary for phosphoregulation 

in BKSRKR channels (Figure 25a, b).  

 Next we made a series of mutations to both S642 and S644 residues in order to 

determine if phosphorylation at either or both of these serines acted as the mechanism 

producing distinct BKSRKR currents. Mutation of S644 to an alanine in BKSRKR channels 

(BKSRKR-S644A) had no effect on V1/2 or BK current kinetics (Figure 26a, b).  

Interestingly, rather than S644, found within the SRKR insert, mutation of the 

constitutive serine preceding it in the BK channel (BKSRKR-S642A) abolished the right-

ward shift in the conductance-voltage relationship of BKSRKR (Figure 26a, b) as well as 

the alteration in current kinetics (Figure 26c, d).  Specifically, the BKSRKR-S642A 

mutation produced BK current properties similar to BK currents recorded from BK0 

channels.  A double mutation of S642A and S644A contributes no further effect, 

suggesting only phosphorylation at S642 contributes to the altered steady-state and 

kinetic properties of BKSRKR currents. 

 If phosphorylation of BKSRKR channels at S642 is sufficient to shift the 

conductance-voltage relationship of BK currents, then we hypothesized that addition of a 

negative charge at S642, a phosphomimetic, in the absence of the SRKR exon would 

result in BKSRKR-like current properties.  We mutated S642 to an aspartic acid (D),  
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Figure 25: BK0 and BKSRKR current properties in patches treated with Alk P.  
(A) G-V relationship of BK0 and BKSRKR at 100 µM Ca2+ before and after the application 
of calf intestinal alkaline phosphatase (Alk P). Alk P caused a leftward shift of the 
BKSRKR G-V, but not of BK0 G-V. (B) Plot of V1/2 versus Ca2+, illustrating that 
dephosphorylation of BKSRKR produces a BK0-like phenotype in the voltage dependence 
of activation. After treatment with phosphatase, the V1/2 was significantly left-shifted 
with BKSRKR at 1 µM Ca2+ (204–155 mV; P = 0.01; n = 8; two-way ANOVA) and at 100 
µM Ca2+ (8 to −6 mV; P = 0.03; n = 8; two-way ANOVA), but not with BK0 at either 1 
µM Ca2+ (169–156 mV; P = 0.25; n = 8; two-way ANOVA) or 100 µM Ca2+ (−11 vs. −7 
mV; P = 0.53; n = 8; two-way ANOVA), making the phosphatase-treated BKSRKR not 
significantly different from BK0 (P = 0.7; n = 8). Symbols are as in A.  
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Figure 26: BK0 and BKSRKR current properties with phospho-site mutations. 
(A) G-V relationship at 100 µM Ca2+ of specific phospho-mutants used to determine the 
site of differential phospho-regulation of BKSRKR. Phospho-mutant BKSRKR S644A, the S 
in SRKR, had no effect on G-V relationship, whereas phosphomimetic BKSRKR S642D, 
found within a constitutive portion of the channel, was found to be necessary and 
sufficient to induce that change in current properties. (B) Plot of V1/2 versus Ca2+ for BK 
constructs shown in C. At 1 and 100 µM Ca2+, the V1/2 values cluster into two groups, 
with those of BKSRKR, BKSRKR-S644A, and BK0-S642D further right-shifted than those of 
BK0, BKSRKR-S642A, and BKSRKR-S642A/S644A. Symbols are as in C. At 1 µM Ca2+, 
there were no significant differences in the V1/2 values between BKSRKR and BKSRKR-
S644A (204 and 206 mV; P = 0.29; n = 8–12; two-way ANOVA), between BKSRKR-
S642A and BK0 (166 and 169 mV; P = 0.29; n = 8–10; two-way ANOVA), between 
BK0-S642D and BKSRKR (209 vs. 204 mV; P = 0.76; n = 8; two-way ANOVA), or 
between BKSRKR-S642A/S644A and BK0 (167 vs. 169 mV; P = 0.25; n = 8–15; two-way 
ANOVA). At 100 µM Ca2+, there were no significant differences in the V1/2 values 
between BKSRKR and BKSRKR-S644A (6 and 8 mV; P = 0.3; n = 8; two-way ANOVA), 
between BKSRKR-S642A and BK0 (V1/2 values both −11 mV; P = 0.6; n = 8; two-way 
ANOVA), between BK0-S642D and BKSRKR (11 vs. 8 mV; P = 0.4; n = 8; two-way 
ANOVA), or between BKSRKR-S642A/S644A and BK0 (−15 vs. −11 mV; P = 0.6; n = 8; 
two-way ANOVA). (C and D) Plots of τact (C) and τdeact (D) versus voltage for BK0, 
BKSRKR, and BKSRKR-S642A at 100 µM Ca2+. Activation kinetics of BKSRKR-S642A were 
not significantly different to those of BK0 (P = 0.34; n = 8) but were significantly slowed 
compared with BKSRKR (P = 0.02; n = 8–9; factorial ANOVA). Similarly, deactivation 
kinetics of BKSRKR-S642A were not significantly different to those of BK0 (P = 0.49; n = 
8; factorial ANOVA) but were significantly slowed compared with BKSRKR (P < 0.01; n 
= 8–9; factorial ANOVA). 
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imparting a negative charge at that site, in BK0 channels (BK0-S642D).  BK0-S642D 

resulted in a right-shifted voltage dependence of activation as well as altered current 

kinetics (Figure 26a, b), similar to current properties recorded from BKSRKR channels. 

This data suggests that SRKR introduces a phosphorylation consensus sequence at a 

constitutive serine wherein phosphorylation at that serine results in decreased channel 

activity. 

Mutation of R640 and R645 in BKSRKR channels alters BK current properties 

 Phosphorylation of a residue is often dependent upon a phosphorylation 

consensus sequence found within the adjacent residues.  Due to? four charged residues 

found around S642, we hypothesized that loss of the charge around S642 would result in 

a dimunition! of BK channel phosphorylation manifested as altered current properties.  

Fortunately, two single-nucleotide polymorphisms exist near S642, R640Q and R645Q.  

Mutation of either R640Q or R645Q individually did not significantly affect the predicted 

probability of phosphorylation of S642 (0.905 and 0.983, respectively).  Consistent with 

this prediction, BK currents recorded from BKSRKR-R640Q or BKSRKR-R645Q channels 

had properties similar to BKSRKR (data not shown). However, a double mutation, R640Q 

and R645Q, reduced the predicted probability of phosphorylation of S642 (0.534). The 

double mutant channel, BKSRKR-R640Q/R645Q, produced currents with a left-shifted 

voltage dependence of activation (Figure 27a, b) similar to BK0-like currents.  

Furthermore, the double mutation produced faster activation kinetics (Figure 27c) and 

slower deactivation kinetics (Figure 27d). This data suggests the importance of charge 

adjacent to S642 for a phosphorylation consensus sequence. 
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Figure 27: Effects of single nucleotide polymorphisms near S642 in BKSRKR. 
(A) G-V relationship at 100 µM Ca2+ of two single-nucleotide polymorphisms (SNPs) 
that may alter phosphorylation of S642 in BKSRKR. BKSRKR-R640Q/R645Q produced a 
left-ward shift in the conductance-voltage relationship, appearing BK0-like. (B) Plot of 
V1/2 versus Ca2+ for BK constructs shown in A. At 1 and 100 µM Ca2+, the V1/2 values 
cluster into two groups, with BKSRKR further right-shifted than those of BK0, and 
BKSRKR-R640Q/R645Q. Symbols are as in A. (C and D) Plots of τact (C) and τdeact (D) 
versus voltage for BK0, BKSRKR, and BKSRKR-R640Q/R645Q at 100 µM Ca2+. Activation 
kinetics of BKSRKR-R640Q/R645Q were not different from BK0, but were different from 
BKSRKR. Similarly, deactivation kinetics of BKSRKR-R640Q/R645Q were not different 
from BK0, but were different from BKSRKR. 
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Alkaline phosphatase alters BK current properties in SCN neurons 

 Given the difference in abundance of SRKR-containing transcripts from day and 

night SCN tissue compared to constitutive Kcnma1 exon expression, as well as the role 

phosphorylation plays in regulating SRKR containing BK channel properties, we 

hypothesized that there would be differential regulation via phosphorylation of SCN BK 

currents between the day and the night.  In order to examine this, we recorded BK 

currents in day and night SCN with either Alk P or heat inactivated Alk P (H.I. Alk P) 

present in the internal solution (Figure 28a).  Alk P produced larger peak BK currents 

during the day(72 ± 6 pA/pF [H.I. Alk P, n=6] versus 94 ± 8 pA/pF at +90 mV [Alk P, 

n=6], t-test, p<0.05) compared to at night (59 ± 3 pA/pF [H.I. Alk P, n=4] versus 62 ± 11 

pA/pF at +90 mV [Alk P, n=4], t-test, P>0.05 ) (Figure 28b).  This increase in BK current 

during the day was associated with a left shift in the voltage-dependence of activation, as 

I/Imax curves and V1/2 values during the day exhibited a slight left shift in the presence of 

Alk P(38.9 ± 1.4 mV [H.I. Alk P, n=6] versus18.9 ± 4.0 mV [Alk P, n=6], t-test, P<0.05), 

no shift at night was evident (34.2 ± 5.1 mV [H.I. Alk P, n=6] versus 26.9 ± 6.4 mV [Alk 

P, n=6], t-test, P>0.05) (Figure 28c, d).   Interestingly, while Alk P did not ultimately 

change the BKi/BKs ratio (Figure 28e), Alk P did produce BK currents that inactivated 

slower, but only during the day (51.9 ± 6.3 msec [H.I. Alk P, n=6] versus 94.7 ± 3.3 msec 

[Alk P, n=5], t-test, P<0.05) (Figure 28f). This slowing of inactivation was accompanied 

with an increase in daytime steady-state BK current density following Alk P treatment  

day (18 ± 2 pA/pF [H.I. Alk P, n=6] versus 37 ± 6 pA/pF at 90 mV [Alk P, n=5], t-test, 

P<0.05) (Figure 28g).  Conversely, no effect of Alk P was found on steady-state BK 

current magnitude at night (26 ± 1 pA/pF [H.I. Alk P, n=6] versus 29 ± 10 pA/pF at 90  
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Figure 28: Properties of native BK currents treated with phosphatase recorded 
from SCN neurons during the day in the night. 
(A) Representative traces of BK currents recorded from SCN exposed to either alkaline 
phosphatase (10 U/mL Alk P) or heat inactivated alkaline phosphatase (H.I. Alk P). (B) 
Current density shows that phosphatase treatment (Alk P) has a greater effect during the 
day, with a smaller effect at night.  (C, D) I/Imax curves show that greater 
phosphoregulation during the day works to left-shift the voltage-dependence of activation 
of BK currents. (E) Alk P also slows inactivation of BK in SCN neurons (F) Alk P does 
not appreciably change the amount of inactivating BK currents found in the SCN during 
the day or the night. (G)Correlated with the slowing of inactivation, steady-state current 
magnitude is increased during the day following Alk P treatment, with a smaller effect at 
night. 
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mV [Alk P, n=5], t-test, P<0.05). This diurnally regulated effect of Alk P treatment on 

SCN neurons is consistent with our BKSRKR expression and electrophysiological data.  

Higher expression of the SRKR exon during the day would be predicted to produce BK 

currents that had a right-shifted voltage-dependence of activation and slower activation 

kinetics. Furthermore, use of Alk P would be predicted to largely only affect daytime BK 

currents through shifting the voltage-dependence of activation to more hyperpolarized 

potentials and speeding activation kinetics. This would create larger daytime currents, 

ameliorating the day-night difference in current magnitude. 

V.4 Discussion 

Discussion modified from Shelley, Whitt et al., 2013. 

SRKR inclusion creates “harder-to-open” channels 

In this study we identified two novel BK channel splice variants from the 

mammalian SCN, and determined that functional differences between them are consistent 

with differential phosphorylation at S642, a constitutive serine residue found in both 

variants.  Our data demonstrates that inclusion of the SRKR exon (BKSRKR) results in BK 

channels with reduced activity compared to those lacking the insert (BK0), as shown by a 

rightward shift in G-V relationships, slower activation rates, and faster deactivation rates.   

Previous studies examining the role splice variant inserts on BK channel function have 

also shown that SRKR exon produces “harder-to-activate” BK currents.  In one study, 

nine different BK channel variants from human brain were cloned, four of which 

contained the SRKR insert (Tseng-Crank et al., 1994).  Functional comparison of two 

clones, one with the SRKR exon and one without, showed that inclusion of the SRKR 

exon right-shifted the V1/2 by approximately 10 mV at low and high Ca2+ concentrations.  
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However, in a second study, multiple BK channel variants were isolated from chick 

cochlea, including variants with the SRKR exon (Rosenblatt et al., 1997).  Examining the 

functional effect of SRKR, they found no significant differences in V1/2 values, but did 

find that an SRKR-containing clone had reduced voltage sensitivity, indicated by a 

shallower G-V curve.  Whilst we observed V1/2 right-shifts of 20 – 40 mV, and no effect 

on G-V curve slope, these may be attributed to differences at other splice sites.  For 

example, the human and chick variants tested previously lacked the 27 residue insert at 

splice site 3, which we found influenced V1/2 and is present in both BK0 and BKSRKR.  

Mechanistically, this exon may act to synergistically enhance the right-shifting effect of 

SRKR, such that the effect is more than just a sum of the effects of addition of either site.  

Such functional interactions between alternative exons have already been described 

previously in BK channels cloned from Caenorhabditis elegans (Johnson et al., 2011).   

SRKR induces phosphorylation at a constitutive serine 

The functional differences between BK0 and BKSRKR could be ascribed to 

phosphorylation of a S642, a constitutive residue found in both variants.  Inclusion of the 

SRKR insert rendered S642 susceptible to phosphorylation.  It should be noted that while 

we found sufficient evidence to suggest inclusion of SRKR induces phosphorylation at 

S642 within the heterologous expression system, HEK293T cells, our experiments in the 

SCN only suggest that the BK current is differentially phosphorylated between the day 

and the night, as we never specifically assessed the phosphorylation status of S642 in 

vivo.  However, our SCN data, with an increase in BK current following Alk P treatment 

of BK channels during the day, is consistent with the HEK293T data. The presence of 

SRKR during the day, would be predicted to limit BK current activation in the SCN 
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through phosphorylation of S642.  Therefore, dephosphorylation of the BK channel 

would result in an increase in current during the day.  

Phosphorylation of BK channels in the SCN may be diurnally regulated  

Phosphorylation in the SCN is necessary for proper circadian timing, as many of 

the kinases that could be phosphorylating S642 in BK channels are also important for 

proper function of the clock  (Garceau et al., 1997; Kloss et al., 2001; Lee et al., 2001; 

Merrow et al., 1997; Okamura et al., 2002; Ripperger and Schibler, 2001; Tischkau et al., 

2003). Furthermore, BK channels are known to be phospho-regulated by multiple 

different kinases, such as PKA (Tian et al., 2001), PKC (Zhou et al., 2010), PKG (Zhou, 

2001), and CAMKII (van Welie and Lac, 2011) (Figure 29a). Using a kinase prediction 

software, GPS v3.0 (Xue et al., 2011), we are able to determine that S642 lies within a 

relatively common phosphorylation consensus sequence, with 16 different families of 

kinases able to recognize the sequence.  In order for S642 to be phosphorylated, we 

would predict that it would be phosphorylated by kinase that is either constituitively 

expressed across the circadian cycle or one that is expressed at high levels during the day, 

matching the expression pattern of the SRKR exon. One of the first kinase families 

predicted to be able to phosphorylate S642 in BKSRKR is the casein kinase one family.  

This is of interest because two family members (CK1ε and CK1δ) are implicated in 

phosphorylation of the TTFL protein, mPer, signaling it to be degraded (Chesham et al., 

2008).  Furthermore, both CK1ε and CK1δ are constitutively expressed across the 

circadian cycle (Ishida et al., 2001), making both kinases potential candidates for 

phosphorylation of S642 in when the SRKR exon is expressed.   

  



	

	93	

	
Figure 29: Predicting diurnally kinases that may be phosphorylating BK in the SCN. 
(A) Major kinases that are known to modulate the BK channel are listed on the left while 
kinases important in circadian rhythmicity are listed on the right.  Within this list, only 
one kinase, CAMKII, is found within both lists.  Furthermore, CAMKII is upregulated 
during the day is predicted to be able to phosphorylate BK at S642 when SRKR is present. 
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The casein kinase family of kinases is not the only kinases predicted to be able to 

phosphorylate S642 in BKSRKR.  Ca2+/Calmodulin-dependent protein kinase II (CAMKII) 

was also predicted to have a high probability of phosphorylating S642.  This is of interest, 

because when CAMKII expression is examined in mouse SCN neurons using the 

CircaDB circadian expression database (http://circadb.hogeneschlab.org/), we find that 

expression is cyclic and peaks in the middle of the day. Furthermore, CAMKII is Ca2+-

dependent and thus is activated via one of the important signals through which BK is also 

activated.. Thus CAMKII is a very likely candidate kinase that may be participating in 

the circadian regulation of phosphorylation of S642. 

Protein kinase A (PKA), activated via cAMP, also has a high predicted 

probability of phosphorylating S642.  While PKA activity or expression is unknown over 

the circadian cycle, PKA activity is stimulated via VIP signaling to the VPAC2 receptor 

(Itri and Colwell, 2003), which is greater during the day when firing rate is high.  

Furthermore, loss of VPAC2 signaling abolishes circadian synchrony in firing rate 

rhythms and circadian behavioral rhythms (Aton et al., 2005). It stands to reason, 

therefore, that if VPAC2 signaling is highest during the day, perhaps PKA activity is also 

high.  High PKA activity could then lead to phosphorylation of S642 of BK channels 

containing the SRKR exon, inhibiting BK current.  

Lastly, protein kinase C (PKC) is also predicted to be able to phosphorylate S642 

in BKSRKR channels.  PKC is activated via many different cellular signaling cascades, 

including increases in intracellular Ca2+.  Because intracellular Ca2+ is highest during the 

middle of the day, when the SRKR exon expression is highest, it also reasons that PKC 

could be phosphorylating S642 in SRKR containing channels.  
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VI. CIRCADIAN REGULATION OF BK-CA2+ CHANNEL COUPLING 

VI.1 Introduction  

Intracellular Ca2+ concentration is constantly varying, as Ca2+ enters the cells 

through voltage-gated Ca2+ channels (VGCCs) or is released from intracellular stores, the 

local internal Ca2+ concentration is transiently raised but then quickly falls due to 

intracellular Ca2+ buffering and diffusion, restoring free intracellular Ca2+ to nanomolar 

concentrations (Fakler and Adelman, 2008).  Because BK channels need at least 10 µM 

Ca2+ in order to activate within the physiological voltage range (Brenner et al., 2000b), 

the BK α-subunit must either be very close a single source or close to multiple sources in 

order activate within the physiological voltage range.	

In this chapter, we use pharmacological blockade of a variety of putative Ca2+ 

sources for the BK channel in order to determine which sources could be supplying BK 

channels with the Ca2+ concentrations necessary to activate the channel. We chose to 

identify and determine whether BK-Ca2+ channel coupling was diurnally regulated 

because: 1) Both total intracellular Ca2+ and voltage-gated Ca2+ currents have been shown 

to be diurnally regulated, with both Ca2+ current and total intracellular Ca2+ peaking in 

the middle of the day (Colwell, 2000; Enoki et al., 2012; Pennartz et al., 2002), and 2) 

one possible BK Ca2+ source, the L-type VGCC (Berkefeld et al., 2006), encodes for a 

current that is diurnally regulated and responsible for subthreshold oscillations in 

membrane potential during the day (Jackson et al., 2004; Pennartz et al., 2002).  

Interestingly, while this subthreshold oscillation in membrane potential is not necessary 

for the increase in firing rate during the day, it has been hypothesized to be important for 

activation of Ca2+-activated K+ currents (Jackson et al., 2004). Furthermore, because BK 
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channel inactivation is dependent on activation, we questioned whether any Ca2+ source 

could contribute to inactivation.   

We found that in the SCN, BK currents during the day are primarily activated via 

L-type VGCCs, with some contribution from N/P/Q-type VGCCs and release from 

intracellular stores.  The BK-L-type VGCC coupling was dependent on the presence of 

β2 subunits, as loss of β2 resulted in currents activated equally through both L-type 

currents and RyR release during the day. Conversely, during the night, when L-type 

current is smaller (Pennartz et al., 2002), we found that BK currents are primarily 

activated via release from intracellular stores through ryanodine receptors, with some 

contribution from N/P/Q-type VGCCs.  Furthermore, we found that inactivation of BK 

currents is dependent upon activation of BK currents through L-type VGCCs, suggesting 

a possible role for the L-type currents in contributing to BK current inactivation during 

the day. 

VI.2 Materials and Methodology 

Voltage-clamp recordings 

In voltage-clamp mode, recordings are obtained in the presence or absence of 

various pharmacological agents used to block or activate Ca2+ sources: 10 µM 

nimodipine (blocking L-type VGCCs), 3 µM ω-conotoxin MVIIC (blocking N/P/Q-type 

VGCCs), 5 µM thapsigargin (depleting intracellular stores), 10 µM dantrolene (blocking 

RyR Ca2+ release), 5 µM (S-) Bay-K 8644 (activating L-type VGCCs), and 100 nm 

ryanodine (activating RyR Ca2+ release).  

Analysis of SCN neuron BK current voltage-dependence 

 In order to determine a V1/2 measurement for BK currents recorded either under 
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Ca2+ source block or activation, I/Imax-voltage relationships are fit with a Boltzman 

function in Origin 8.5 (Origin Labs) using the equation: y=[(A1-A2)/(1+e(x-x
0

)/dx))+A2. We 

constrain this function in order to fit our normalized data, using the bounds function in 

the software.  We set a bound for A1 to be 0, A2 to be 1, and x0 (the V1/2 measurement) to 

be bounded between -110 to +90 mV (the voltage protocol cells used for recording). Data 

that could not be fit using this function was not used in our average calculation for V1/2 

values. 

Statistics 

Two-way ANOVAs with Bonferroni post-hoc corrections are used to determine 

statistical significance for differences between V1/2 values across different 

blocker/activator conditions within a time point. Factorial ANOVAs with Bonferroni 

post-hoc analyses are used to determine statistical significance for current voltage 

relationships across the different blocker/activator conditions. Statistical significance is 

achieved if P ≤ 0.05. Mean values in figures are given as ±SEM. 

VI.3  Results 

Nimodipine block of L-type Ca2+ currents inhibits BK currents during the day 

 In order to determine the Ca2+ sources necessary to activate BK currents during 

the day, we recorded BK currents in the presence or absence of a variety of Ca2+ blockers 

(Figure 30a).  Using 10 µM nimodipine, which blocks voltage-gated LTCCs, produced a 

77%  decrease in BK current magnitude at the peak of the response to the +90 mV 

voltage step  (70 ± 4 pA/pF [WT, n=24] versus 16 ± 4 pA/pF [Nim, n=14], One-way 

ANOVA with Bonferroni post hoc test, P<0.05) (Figure 30b). While normally all neurons 

in the SCN had a measurable BK current, nimodipine block was also associated with a  
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Figure 30: Effect of Ca2+ channel block on WT BK currents during the day. 
(A) Representative WT BK currents traces recorded in the absence of presence of 10 µM 
nimodipine (+Nim), 10 µM dantrolene (+Dan), 5 µM thapsigargin (+Thap), or 3 µM ω-
conotoxin MVIIC (+MVIIC).  Voltage protocol same as in Figure 10. (B, C) Peak current 
density plotted as a function of voltage in the different Ca2+ source block conditions(B) 
and peak current elicited at the +90 mV step (C).  Nim produced the largest BK current 
reduction (70 ± 4 pA/pF [WT, n=24] versus 16 ± 4 pA/pF [Nim, n=14], One-Way 
ANOVA with Bonferroni post hoc test, P<0.05), though MVIIC (53 ± 5 pA/pF, n=10, 
One-Way ANOVA with Bonferroni post hoc test, P<0.05) and Dan (54 ± 3 pA/pF, n=17, 
One-Way ANOVA with Bonferroni post hoc test, P<0.05) each had slight effects on BK 
current magnitude. Thap did not produce a significant change in peak current elicited at 
+90 mV (60 ± 4 pA/pF, n=10, One-Way ANOVA with Bonferroni post hoc test, P<0.05). 
(D) The percent of cells that exhibited a BK current in the presence of Ca2+ source block. 
Nim produced a sharp decline in the amount of neurons that had a measurable BK current 
(100% [WT, n=24] versus 56% [Nim, n=14], Fisher's exact test, P<0.05). Dan (100% , 
n=10, Fisher's exact test, P>0.05), Thap (100% , n=10, Fisher's exact test, P>0.05), and 
MVIIC (90% , n=10, Fisher's exact test, P>0.05) did not produce an significant difference 
from controls in the number of cells with BK currents (E, F) I/Imax relationship (E) and 
V1/2 values (F) illustrating that in the cells that still have a measurable BK current. None 
of the Ca2+ channel blockers produced significant shifts in the V1/2 values (45.5 ± 2.3 mV 
[WT, n=24], 50.2 ± 4.5 mV [Nim, n=14], 39.1 ± 2.2 mV [Dan, n=17], 35.2 ± 2.9 mV 
[Thap, n=10], 48.8 ± 0.8 mV [MVIIC, n=10], One-Way ANOVA with Bonferroni post 
hoc test, P>0.05). 
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loss of cells expressing a measurable BK current (100% [WT, n=24] versus 56% [Nim, 

n=14], Fisher's exact test, P<0.05) (Figure 30c). Analysis of peak BK current in cells still 

exhibiting a BK current revealed that nimodipine resulted in the largest shift in the I/Imax 

curves and V1/2 values, though this shift was not significantly different from WT neurons  

(45.5 ± 2.3 mV [WT, n=24] versus 50.2 ± 4.5 mV [Nim, n=14], One-Way ANOVA with 

Bonferroni post hoc test, P>0.05) (Figure 30d, e). This data suggests that BK receives a 

large amount of its Ca2+ from LTCCs during the day.   

 However, it should be noted though that L-type channels are not the sole source 

of Ca2+ to the BK channel in the daytime SCN, rather in some SCN neurons, BK currents 

sum Ca2+ from multiple sources like that in adrenal chromaffin cells (Prakriya and Lingle, 

1999; 2000). 3 µM ω-conotoxin MVIIC produced a 24% decrease in peak BK current 

magnitude elicited at the +90 mV voltage step (53 ± 5 pA/pF, n=10, One-Way ANOVA 

with Bonferroni post hoc test, P<0.05) (Figure 30a-e).  Furthermore, 10 µM dantrolene 

reduced BK current activated at +90 mV voltage step by 23% (54 ± 3 pA/pF, n=17, One-

Way ANOVA with Bonferroni post hoc test, P<0.05) (Figure 30a-e). 

Nimodipine alters BK current inactivation during the day 

 Because BK current inactivation is directly tied to BK current activation (Ding 

and Lingle, 2002), we predict that the loss of BK current activation with L-type block 

would result in a loss of BK current inactivation. Nimodipine produced a decrease in the 

number of cells exhibiting inactivating BK currents (BKi, τinact < 110 ms; 75% [WT, 

n=24] versus 0% [Nim, n=14], Fisher's exact test, P<0.05) (Figure 31a).  This data 

suggests that LTCC activation is necessary for inactivating BK currents in the SCN.  ω-

Conotoxin MVIIC (3µM) did not lead to a change in the percentage of BKi currents, the  
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Figure 31: Effect of Ca2+ source block on BK current inactivation during the day. 
(A) The proportion of cells exhibiting a BKi current during the day can usually be 
estimated to be  ~70%.  Nim completely abolishes any BKi currents within the daytime 
SCN (75% [WT, n=24] versus 0% [Nim, n=14], Fisher's exact test, P<0.05). Neither Dan 
(70%, n=17, Fisher's exact test, P<0.05), Thap (60%, n=10, Fisher's exact test, P<0.05), 
or MVIIC (70%, n=10, Fisher's exact test, P<0.05) had an effect on the proportion of BKi 
currents recorded in the SCN during the day. (C)  While BKi currents are still found in 
cells treated with MVIIC, those currents inactivate slower compared to currents from 
controls (45.5 ± 3.4 msec [WT, n=27] versus 79.3 ± 5.1 msec [MVIIC, n=7], One-Way 
ANOVA with Bonferroni post hoc test, P<0.05).  Dan (49.4 ± 4.4 msec, n=12, One-Way 
ANOVA with Bonferroni post hoc test, P>0.05) and Thap (49.0 ± 10.6 msec, n=6, One-
Way ANOVA with Bonferroni post hoc test, P>0.05) had no appreciable effect on BK 
current inactivation. 
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τinact from control values was increased (42.5 ± 3.4 msec [WT, n=27] versus 79.3 ± 5.1 

msec [MVIIC, n=7], Fisher's exact test, P<0.05) (Figure 31b  meaning that N/P/Q-type 

channels are also necessary in order to induce the full amount of inactivation, as LTCC 

activation alone cannot drive complete inactivation of the BK current. 

Block of intracellular Ca2+ store release inhibits BK currents during the night 

 VGCC current magnitude is greater during the day and decreases at night 

(Pennartz et al., 2002).  Because of this decrease in VGCC current at night, and the 

ability for BK channels to couple to Ca2+ release from intracellular stores in other cells 

(Nelson et al., 1995; Prakriya et al., 1996; Prakriya and Lingle, 2000), we predicted that 

BK-VGCC coupling would be diminished during the night, and in its stead, BK channels 

would couple to release from intracellular stores.  We found that using thapsigargin to 

deplete intracellular stores or dantrolene to inhibit Ca2+ release through RyRs resulted in 

a similar decrease (63% for each) in the peak BK current elicited from the +90 mV 

voltage step compared to control currents (69 ± 3 pA/pF [WT, n=25] versus 25 ± 4 pA/pF 

[Dan, n=18], One-Way ANOVA with Bonferroni post hoc test, P<0.05; or 25± 7 pA/pF 

[Thap, n=10], One-Way ANOVA with Bonferroni post hoc test, P<0.05) (Figure 32a, b). 

The thapsigargin and dantrolene induced decrease in current magnitude was also 

associated with a slight decrease in the number of cells exhibiting a BK current at night 

(100% [WT, n=25] versus 78% [Dan, n=18], Fisher's exact test, P<0.05; or 80% [Thap, 

n=10], Fisher's exact test, P<0.05) (Figure 32c).  Finally, analysis of peak BK current in 

cells still exhibiting a BK current revealed that both dantrolene and thapsigargin resulted 

in the slight shift in the I/Imax curves and V1/2 values, though not in a significant manner 

(35.2 ± 2.5 msec [WT, n=25] versus 46.2 ± 4.8 msec [Dan, n=12], One-Way ANOVA  



	

	102	

 
Figure 32: Effect of Ca2+ source block on WT BK currents during the night. 
(A) Representative WT BK currents traces recorded in the absence of presence of 10 µM 
nimodipine (+Nim), 10 µM dantrolene (+Dan), 5 µM thapsigargin (+Thap), or 3 µM ω-
conotoxin MVIIC (+MVIIC).  Voltage protocol same as in Figure 10. (B, C) Peak current 
density plotted as a function of voltage in the different Ca2+ source block conditions (B) 
or at just the +90 mV step (C).  Dan and Thap produced the largest reduction in BK 
current magnitude (69 ± 3 pA/pF [WT, n=25] versus 25 ± 4 pA/pF [Dan, n=18], One-
Way ANOVA with Bonferroni post hoc test, P<0.05; or 25± 7 pA/pF [Thap, n=10], One-
Way ANOVA with Bonferroni post hoc test, P<0.05). MVIIC produced a small, but non-
significant effect, on BK current magnitude (54 ± 8.4 pA/pF, n=9, One-Way ANOVA 
with Bonferroni post hoc test, P>0.05). Nim also had no effect on BK current magnitude 
at night (62 ± 5 pA/pF, n=17, One-Way ANOVA with Bonferroni post hoc test, P>0.05) 
(D) The percent of cells that exhibited a BK current in the presence of Ca2+ source block. 
Dan and Thap produced a slight decline in the amount of neurons that had a measurable 
BK current (100% [WT, n=24] versus 78% [Dan, n=18], Fisher's exact test, P<0.05; or 
80% [Thap, n=10], Fisher's exact test, P<0.05). MVIIC (90%, n=9, Fisher's exact test, 
P>0.05) and Nim (100%, n=17, Fisher's exact test, P>0.05) had no effect on the number 
of neurons with BK currents at night. (E, F) I/Imax relationship (E) and V1/2 values (F) of 
cells still exhibiting a BK current.  None of the Ca2+ channel blockers produced 
significant shifts in the V1/2 values (35.2 ± 2.5 mV [WT, n=25], 38.4 ± 4.4 mV [Nim, 
n=17], 46.2 ± 4.8 mV [Dan, n=12], 48.4 ± 8.5 mV [Thap, n=7], 40.9 ± 6.3 mV [MVIIC, 
n=10], One-Way ANOVA with Bonferroni post hoc test, P>0.05). 
  



	

	103	

with Bonferroni post hoc test, P>0.05; or 48.5 ± 8.4 msec [Thap, n=7], One-Way 

ANOVA with Bonferroni post hoc test, P>0.05)  (Figure 32d, e).   

 We also found an effect of 3 µM ω-conotoxin MVIIC at night, with application 

producing a 22% decrease in BK current magnitude, though not significant (54 ± 8.4 

pA/pF [MVIIC, n=9], One-Way ANOVA with Bonferroni post hoc test, P>0.05) (Figure 

32a-e).  Together, the data suggest that while during the day, BK channels couple to 

LTCCs,  at night BK channels couple to release from intracellular stores through RyRs.  

Furthermore, our data suggests that a small subset of BK channels are statically coupled 

to N/P/Q-type channels, regardless of the time of day. 

(S-) Bay K 8644 produces an increase in BK currents during the day but not the night 

 If there is a diurnal regulation of BK-Ca2+ channel coupling across the circadian 

cycle, what is the nature of this apparent change in coupling between the day and the 

night?  For example, the BK-LTCC complexes could stay coupled across the circadian 

cycle but as more BK channels are made and inserted into the membrane at night, these 

additional BK channels may couple to intracellular store release, overpowering the effect 

of any L-type release on measured BK current.  Alternatively, the BK-Ca2+ channel 

coupling may be more dynamic, where at night BK-LTCC channel complexes may 

dissociate when fewer LTCCs are predicted to be present.  In order to understand the 

nature of this coupling, we recorded BK currents in the presence of activators of both 

voltage-gated LTCC(5 µM (S-) Bay K 8644), and RyR release (100 nM ryanodine) 

(Figure 33a). We predicted that if BK-LTCC coupling remained constant between the 

day and the night, we would see an increase in peak BK current, regardless of the time of 

day of Bay K application.  Because we still see effects of RyR block at both times of day, 
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we also predicted that BK currents would be increased with application of ryanodine, 

regardless of the time of the day. 

 Application of both 5 µM Bay K (107 ± 8 pA/pF, n=8, One-Way ANOVA with 

Bonferroni post hoc test, P<0.05) and 100 nM ryanodine (101 ± 15 pA/pF, n=7, One-

Way ANOVA with Bonferroni post hoc test, P<0.05) resulted in an increase (53% and 

44% respectively) in the peak BK current magnitude recorded during the day (Figure 

33b).  This increase in BK current was also associated with a shift in the I/Imax curves to 

more hyperpolarized voltages, as evidenced by the more hyperpolarized V1/2 values (26.6 

± 6 mV [Bay K], One-Way ANOVA with Bonferroni post hoc test, P<0.05; 24.9 ± 4mV 

[Ryan], One-Way ANOVA with Bonferroni post hoc test, P<0.05) (Figure 33c).  At night, 

application of ryanodine (100 nM) resulted in an increase in the peak BK current 

magnitude elicited at +90 mV (93 ± 18 pA/pF, n=8, One-Way ANOVA with Bonferroni 

post hoc test, P<0.05), whereas  application of Bay K had no effect (73 ± 6 pA/pF, n=7, 

One-Way ANOVA with Bonferroni post hoc test, P>0.05) (Figure 33d). Furthermore, 

this increase in BK current with ryanodine was also associated with a shift in the I/Imax 

curves to more hyperpolarized voltages, as evidenced by the more hyperpolarized V1/2 

value (22.4 ± 4.7 mV, One-Way ANOVA with Bonferroni post hoc test, P<0.05) (Figure 

33e).  Thus, this data suggests that BK-Ca2+ channel coupling over the circadian cycle is 

dynamic and that L-type channel coupling to the BK channel decreases at night, allowing 

for more BK channels to couple to release from intracellular stores. 
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Figure 33: Effect of Ca2+ source activators on WT BK currents in SCN. 
(A) Representative WT BK currents traces recorded in the absence of presence of 5 µM 
(S-) Bay K 8644 (+Bay K), and 100 nM Ryanodine (+Ryan).  Voltage protocol same as 
in Figure 10. (B) Peak current density from daytime neurons plotted as a function of 
voltage in the different Ca2+ source block conditions.  Both Bay K(107 ± 8 pA/pF, n=8, 
One-Way ANOVA with Bonferroni post hoc test, P<0.05) and Ryan (101 ± 15 pA/pF, 
n=7, One-Way ANOVA with Bonferroni post hoc test, P<0.05) produced an increase BK 
current magnitude. (C) V1/2 values illustrating that both Bay K and Ryan produce larger 
currents through a shift in the voltage-dependence of activation to more hyperpolarized 
membrane potentials (26.6 ± 6 mV [Bay K], One-Way ANOVA with Bonferroni post 
hoc test, P<0.05; 24.9 ± 4mV [Ryan], One-Way ANOVA with Bonferroni post hoc test, 
P<0.05). (D) Peak current density from nighttime neurons plotted as a function of voltage 
in the different Ca2+ source block conditions.  Only Ryan produced the larger BK 
currents (93 ± 18 pA/pF, n=8, One-Way ANOVA with Bonferroni post hoc test, P<0.05).  
Bay K had no effect (73 ± 6 pA/pF, n=7, One-Way ANOVA with Bonferroni post hoc 
test, P>0.05) (E) V1/2 values illustrating that Ryan produce larger currents through a shift 
in the voltage-dependence of activation to more hyperpolarized membrane potentials 
(22.4 ± 4.7 mV, One-Way ANOVA with Bonferroni post hoc test, P<0.05). Bay K had 
no effect on the voltage-dependence of activation (34.0 ± 2.3 mV, One-Way ANOVA 
with Bonferroni post hoc test, P<0.05). 
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(S-) Bay K 8644 produces an increase in BK current inactivation during the day but 

not the night 

 Because L-type block with nimodipine abolished inactivating currents in daytime 

SCN neurons, we predicted that if voltage-gated LTCCs are sufficient to cause 

inactivation of BK channels, increasing LTCC activation with Bay K would result in an 

increase in the amount of inactivation found during the day.  Using Bay K, we found that 

a significantly greater number of BK currents could now be defined as BKi currents 

during the day (100%, Fisher's exact test, P<0.05) (Figure 34a).  Furthermore, even 

though we saw no effect of Bay K on peak BK current magnitude at night, we found a 

slight increase in the number of BKi at night in the presence of Bay K (16% for WT vs 

48% for Bay K, Fisher's exact test, P<0.05) (Figure 34a). This increase in the proportion 

of BKi currents was also associated with a smaller	τinact of inactivating currents at night, 

though this was not significant (85.6 ± 15.6 msec [WT, n=4] versus 68.0 ± 9.0 msec [Bay 

K, n=8], One-way ANOVA with Bonferroni post hoc test, P>0.05) (Figure 34b).   

The increase in inactivation wasn’t due to a general increase in Ca2+ causing an 

increase in activation of the BK current, as ryanodine had no effect on the proportion of 

BKi currents (Figure 34a).  In fact, during the day ryanodine promoted a slowing of 

inactivation, as τinact values were much larger for BK currents recorded in ryanodine 

compared to controls (45.5 ± 3.4 msec [WT, n=27] versus 95.5 ± 5.1 msec [Ryan, n=5], 

One-way ANOVA with Bonferroni post hoc test, P<0.05) (Figure 34b). Because steady-

state BK current is a function of the amount of inactivation present, we found that 

Ryanodine during the day significantly increased steady-state BK current at the +90 mV  
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Figure 34: Effect of Ca2+ source activation on BK current inactivation. 
(A) The proportion of cells exhibiting a BKi current during the day (filled boxes) are 
increased in the presence of Bay K (100%, Fisher's exact test, P<0.05), but unchanged in 
the presence of Ryan (71%, Fisher's exact test, P>0.05). At night, Bay K also produces an 
increase in BKi currents (48%, Fisher's exact test, P<0.05) while Ryan has no effect on 
the proportion of BKi currents (38%, Fisher's exact test, P>0.05). (B) τinact values 
dramatically slow from day to night (45.5 ± 3.4 msec [WT day, n=27] versus 85.6 ± 15.6 
msec [WT night, n=4], One-way ANOVA with Bonferroni post hoc test, P<0.05).  While 
Bay K has no effect on τinact at either time of day (40.2 ± 5.1 msec [Bay K day, n=8] 
versus 68.0 ± 9.0 msec [Bay K night, n=8], One-way ANOVA with Bonferroni post hoc 
test, P<0.05), Ryan dramatically slowed inactivation during the day (95.5 ± 5.1 msec, 
n=5, One-way ANOVA with Bonferroni post hoc test, P<0.05) with no effect at night 
(72.1 ± 18.9 msec, n=3, One-way ANOVA with Bonferroni post hoc test, P>0.05). (C) 
Steady-state (SS) current magnitude plotted as a function of membrane potential for 
daytime neurons.  Correlated with the increase in τinact, cells treated with Ryan have a 
much larger steady-state BK current during the day(19 ± 3 pA/pF [WT, n=24] versus 39 
± 4 pA/pF [Ryan, n=7], One-way ANOVA with Bonferroni post hoc test, P<0.05). Bay K 
had no further effect on steady-state current magnitude (15 ± 3 pA/pF, n=8, One-way 
ANOVA with Bonferroni post hoc test, P>0.05) during the day. (D) SS current 
magnitude plotted as a function of membrane potential for nighttime neurons.  Neither 
Bay K (31 ± 2 pA/pF [WT, n=25] versus 25 ± 3 pA/pF [Bay K, n=17], One-way 
ANOVA with Bonferroni post hoc test, P>0.05) nor Ryan (40 ± 12 pA/pF, n=9, One-way 
ANOVA with Bonferroni post hoc test, P>0.05) had an effect on SS curent magnitude. 
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step (19 ± 3 pA/pF [WT, n=24] versus 39 ± 4 pA/pF [Ryan, n=7], One-way ANOVA 

with Bonferroni post hoc test, P<0.05) (Figure 34c). 

β2 KO produces BK currents sensitive to both LTCC and RyR block 

 The loss of LTCC-BK channel coupling during the night could be explained 

through both the general decrease in LTCC current recorded as well as the increase in BK 

channel expression during the night (Pennartz et al., 2002). However, more BK-β2 

complexes are available during the day (Chapter III), and β2 shifts the voltage-

dependence of activation to more hyperpolarized membrane potentials at all Ca2+ 

concentrations. Therefore, β2 may enhance the BK current at a given Ca2+ concentration 

compared to BK currents unpaired to β2, demonstrating that β2 may also play a role in 

BK-Ca2+ channel coupling.. Therefore we predict that β2 may be an important regulator 

in coupling of BK channels to voltage-gated LTCCs.  To test this, we recorded β2 KO 

SCN BK currents in the presence of nimodipine and dantrolene during the day (Figure 

35a).  Application of nimodipine in β2 KO cells produced a 64% reduction in peak BK 

currents at the +90 mV step (69.3 ± 6.1 pA/pF [β2 KO, n=23] versus 32.0 ± 6.7 pA/pF 

[Nim, n=18], One-way ANOVA with Bonferroni post hoc test, P<0.05)  (Figure 35b). 

Whereas dantrolene application only had a small effect on WT BK current density (23% 

reduction), β2 KO current density was significantly decreased in the presence of 

dantrolene (51% decrease, 35.4 ± 8.6 pA/pF [Dan, n=13], One-way ANOVA with 

Bonferroni post hoc test, P<0.05)  (Figure 35b).  Nimodipine reduced the amount of cells 

with a BK current in β2 KO cells (100% [β2 KO] versus 72% [Nim], Fisher's exact test, 

P<0.05).  Thus nimodipine had a smaller effect on the number of cells with a BK current 

in β2 KO cells compared WT (56% [WT] versus 72% [β2 KO], Fisher's exact test,  
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Figure 35: Effect of Ca2+ source block on β2 KO BK currents during the day. 
(A) Representative β2 KO BK currents traces recorded in the absence of presence of 10 
µM nimodipine (+Nim) and 10 µM dantrolene (+Dan).  Voltage protocol same as in 
Figure 10. (B) Peak current density plotted as a function of voltage in the different Ca2+ 
source block conditions.  Unlike with WT neurons, both Nim (69.3 ± 6.1 pA/pF [β2 KO, 
n=23] versus 32.0 ± 6.7 pA/pF [Nim, n=18], One-way ANOVA with Bonferroni post hoc 
test, P<0.05) and Dan (35.4 ± 8.6 pA/pF [Dan, n=13], One-way ANOVA with Bonferroni 
post hoc test, P<0.05)  produced the a modest decrement in BK current magnitude. (C) 
The percent of cells that exhibited a BK current in the presence of Ca2+ source block. 
Nim (100% [β2 KO] versus 72% [Nim], Fisher's exact test, P<0.05) and Dan (77% [Dan], 
Fisher's exact test, P<0.05) both produced a slight decline in the amount of neurons that 
had a measurable BK current. (D, E) I/Imax relationship (D) and V1/2 values (E) 
illustrating that in the cells that still have a measurable BK current, Nim and Dan had no 
measurable effect on the BK current's voltage dependence of activation (30.3 ± 3.0 mV 
[β2 KO] versus34.4 ± 4.5 mV [Nim], One-Way ANOVA with Bonferroni post hoc test, 
P>0.05; or 32.3 ± 4.1 mV [Dan], One-Way ANOVA with Bonferroni post hoc test, 
P>0.05). 
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P<0.05) (Figure 35c).  The proportion of cells with a BK current was also decreased in β2 

KO cells compared to WT in the presence of dantrolene (100% [β2 KO] versus 77% 

[Dan], Fisher's exact test, P<0.05) (Figure 35c).  Furthermore, analysis of peak BK 

current in cells still exhibiting a BK current revealed that neither dantrolene or 

nimodipine resulted in a shift in the I/Imax curves and V1/2 values in β2 KO cells(30.3 ± 

3.0 mV [β2 KO] versus34.4 ± 4.5 mV [Nim], One-Way ANOVA with Bonferroni post 

hoc test, P>0.05; or 32.3 ± 4.1 mV [Dan], One-Way ANOVA with Bonferroni post hoc 

test, P>0.05)  (Figure 35d, e). These results reveal that loss of β2 produces BK currents 

that require both nimodipine and dantrolene for full activation 

 At night, no difference was observed between WT and β2 KO cells and the 

sensitivity to block by dantrolene. 10 µM dantrolene produced a 83% reduction in peak 

BK currents at the +90 mV step (69.1 ± 4.6 pA/pF [β2 KO] versus 11.8 ± 4.1 pA/pF 

[Dan], One-Way ANOVA with Bonferroni post hoc test, P<0.05) (Figure 36a, b), and 

decreased the amount of cells with a measurable BK current (100% [β2 KO] versus 63% 

[Dan], Fisher's exact test, P<0.05), similar to WT night neurons (Figure 36c).  I/Imax 

curves and V1/2 values were also shifted to more depolarized membrane potentials in the 

presence of dantrolene in β2 KO cells at night, though this difference was not significant 

(29.2 ± 2.2 mV [β2 KO] versus 38.2 ± 6.2 mV [Dan], One-Way ANOVA with 

Bonferroni post hoc test, P<0.05) (Figure 36d, e).  This data suggests that β2 is necessary 

for the full coupling to LTCCs during the day. 
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Figure 36: Effect of Ca2+ source block on β2 KO BK currents during the night. 
(A) Representative β2 KO BK currents traces recorded in the absence of presence of 10 
µM nimodipine (+Nim) and 10 µM dantrolene (+Dan).  Voltage protocol same as in 
Figure 10. (B) Peak current density plotted as a function of voltage in the different Ca2+ 
source block conditions.  Like with WT neurons, Dan produced a large decrement in BK 
current magnitude (69 ± 5 pA/pF [β2 KO, n=18] versus 12 ± 4 pA/pF [Dan, n=9], One-
Way ANOVA with Bonferroni post hoc test, P<0.05), with no effect of Nim (60 ± 5 
pA/pF, n=12, One-Way ANOVA with Bonferroni post hoc test, P>0.05). (C) The percent 
of cells that exhibited a BK current in the presence of Ca2+ source block. Dan produced a 
slight decline in the amount of neurons that had a measurable BK current (100% [β2 KO] 
versus 63% [Dan], Fisher's exact test, P<0.05) while Nim had no effect (100%, n=12, 
Fisher's exact test, P>0.05) (D, E) I/Imax relationship (D) and V1/2 values (E) illustrating 
that in the cells that still have a measurable BK current, Ca2+ channel block had no effect 
on voltage dependence of activation (29.2 ± 2.2 mV [β2 KO], 38.2 ± 6.2 mV [Dan], 31.7 
± 3.9 mV [Dan]One-Way ANOVA with Bonferroni post hoc test, P>0.05). 
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VI. Discussion 

BK-Ca2+ channel coupling is diurnally regulated 

 In the present chapter, we have determined that coupling of BK channels to their 

Ca2+ source is diurnally regulated.  BK channels couple primarily to LTCCs during the 

day, with a small amount also coupling to N/P/Q-type channels and RyR mediated-store 

release.  At night, the primary Ca2+-source for BK changes to intracellular store release 

through RyRs; however, a small amount of BK still remains coupled to N/P/Q-type 

channels.  This data suggests that this change in coupling could be due, at least in part, to 

the decrease in β2:α ratio, as loss of β2 during the day leads to an increase in the effects 

of dantrolene. However, this result though does not rule out the role of decreasing the 

LTCC current from day to night as a mechanism through which BK-LTCC coupling 

could be regulated. The LTCC is roughly estimated to be twice as large during the day 

compared to the night (Pennartz et al., 2002) and it could be both the decrease in LTCC 

current and β2:α ratio working to eliminate LTCC coupling to BK channels at night. 

 It is interesting to note that in our data analysis, none of the Ca2+ channel blockers 

produced significant shifts in the BK V1/2 values, even though blockers were able to 

decrease the amount of BK current.  Furthermore, we were able to measure significant 

shifts in the voltage-dependence of activation of BK currents using activators of Ca2+ 

channels. A limit in the interpretation of our data could be that we used a Boltzmann 

function to fit our data, which is normally used to fit conductance values to determine the 

probability of finding whether a channel is in the open or closed state. Our data utilized 

raw measurement of current, which unlike conductance, is not only determined via the 

open or closed state of the channel, but also driving force, Ca2+-dependent activation, and 
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any other cellular signaling mechanism that may be variable within our physiological 

system. Furthermore, our voltage-protocol is limited, and does not produce a saturation in 

current activation, making use of the Boltzmann function, a sigmoidal function, to fit the 

data liable to produce variable results.  But, when Ca2+ channel activators are used, the 

current-voltage relationship is shifted to more hyperpolarized potentials and V1/2 values 

are consequently more able to be accurately measured. Thus, in situations where BK 

current is activated using intrinsic Ca2+ sources, without further activation, we may be 

limited in measuring parameters such as V1/2. 

 How does β2 mediate the coupling between LTCCs and BK channels? One 

mechanism that may explain this is that β2 links BK channel activation to LTCC Ca2+ 

influx, through a shift in the voltage-dependence of activation of the BK channel. Thus, 

perhaps the BK channel is normally situated far enough away from LTCCs, that Ca2+ 

influx through LTCCs may not alone appreciably activate the channel. In β2 KO, we 

found that while LTCC block resulted in a percent reduction of BK current in daytime 

cells, similar to WT (64% reduction to 77% reduction, respectively), β2 KO also 

produced cells that were sensitive to block of RyR-mediated Ca2+ release, something not 

evident in WT daytime neurons.  While LTCCs may still be activating BK channels in b2 

KO neurons directly, the onset of RyR-mediated activation in β2 KO neurons suggests 

that perhaps LTCC Ca2+ influx also drives activation of Ca2+ release from RyRs during 

the day (Endo et al., 1970; Llano et al., 1994; Marrion and Adams, 1992).  Thus, when β2 

is present, the BK channels are normally inactivated and thus no further activation would 

be seen with this "extraneous" RyR release.  However, when β2 is not present, perhaps 

the LTCC-dependent activation we see on the channels is mediated through RyR release.  
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Thus, LTCC may not directly activate BK channels, rather it may be an indirect 

mechanism through RyR activation.  This could be tested in future experiments using 

both dantrolene and nimodipine together on β2 KO day neurons, and measuring the 

amount of current reduction.  If LTCC-dependent activation of BK currents is mediated 

through RyR release in daytime β2 KO neurons, we would predict the amount of current 

decrement to be equal to nimodipine or dantrolene treatment alone. 

However, it is also interesting to note that when LTCC-BK channel coupling is 

abolished, as it is during the night in WT neurons, or even partially ameliorated, as during 

the day in β2 KO neurons, BK channels couple with store release from RyRs, almost as a 

default mode.  It is possible that β2 may also contain a trafficking signal directing the 

BK-β2 complex to scaffolding very close to LTCCs. Data already suggests that β2 is 

involved in BK channel trafficking to endocytic zones (Zarei et al., 2007). While only 

endocytic trafficking signals have been found in the β2 sequence, β1 has been implicated 

in trafficking BK channels to subcellular regions within the plasma membrane (Martin et 

al., 2004). Perhaps, normally BK channels randomly distribute to areas throughout the 

plasma membrane, but auxiliary subunits help direct this trafficking to certain subcellular 

regions. Thus β-subunits, besides imparting altered channel properties, may also alter 

channel trafficking, directing them to different Ca2+ sources. 

BK coupling to LTCCs is necessary for inactivation of BK currents 

 We have determined that LTCC activation is necessary to drive inactivation of the 

BK channels. Interestingly, if LTCCs specifically couple to BK-β2 complexes and drive 

activation of the current, this would allow the current to inactivate more completely.  This 

effect is not due to an increase in Ca2+ through activation of LTCCs, as increasing Ca2+ 
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by activating RyR release leads to a slowing of inactivation of BK currents.  This may be 

of physiological importance, as LTCC current is necessary for a subthreshold oscillation 

in membrane potential during the day (Jackson et al., 2004; Pennartz et al., 2002). This 

subthreshold oscillation may be important for promoting and keeping the BK current 

inactivated during the day during action potentials and during the inter-spike potential.  

Indeed, coupled with the fact that SCN neurons exhibit pacemaker-like depolarized 

resting membrane potentials (de Jeu et al., 1998; Jackson et al., 2004), this subthreshold 

oscillation in membrane potential due to LTCCs may be sufficient enough to either 

promote BK channel inactivation from the closed state (Ding and Lingle, 2002) or reduce 

the recovery from inactivation, allowing for a cumulative inactivation of the current 

during the day. 
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VII. DIURNAL REGULATION OF BK CURRENT IS NECESSARY FOR 

SETTING NORMAL FIRING RATE IN SCN NEURONS DURING THE DAY 

AND NORMAL CIRCADIAN BEHAVIOR 

VII.1 Introduction 

Portions adapted from Whitt et al., 2016. 

 BK current magnitude is diurnally regulated within the SCN, and this thesis 

demonstrates that so are BK current properties.  Through inactivation due to β2, 

alternative splicing of a “harder-to-open” channel isoform during the day and diurnal 

regulation of Ca2+ sources, BK current is limited during the day. However, while these 

BK current properties are diurnally regulated, the impact of each of these mechanisms  

(β-subunits, Ca2+ sources, alternative splicing) on SCN firing rate during the day is 

unknown. 

 In other neurons, such as pyramidal neurons of the cortex and hippocampus, 

where firing rate is faster, and resting membrane potentials hyperpolarized, BK currents 

play a role in setting firing rate through participating in repolarization and the fAHP 

(Storm, 1987). However, characteristic of pacemaking neurons, SCN neurons fire slower 

more regular action potentials (Jackson et al., 2004). Pacemaking neurons, like those in 

the SCN, are proposed to set firing rate through the balance of currents during the inter-

spike interval (Khaliq and Bean, 2010). As such, with a depolarized resting membrane 

potential, it is possible that even small amounts of BK current may modulate firing rate in 

the SCN through participating in setting the resting membrane potential.  Thus, if 

inactivation, alternative splicing, and changes in the Ca2+ sources limits BK current 
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during the day, this may eliminate the role BK would have in setting firing rate during the 

day, while still affecting firing rate at night. 

VII.1 Materials and Methodology 

Organotypic slice culture 

Brains are harvested from postnatal day 4 mice, and the hypothalamus is blocked 

and sectioned into 300 µm coronal slices using a manual chopper (Stoelting). Slices 

containing SCN nuclei are transferred onto Millicell filters (Millipore) and cultured as 

interface explants in a 5% CO2 incubator at 37°C. After 2 days, 20 µM cytosine β-D-

arabinofuranoside (ara-C, Sigma) is added to inhibit glial proliferation, and the media is 

changed every 3 days thereafter. 

Multielectrode array recordings 

After 7 days in culture, organotypic slices are cut from the surrounding membrane, 

inverted over the 64-electrode grid, and adhered to 0.1% polyethylenimine and collagen-

treated P210A probes (Alpha MED Scientific). The slice is gently floated in 200 µL of 

media until the 64-electrode grid is determined to be in the boundaries of the SCN.  The 

media is aspirated out, and the probes are sealed with a vacuum-greased coverslip and 

placed in a 37°C incubator for 6 minutes.  Probes are then filled with 300 µL of media 

and kept in culture in the 37°C incubator. 

For recording, probes are placed on a MED CO2P connector headstage, sealed 

with a vacuum-greased coverslip, and maintained in a humidified 5% CO2 incubator at 

37 °C for the duration of the recordings. Media changes are maintained every 3 days. 

Signals from all electrodes on the probe are collected simultaneously with the 64-channel 

integrated amplifier (Alpha MED Scientific) and analysed as described below. Five-
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second data samples are collected every 5 min at 20 kHz in Conductor v3.1f  or Mobius 

software (Alpha MED Scientific). Spontaneous extracellular action potentials from 

visually identified electrodes within the SCN are discriminated offline using threshold-

based event counting. Circuit analysis is performed on each slice from three cycles of 

activity at all electrodes within the SCN. The multiunit spontaneous action potential 

activity from each electrode located within the SCN is classified as rhythmic or 

arrhythmic. For rhythmic recordings, a 2 h moving window average is applied to the raw 

data to calculate the daily firing rate peak, and the ‘day’ firing rate value is the average of 

activity for 2 h centred around the peak for each recording. Firing rate at the trough is 

calculated from 2 h of activity at the nadir between two peaks. Arrhythmic firing is 

calculated as the average firing across the whole cycle. Circadian amplitude is reported as 

the χ2 periodogram peak value (Clocklab; Actimetrics). τ, the length of the circadian 

period of the neural activity rhythm, is determined as the highest peak above the 99% 

confidence interval of a χ2 periodogram. 

Circadian behavioral rhythms 

For locomotor rhythms, mice (3–5 months old) are housed individually in cages 

containing a running wheel for 10 days in LD and 16 days in constant darkness (DD). 

Activity is sampled every 10 min in ClockLab software (Actimetrics). Actograms are 

constructed by double-plotting consecutive days of activity over the recording period. 

Circadian period and amplitude are determined from 10 days of wheel running activity in 

DD in Clocklab software. For re-entrainment experiments, after 7 days of stable 

entrainment, the LD cycle is phase advanced by 6 h. The response is calculated as the 

number of days to stable re-entrainment. After keeping mice in DD for 8 days, phase 
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shifts in response to light pulses are calculated as the number of hours between the 

activity onset regression fits before and after a 30-min light pulse delivered in early 

subjective night (CT16). Alpha is determined as the length of time an animal had 

consolidated activity using default settings with manual adjustment, with rho defined as 

the portion of the cycle outside of alpha. Bouts are calculated using default settings. Data 

was excluded from mice that failed to run on wheels for two consecutive days. 

SCN electrophysiology 

 For passive membrane properties, whole-cell recordings are performed as above 

using the same internal solution as for current- and voltage-clamp recording, with 

tetrodotoxin (1 µM) in the bath. After break in, the membrane potential is recorded, 

followed by current injection steps (0 to −25 pA, in 5 pA increments). Input resistance is 

calculated as the linear slope of the voltage. For experiments where currents are 

categorized as BKs or BKi, cells are switched to voltage-clamp mode after recording Vm 

and Ri, and BK currents were isolated and τinact values are obtained as described in the 

previous section. 

 For BKi and BKs recordings of Vm, Ri, subthreshold SCN BK currents, and BK 

currents evoked by action potential commands, recordings are performed in 1 µM 

tetrodotoxin. After recording Vm and Ri as described above, cells are switched to 

voltage-clamp mode to record macroscopic currents and determine inactivation properties. 

Cells are stepped from a holding potential of −90 to +90 mV for 150 ms to determine BKi 

and BKs by τinact as described previously. Subthreshold protocol: After holding at 

−150 mV for 100 ms, cells are stepped from −60 to −30 mV (in 5 mV increments), and 

then stepped back to −150 mV for 100 ms followed by action potential commands. 
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Previously acquired native action potential waveforms were obtained from daytime or 

night time SCN recordings. For day and night, the action potential parameters are 

indicated in the figure legends. Three sequential action potentials are applied at the 

average BKi daytime firing rate (2.25 Hz) or night time BKs firing rate (1 Hz) as depicted 

in the figures. Current–voltage relationships are plotted, and the action potential-evoked 

peak and subthreshold currents are normalized to the cell capacitance. 

VII.3 Results 

Loss of β2 results in diminished circadian rhythmicity of the SCN circuit as well as 

circadian behavioral rhythms 

Reprinted from Whitt et al., 2016. 

The SCN expresses two subunits with the potential to modify BK channel 

properties, β2 and β4, but of these, only β2 can cause inactivation of BK currents. Since 

β subunits are proposed to tailor BK channel properties and contribute to distinct patterns 

of excitability across tissues, to establish the importance of the β subunit in the SCN 

circuit, we made long-term recordings of spontaneous action potential activity from WT, 

β2 KO, and β4 KO SCNs. Individual SCN neurons function as coupled, autonomous 

oscillators, generating a robust synchronized rhythm in firing in ex vivo cultures (Aton et 

al., 2005; Liu et al., 1997)(Figure 37a). β2 KO SCNs had significantly reduced 

rhythmicity overall (Figure 37b). Associated with the reduced overall rhythmicity, β2 KO 

SCNs produced a decrease in the number of rhythmic recordings, as well as a reduction 

in the circadian amplitude of the rhythmic recordings (Figure 37c, d). While the circadian 

period of the rhythmic activity was not different (WT, 24.2±1.3 h and β2 KO, 23.4±1.2 h,  

  



	

	121	

 
Figure 37: Circadian circuit and behavioral rhythmicity in WT and β2 KO mice. 
(A) Representative spontaneous action potential activity recorded for 3 days on a 
multielectrode array from WT SCNs. Firing rate shows a robust peak-to-trough 
difference. (B) β2 KO SCN activity. Firing amplitude and rhythmicity were reduced. (C) 
The percentage of recordings within the SCN exhibiting rhythmic firing is decreased in 
β2 KO compared with WT and β4 KO SCNs (n=8, 11 and 10 SCN slices, respectively). 
(D)  χ2 periodogram analysis of action potential activity. χ2 circadian peak amplitudes 
were reduced in β2 KO compared with WT and β4 KO SCNs. (E)Multiunit firing 
frequency from the peak and trough of rhythmic recordings, or from arrhythmic 
recordings. β2 KO firing is reduced during the peak. (F) Locomotor wheel running 
activity from a representative WT mouse. (G) β2 KO actogram. (H)  χ2 periodogram 
analysis of wheel behaviour. Dotted line denotes 3,000 (amplitude. (I) β2 KO mice re-
entrained to a 6 h phase advance of the light–dark cycle faster than WT. (J)  Exposure to 
a light pulse at CT16 caused a greater phase delay in β2 KO compared with WT. All 
values are mean±s.e.m. *P<0.05, Bonferroni post hoc or t-test. 
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P=0.8), action potential activity at the peak was reduced in multi-unit recordings (Figure 

37e).  

As well as alterations in the circadian circuit rhythmicity, β2 KO mice exhibited 

reduced circadian behavioral rhythms (Figure 37h, Table 1). This reduction in rhythm 

was associated with an increase in activity during the light phase (the mouse’s normal 

inactive phase).  Decreased circadian behavioral amplitudes are associated with a more 

labile pacemaker (Montgomery et al., 2013; Pendergast et al., 2010; Vitaterna et al., 

2006), and consistent with this, β2 KO mice re-entrained about a day faster to a 6-h phase 

advance of the light:dark cycle and had augmented responses to a phase-shifting light 

pulse (Figure 37i, j, Table 1).  Taken together, these results suggest that β2 is important 

for the circadian patterning of action potential activity in the SCN circuit, and that this 

mechanism is required for proper circadian rhythmicity in the animal as a whole. 

Furthermore, the circadian alterations were specific to loss of β2, as deletion of 

the β4 subunit, which is also expressed in SCN, did not result in significant changes in 

neuronal firing or behavioural activity (Figure 37c-e, Table 1).  

Loss of β2 results in reduction of daytime firing rate in SCN neurons 

Reprinted from Whitt et al., 2016. 

 Because β2 KO had such a large effect on circadian circuit and behavioral 

rhythmicity specifically during the day and causes a loss of the dominant BKi currents  

during the day, we predicted that loss of β2 and selective rescue of inactivation with β2N 

would alter SCN neuronal firing rate. To test this, we recorded spontaneous action 

potentials from WT and β2 KO SCN neurons. WT neurons fire at higher frequencies  
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Table 1: Summary of circadian behavioral rhythms 
 WT β2 KO WT β4 KO 

LD    (n = 10)     (n = 10)   (n=8)  (n=8) 
τ  (hrs) 24.0 ± 0.01   24.0 ± 0.02   24.0 ± 0.01    24.0 ± 0.02 
χ2 amp    1730 ± 90 1410 ± 170   1865 ± 44   1930 ± 82 

     
DD    (n = 15)     (n = 15)   (n=8)         (n=8) 

τ  (hrs)  23.8 ± 0.08   23.7 ± 0.05    23.9 ± 0.03    23.9 ± 0.03 
χ2 amp  2853 ± 146*   2099 ± 167* 1894 ± 142   1916 ± 117 

FFT rPSD (x10-2)  17 ± 1*   10 ± 2* 15 ± 1       16 ± 1 
α  (hrs)     11.6 ± 0.3 11.6 ± 0.3 12.6 ± 0.2    12.5 ± 0.4 

Bout Length (mins) 184.7 ± 17.9 164.9 ± 11.9 211.7 ± 21.1  240.4 ± 16.5 
Counts/Bout   6553 ± 1124   6129 ± 1359   9974 ± 1164 11507 ± 999 
Bouts/Day   3.0 ± 0.2   3.5 ± 0.2      3.0 ± 0.2      2.8 ± 0.2 

Total counts 18371 ± 2682 18800 ± 3278 29173 ± 2320 31373 ± 1800 
α  counts 17858 ± 2628 18003 ± 3260 28489 ± 2231 30585 ± 1757 
ρ  counts   425 ± 69*    837 ± 176*   697 ± 155  777 ± 137 

     
Light pulse, CT16      (n = 15)     (n = 15)   
Phase shift (hrs)     -1.8 ± 0.1*   -2.3 ± 0.1*   

Phase Advance,+6L      (n = 10)     (n = 10)   
Days to re-entrain       5.1 ± 0.3*     3.9 ± 0.4*   

 

Data are presented as mean ± s.e.m. For WT versus β2 KO, *p < 0.05, unpaired t-tests. 
LD, light-dark; DD, constant darkness; FFT, fast Fourier transform; rPSD, relative power 
spectral density; CT16, circadian time 16 h (4 hours after activity onset during constant 
darkness); +6L, 6 h phase advance of the light:dark cycle at lights on. 
  



	

	124	

during the day and decrease firing at night (Figure 38a, b). Neurons with BKi currents 

fired faster than those with BKs currents regardless of time of day, suggesting that 

inactivation may play a role in setting firing rate. Furthermore, the relative difference in 

firing between BKi and BKs neurons during the day was as large as the net diurnal 

difference in firing across the SCN (Figure 38b), suggesting BK inactivation may be 

fundamental to the diurnal regulation of firing rate. Consistent with this, β2 KO neurons 

did not exhibit a day–night difference in firing rate, stemming from a marked reduction in 

daytime firing (Figure 38b, c). To verify that the reduced firing, which was correlated 

with larger BK currents in β2 KO neurons, was due to BK, the BK channel blocker 

paxilline was applied. The reduced firing in β2 KO neurons was reversed by paxilline 

(Figure 38b), demonstrating that BK channels were responsible for the altered excitability 

in β2 KO neurons. These results corroborate the reduced peak firing observed in SCN 

circuit recordings (Figure 37e). In addition, these data may also explain why loss of BK 

currents during the day has apparently little effect on WT firing rates (Cloues and Sather, 

2003; Meredith et al., 2006). A detectable change in firing after BK block in WT neurons 

may be precluded under standard daytime conditions when two-thirds of SCN neurons 

undergo BK inactivation. Following this idea, application of β2N, but not β2NΔ
FIW, 

resulted in increased daytime β2 KO firing rates back to WT levels (Figure 38b, d). β2N 

had no further consequences on firing beyond that of blocking the BK current with 

paxilline (Figure 38b), demonstrating that the restoration of firing with β2N acts 

selectively through BK channels. These results suggest that inactivation normally 

removes BK currents from influencing action potential firing rate during the day. 
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Figure 38: Action potential firing rate in WT and β2 KO SCN neurons. 
(A) Spontaneous action potential activity from representative day (BKi) and night (BKs) 
WT neurons. Dotted line (A, C, D) denotes −50 mV. (B) In WT SCNs, BKi neurons fired 
at higher frequencies than BKs, similar to the average day–night difference in firing. β2 
KO neurons did not exhibit a diurnal difference in frequency, and during the day, fired at 
levels similar to WT night. Application of β2NΔ

FIW to daytime β2 KO neurons had no 
effect on frequency, but β2N increased firing rate to WT levels. (C) Day (BKs) and night 
(BKs) β2 KO neurons. (D) Day β2 KO neurons with 50 µM β2N (BKi) or 50 µM 
β2NΔ

FIW (BKs). All values are mean±s.e.m. n values: WT: BKi (17), BKs (10), day (17), 
night (20); β2 KO: day (19), night (19), β2NΔ

FIW (20), β2N (19), β2N/pax (8), and pax (8). 
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Illustrating this in another way, β2N could also aberrantly suppress BK current 

(Figure 20b) and elevate firing if applied to WT neurons at night (Figure 39a, b), 

illustrating the importance for the normal reduction in BKi currents during the night. 

Furthermore, while β4 is expressed in SCN neurons, β4 KO had no effect on 

firing rate during the day compared to WT controls (Figure 40a), suggesting that BK-β4 

currents do not participate in setting firing rate during the day. 

Loss of β2 results in altered subthreshold membrane properties during the day 

Reprinted from Whitt et al., 2016  

 A central node for circadian regulation of action potential frequency is the balance 

of subthreshold excitatory and inhibitory currents that bring the resting membrane 

potential closer to the firing threshold during the day, or further from threshold at night 

(de Jeu et al., 1998; Jackson et al., 2004). K+ currents are proposed to be central 

regulators of the day–night difference in firing by regulating the daily transition between 

the daytime “upstate” and night time “downstate” (Jackson et al., 2004; Kuhlman and 

McMahon, 2004). These states are designated by differences in the subthreshold 

membrane properties, with the most attention focused on the increase in night time K+ 

current associated with hyperpolarization of the membrane and lower input resistance. 

BK channels comprise a component of this upregulated K+ current, and loss or block of 

BK currents causes depolarization of the baseline membrane potential and hyperactive 

firing at night (Kent and Meredith, 2008; Meredith et al., 2006; Montgomery et al., 2013). 

However, block of BK currents also depolarizes the membrane potential during the day 

(Belle et al., 2009; Cloues and Sather, 2003; Jackson et al., 2004)suggesting a role for BK 

channels in daytime excitability not previously explored. Thus to determine whether BK  
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Figure 39: The effect of β2N on nighttime action potential firing rate in WT mice. 
(A) Spontaneous action potential activity from representative WT day (BKi), night (BKs), 
and night with 50 µM β2N neurons. Dotted line denotes −50 mV. (B) In WT SCNs, 
daytime neurons fired at higher frequencies than nighttime neurons. β2N increased firing 
rate to daytime levels in nighttime neurons. All values are mean ± S.E.M.  n values: WT: 
day (17), night (20), night β2N (10). 
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Figure 40: Action potential firing rates in daytime WT and β4 KO SCN neurons. 
(A) Spontaneous action potential activity from representative daytime WT day (BKi), and 
β4 KO (BKi) SCN neurons. Dotted line denotes −50 mV. (B) There is no difference in 
firing rate between daytime WT and β4 KO neurons. All values are mean ± 
S.E.M.  n values: WT: day (10), β4 KO (5). 
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inactivation makes a converse contribution to the daytime reduction in K+ current that 

defines the ‘upstate’ that is required for higher frequency firing, we compared membrane 

parameters from neurons during the day and night, and with loss of β2 or restoration of 

inactivation. 

Resting membrane potential (Vm) and input resistance (Ri) recordings were made 

in the presence of tetrodotoxin to block action potential activity. Daytime neurons had 

more positive Vm and higher Ri, while night time neurons had more hyperpolarized Vm 

and lower Ri (Figure 41a, b). The average daytime membrane potential (−48±0.8 mV) 

was dominated by an increased number of BKi neurons, which had more positive Vm 

(−47±0.4 mV) and higher Ri (1.4±0.06 GΩ) than BKs neurons during the day 

(−55±1.7 mV and 0.7±0.1 GΩ, respectively; Figure 41a, b). Thus, this would suggest that 

BKi neurons would need less current in order to elicit an action potential response. 

If inactivation of BK currents is involved in the changes in Vm and Ri between 

BKi and BKs neurons, then loss of β2 should also alter these parameters. We found that 

the Vm and Ri of daytime β2 KO neurons were more similar to WT neurons at night 

(Figure 41a, b) suggesting β2 is required for the daytime ‘upstate’. Furthermore, β2N 

restored the Vm and Ri values in β2 KO neurons back to values comparable to WT 

(Figure 41a, b), establishing the sufficiency for inactivation of the BK current to convert 

the daytime membranes to pro-excitable.  
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Figure 41: Passive membrane properties in WT and β2 KO neurons. 
(A) Resting membrane potentials (A) and input resistance (B) measured in 1 µM 
tetrodotoxin to block action potentials. Conditions with inactivation (BKi, β2 KO/β2N, 
and WT day overall) had more depolarized Vm and higher Ri than BKs, night, or β2 KO. 
All values are mean±S.E.M. n values: WT: day/BKi (9), day/BKs (5), day (25), night (18) 
and β2 KO: β2NΔFIW/day (11), β2NΔFIW/night (10), β2N/day (12). *P<0.05, 
Bonferroni post hoc. 
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Loss of β2 results in an increase in the amount of BK current during the inter-spike 

interval of an action potential train 

Reprinted from Whitt et al., 2016  

 The effect of inactivation on resting membrane potential and input resistance 

predicts that BK currents would be activated during the inter-spike interval of action 

potentials and that inactivation could occur to limit this current flow. To demonstrate this, 

we recorded BK currents from traditional voltage step commands across the subthreshold 

range of membrane potentials, as well as BK currents evoked by SCN action potential 

commands (Figure 42a, b). BKs current–voltage relationships showed that daytime BK 

current activated at voltages more positive than −60 mV (Figure 42a, b). There was 5–

12 pA of current evoked in the subthreshold range, between the average resting and 

threshold potentials of SCN neurons (−55 to −40 mV). Night time subthreshold BK 

currents (BKs) were also larger than the net daytime BK current (Figure 42c). In contrast, 

daytime BKi neurons had significantly reduced current in the subthreshold voltage range 

(Figure 42a, b).  

Consistent with data obtained from voltage steps, using daytime SCN action 

potential commands delivered at the normal daytime firing frequency, the amount of BK 

current activated during the inter-spike interval was negligible in BKi neurons compared 

with BKs neurons or at night (Figure 42c-d, f-g). BK currents evoked at the peak of the 

action potential command were also reduced in BKi neurons compared with BKs neurons 

during the day (Figure 42e) or at night (Figure 42h). 

And finally, to further demonstrate that inactivation could affect BK current levels 

at these subthreshold voltages in SCNs, β2 KO neurons were held at a conditioning  



	

	132	

 
Figure 42: The effect of inactivating and sustained BK currents on inter-spike 
interval current magnitude. 
(A) Representative macroscopic BK current traces from daytime WT neurons in response 
to a subthreshold voltage protocol (−60 to −30 mV in 5 mV steps). BK currents were 
identified as BKi or BKs from a maximally activating step to +90 mV. (B) Current–
voltage relationship showing significantly more activation of BKs current above −60 mV 
compared to BKi. (C) Pre-recorded daytime action potential commands (top) were used 
to elicit BK currents from BKi or BKs neurons. From a holding potential of −150 mV to 
remove inactivation completely, cells were stepped to the inter-spike potential (−48 mV) 
with a sequence of three action potential commands as depicted (Peak, 8 mV; t1/2, 5.5 ms; 
and AHP/antipeak, −54 mV). Arrow, the subthreshold current level in (D) was taken just 
before the second action potential command. (D, E) Average subthreshold BK current 
density from the inter-spike interval (D) or at the peak of the action potential 
(E). n values for WT: day/BKi (9), day/BKs (5).  (F) Nighttime action potential 
commands (top) were used to elicit BK currents (bottom) from BKs neurons.  Baseline 
membrane potential, –51 mV; Peak, 0.9 mV; t1/2, 6.1 ms; and AHP/antipeak, –57 mV.  
Arrow, subthreshold current level in (G).  (G, H) Average subthreshold BK current 
density from the interspike interval (G) or at the peak of the action potential (H).  n’s: 
WT/Day (14), WT/Night (5), and BK KO (3).   
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voltage for 100 ms, corresponding to the shortest inter-spike intervals encountered in 

spontaneously firing SCN neurons. These condition potentials were meant to examine 

whether BK could inactivate in the presence of the β2N peptide at membrane potentials 

around rest. Following the conditioning potential was a step to +90 mV to elicit a 

maximal BK current response (Figure 43a). Inactivation delivered via β2N reduced the 

maximal BK current elicited following conditioning voltages in the subthreshold range, 

compared with β2 KO cells treated with β2NΔ
FIW (Figure 43a, b). Further depolarization 

of the conditioning potential resulted in progressive current reduction that was dependent 

on the presence of inactivation. These results suggest that inactivation can reduce BK 

current under conditions similar to the native inter-spike interval and provide a basis for 

understanding the effect of BK inactivation on the resting membrane potential and input 

resistance. 

Alkaline phosphatase decreases firing rate during the day 

 To test the hypothesis that phosphorylation of BK channels limits BK's 

participation in setting action potential firing rate during the day, we recorded action 

potentials in the presence of either Alk P or heat inactivated (HI Alk P). We predicted 

that the increased expression of the SRKR exon during the day allows for 

phosphorylation at S642 in BK channels and thus a limiting of BK current. Because 

phosphorylation of S642 in BKSRKR underlies the difference in current properties between 

BKSRKR and BK0 channels, use of Alk P to dephosphorylate BK channels produces larger 

BK currents in daytime SCN, with little effect at night (Figure 28). Alk P also increases 

steady-state BK current through an increase the τinact, suggesting that dephopshorylation 

of BK channels promotes activation of non-β2 associated BK currents.  Due to the role  
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Figure 43: BK current inactivation during hyperpolarized, minimally activating 
membrane potentials. 
(A) BK current as a function of conditioning potential in SCN neurons. Representative 
macroscopic BK current traces from β2 KO neurons during the day with 50 µM 
β2NΔ

FIW or β2N. Neurons were held at −90 mV for 150 ms to remove inactivation, and 
then stepped to a conditioning potential for 100 ms to allow channels to transition into the 
inactivated state, followed by a maximally activating step to +90 mV. (B) The peak BK 
current elicited from the +90 mV step was plotted as a function of the conditioning 
potential. β2N causes a reduction in current, but no reduction is observed in the absence 
of inactivation with β2NΔ

FIW. n=5 for each condition. All values are 
mean±S.E.M. *P<0.05, Bonferroni post hoc. 
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inactivation plays in setting daytime frequency, it would be expected that a reduction of 

inactivation through Alk P treatment (Figure 28e) would reduce firing rate specifically 

during the day.  Alk P treatment in SCN neurons reduced firing rate during the day (2.58 

± 0.21 Hz [HI Alk P, n=6] versus 1.32 ± 0.18 Hz [Alk P, n=6], One-Way ANOVA with 

Bonferroni post hoc test, P<0.05), with little effect at night (0.90 ± 0.44 Hz [HI Alk P, 

n=4] versus 0.65 ± 0.13 Hz [Alk P, n=4], One-Way ANOVA with Bonferroni post hoc 

test, P>0.05) (Figure 44a, b).  

Alkaline Phosphatase treatment alters passive membrane properties during the day 

 Consistent with earlier data, daytime control neurons treated with heat inactivated 

Alk P had more positive Vm and higher Ri, while night time neurons had more 

hyperpolarized Vm and lower Ri (Figure 45a, b) just like untreated WT (Figure 41). Alk 

P treatment during the night had no effect on Ri (0.54 ± 0.04 GΩ [HI Alk P, n=4] versus 

0.57 ± 0.06 GΩ [Alk P, n=4], One-Way ANOVA with Bonferroni post hoc test, 

P>0.05)and caused a depolarization of Vm (-56.66 ± 1.50 mV [HI Alk P, n=4] versus -

51.57 ± 1.30 mV [Alk P, n=4], One-Way ANOVA with Bonferroni post hoc test, P<0.05) 

(Figure 45a, b), suggesting that phosphorylation does not play a role in setting passive 

mebrane properties at night. Because Alk P decreases the amount of inactivation in the 

SCN during the day, we predicted that Alk P treatment would result in a more 

hyperpolarized Vm and lower Ri.  Indeed, when Alk P was used during the day, neurons 

had a significantly hyperpolarized Vm (-47.07 ± 0.37 mV [HI Alk P, n=6] versus -53.84 

± 0.75 mV [Alk P, n=6], One-Way ANOVA with Bonferroni post hoc test, P<0.05) and 

decreased Ri (1.74 ± 0.07 GΩ [HI Alk P, n=6] versus 0.71 ± 0.11 GΩ [Alk P, n=6], One-

Way ANOVA with Bonferroni post hoc test, P<0.05) (Figure 45a, b), suggesting that  
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Figure 44: Effect of Alk P on action potential frequency in the SCN. 
(A) Spontaneous action potential activity from representative daytime and nighttime WT 
neurons treated with 10 U/mL alkaline phosphatase (Alk P) or heat inactivated Alk P(HI 
Alk P). Dotted line denotes −50 mV. (B) During the day, Alk P decreases the firing rate 
during the day (2.58 ± 0.21 Hz [HI Alk P, n=6] versus 1.32 ± 0.18 Hz [Alk P, n=6], One-
Way Anova with Bonferroni post hoc test, P<0.05).  Alk P has no effect at night (0.90 ± 
0.44 Hz [HI Alk P, n=4] versus 0.65 ± 0.13 Hz [Alk P, n=4], One-Way ANOVA with 
Bonferroni post hoc test, P>0.05). All values are mean ± S.E.M. 
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Figure 45: The effect of Alk P on passive membrane properties. 
(A) Resting membrane potentials (A) and input resistance (B) measured in 1 µM 
tetrodotoxin to block action potentials. During the day Alk P produced a decreased input 
resistance (1.74 ± 0.07 GΩ [HI Alk P, n=6] versus 0.71 ± 0.11 GΩ [Alk P, n=6], One-
Way ANOVA with Bonferroni post hoc test, P<0.05) and hyperpolarized membrane 
potential (-47.07 ± 0.37 mV [HI Alk P, n=6] versus -53.84 ± 0.75 mV [Alk P, n=6], One-
Way ANOVA with Bonferroni post hoc test, P<0.05).  At night Alk P induced a slight 
depolarization of the membrane potential (-56.66 ± 1.50 mV [HI Alk P, n=4] versus -
51.57 ± 1.30 mV [Alk P, n=4], One-Way ANOVA with Bonferroni post hoc test, P<0.05) 
with no effect on input resistance (0.54 ± 0.04 GΩ [HI Alk P, n=4] versus 0.57 ± 0.06 
GΩ [Alk P, n=4], One-Way ANOVA with Bonferroni post hoc test, P>0.05). All values 
are mean±S.E.M. 
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phosphorylation of BK channels is necessary for inhibiting BK currents from 

participating in setting subthreshold membrane properties. 

Alkaline Phosphatase results in an increase in the amount of BK current during the 

inter-spike interval of an action potential train 

 Because Alk P decreases the amount of inactivation in the SCN during the day 

and due to the role inactivation plays in limiting BK current during the inter-spike 

interval, we predicted that use of Alk P would result in an increase in BK current elicited 

during the inter-spike interval.  We found that heat inactivated Alk P exhibited a small 

amount of BK current during both the inter-spike interval as well as during the peak of 

the AP induced current (Figure 46a-c), consistent with our WT data. Furthermore, 

consistent with our recordings of passive membrane properties, no effect of Alk P was 

measured on inter-spike interval BK current recorded during the night (2.75 ± 0.44 pA/pF 

[HI Alk P, n=4] versus 3.41 ± 0.62 pA/pF [Alk P, n=4], One-Way ANOVA with 

Bonferroni post hoc test, P>0.05) (Figure 46a-c).  However, during the day Alk P did 

result in a significant increase in BK current during the inter-spike interval (0.29 ± 0.08 

pA/pF [HI Alk P, n=6] versus 1.67 ± 0.35 pA/pF [Alk P, n=6], One-Way ANOVA with 

Bonferroni post hoc test, P<0.05), while peak current remained unchanged magnitude 

(11.24 ± 2.12 pA/pF [HI Alk P, n=6] versus 10.88 ± 0.61 pA/pF [Alk P, n=6], One-Way 

ANOVA with Bonferroni post hoc test, P>0.05) (Figure 46a-c). Thus, phosphorylation of 

BK channels is necessary for limiting BK current flow during the inter-spike interval and 

may be tied to inactivation during this period. 
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Figure 46: The effect of Alk P on inter-spike interval BK current magnitude.  
(A) Pre-recorded daytime action potential commands (top) were used to elicit BK 
currents from neurons treated with 10 U/mL Alk P or HI Alk P. Arrow, the subthreshold 
current level in (B) was taken just before the second action potential command. (B, C) 
Average subthreshold BK current density from the inter-spike interval (B) or at the peak 
of the action potential (D). During the day, Alk P produced an increase in BK current 
magnitude during the inter-spike interval (0.29 ± 0.08 pA/pF [HI Alk P, n=6] versus 1.67 
± 0.35 pA/pF [Alk P, n=6], One-Way ANOVA with Bonferroni post hoc test, P<0.05) 
without any effect on peak current magnitude (11.24 ± 2.12 pA/pF [HI Alk P, n=6] 
versus 10.88 ± 0.61 pA/pF [Alk P, n=6], One-Way ANOVA with Bonferroni post hoc 
test, P>0.05).  Alk P did not have an effect at night on current during the interspike 
interval (2.75 ± 0.44 pA/pF [HI Alk P, n=4] versus 3.41 ± 0.62 pA/pF [Alk P, n=4], One-
Way ANOVA with Bonferroni post hoc test, P>0.05) but did produce larger peak 
currents elicited via an action potential waveform (6.57 ± 0.79 pA/pF [HI Alk P, n=4] 
versus 9.51 ± 1.46 pA/pF [Alk P, n=4], One-Way ANOVA with Bonferroni post hoc test, 
P<0.05). 
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Different Ca2+ sources alter neuronal firing rate during different times of the day 

 Due to the fact that BK is coupled to different Ca2+ sources over the circadian 

cycle and that Ca2+ itself can cause a depolarization of membrane potential, it would be 

easy to predict that blocking different Ca2+ sources in neurons would produce alterations 

in SCN neuronal firing rate. Indeed, nimodipine significantly decreased firing rate in 

daytime SCN neurons (2.07 ± 0.10 Hz [WT, n=65] versus 1.36 ± 0.08 Hz [Nim, n=8], 

One-Way ANOVA with Bonferroni post hoc test, P<0.05), with little effect at night (0.51 

± 0.05 Hz [WT, n=65] versus 0.40 ± 0.07 Hz [Nim, n=8], One-Way ANOVA with 

Bonferroni post hoc test, P>0.05) (Figure 47a-c), corresponding with the larger LTCC 

current recorded during the day (Pennartz et al., 2002) and the larger effect of nimodipine 

on BK currents during the day.   Dantrolene produced an increase in firing rate at night 

(0.51 ± 0.05 Hz [WT, n=65] versus 2.47 ± 0.16 Hz [Dan, n=7], One-Way ANOVA with 

Bonferroni post hoc test, P<0.05) (Figure 47a-c).  Use of activators of Ca2+ sources, also 

altered SCN neuronal firing rate.  Ryanodine produced a slowing of firing rate during the 

day(1.37 ± 0.14 Hz, n=7, One-Way ANOVA with Bonferroni post hoc test, P<0.05), with 

no effect at night (0.69 ± 0.20Hz, n=8, One-Way ANOVA with Bonferroni post hoc test, 

P>0.05) (Figure 47a-c).  Conversely, Bay K had no appreciable effect on firing rate, 

regardless of the time of day (Figure 47a-c). 

Nimodipine alters passive membrane properties and BK currents during the inter-spike 

interval during the day 

 Because Ca2+ itself has the potential to alter firing rate through a direct 

depolarization of the membrane potential, we examined effects of blocking or activating 

Ca2+ sources on passive membrane properties and BK current elicited via an action  
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Figure 47: Effects of Ca2+ channel manipulation on SCN firing rate. 
(A, B) Spontaneous action potential activity from representative daytime (A) and 
nighttime (B)  WT neurons treated with 10 µM nimodipine (+Nim), 10 µM dantrolene 
(+Dan), 5 µM (S-) Bay K 8644 (+Bay K) or 100 nM ryanodine (+Ryan). Dotted line 
denotes −50 mV. (C) During the day, both Nim (2.07 ± 0.10 Hz [WT, n=65] versus 1.36 
± 0.08 Hz [Nim, n=8], One-Way Anova with Bonferroni post hoc test, P<0.05) and Ryan 
(1.37 ± 0.14 Hz, n=7, One-Way Anova with Bonferroni post hoc test, P<0.05) produce a 
decrease in SCN neuronal firing rate. Dan (1.67 ± 0.27 Hz, n=7, One-Way Anova with 
Bonferroni post hoc test, P>0.05) and Bay K (2.35 ± 0.42 Hz, n=8, One-Way Anova with 
Bonferroni post hoc test, P>0.05) have no effect on firing rate. However, at night, Dan 
produces a large increase in neuronal firing rate (0.51 ± 0.05 Hz [WT, n=65] versus 2.47 
± 0.16 Hz [Dan, n=7], One-Way Anova with Bonferroni post hoc test, P<0.05), while 
Nim (0.40 ± 0.07 Hz, n=8, One-Way Anova with Bonferroni post hoc test, P>0.05), Bay 
K (0.83 ± 0.20 Hz, n=7, One-Way Anova with Bonferroni post hoc test, P>0.05), and 
Ryan (0.69 ± 0.20Hz, n=8, One-Way Anova with Bonferroni post hoc test, P>0.05) have 
no effect. 
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potential train.  We theorized that if altering Ca2+ sources resulted in a change in SCN 

firing rate through a BK dependent mechanism, we would be able to record alterations in 

both passive membrane properties and BK currents. Nimodipine produced a reduction in 

Ri (1.55± 0.09 GΩ [WT, n=20] versus 1.29 ± 0.09 GΩ [Nim, n=8], One-Way ANOVA 

with Bonferroni post hoc test, P<0.05) with no measurable effect on Vm (-49.16 ± 0.90 

mV [WT, n=20] versus -46.45± 0.54 mV [ Nim, n=8], One-Way ANOVA with 

Bonferroni post hoc test, P>0.05) during the day (Figure 48a, b), at least partially 

consistent with the decrease in firing rate attributed to nimodipine (Figure 47). 

Furthermore, the effect of nimodipine on Ri was ameliorated following paxilline addition 

(1.72 ± 0.07 GΩ, Nim+Pax n=8, One-Way ANOVA with Bonferroni post hoc test, 

P>0.05) (Figure 48a, b). This data suggests that nimodipine produces a decrease in Ri 

through a BK-dependent mechanism.  Nimodipine also produced a slight increase in the 

BK current elicited during the inter-spike interval of a daytime action potential train, 

(0.95 ± 0.30 pA/pF [WT, n=20] versus 1.35 ± 0.44 pA/pF [Nim, n=8], One-Way 

ANOVA with Bonferroni post hoc test, P=0.08) but reduced the current elicited during 

the peak of the action potential (16.36 ± 2.57 pA/pF [WT, n=20] versus 4.30 ± 1.18 

pA/pF [Nim, n=8], One-Way ANOVA with Bonferroni post hoc test, P<0.05) (Figure 

49a-c).   

 In chapter VI, we demonstrated that nimodipine produced a right-shifted current-

voltage relationship that resulted in an abolishment of inactivating currents recorded in 

the SCN. If inactivation is required for the increase in Ri that is necessary for the higher 

firing rate during the day, then modulating inactivation should result in decreased Ri and 

hyperpolarized Vm.  In chapter VI, we also demonstrated that ryanodine produced  
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Figure 48: Effect of Ca2+ channel block on daytime passive membrane properties 
during the day. 
(A) Resting membrane potentials (A) and input resistance (B) measured in 1 µM 
tetrodotoxin to block action potentials. During the day, only Ryan hyperpolarized the 
resting membrane potential (-49.16 ± 0.90 mV [WT, n=20] versus -53.63 ± 1.38 
mV [Ryan, n=7], One-Way ANOVA with Bonferroni post hoc test, P<0.05), and this 
effect was reversed with 10 µM Pax (-48.80 ± 1.01 mV, n=7, One-Way ANOVA with 
Bonferroni post hoc test, P>0.05).  Neither Nim (-46.45± 0.54 mV, n=8, One-Way 
ANOVA with Bonferroni post hoc test, P>0.05), Dan (-47.54 ± 0.32 mV, n=7, One-Way 
ANOVA with Bonferroni post hoc test, P>0.05), or Bay K (-49.79 ± 1.06 mV, n=8, One-
Way ANOVA with Bonferroni post hoc test, P>0.05) had an effect on resting membrane 
potential, and paxilline had no further effect (-45.16 ± 0.54 mV, Nim+Pax n=8; -46.69 ± 
0.54 mV, Dan+Pax n=8; -46.90 ± 0.70 mV, Bay K+Pax n=8, One-Way ANOVA with 
Bonferroni post hoc test, P>0.05 for all conditions). During the day, both Nim (1.55± 
0.09 GΩ [WT, n=20] versus 1.29 ± 0.09 GΩ [Nim, n=8], One-Way ANOVA with 
Bonferroni post hoc test, P<0.05) and Ryan (1.20 ± 0.05 GΩ, n=7, One-Way ANOVA 
with Bonferroni post hoc test, P<0.05) produced a slight decrease in input resistance, 
which was rescued with addition of Pax (1.72 ± 0.07 GΩ, Nim+Pax n=8; 1.71 ± 0.06 GΩ, 
Ryan+Pax n=7; One-Way ANOVA with Bonferroni post hoc test, P>0.05 for both 
conditions). Neither Dan or Bay K had an effect on input resistance (1.85 ± 0.11 GΩ, 
[Dan, n=7]; 1.82 ± 0.12 GΩ, [Bay K n=8]; One-Way ANOVA with Bonferroni post hoc 
test, P>0.05 for both conditions) and no further effect of Pax was observed (2.06 ± 0.18 
GΩ, [Dan+Pax, n=7]; 1.88 ± 0.13 GΩ, [Bay K+Pax n=8]; One-Way ANOVA with 
Bonferroni post hoc test, P>0.05 for both conditions). All values are mean±S.E.M. 
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Figure 49: The effect of Ca2+ channel block on inter-spike interval BK current 
magnitude during the day.  
(A) Pre-recorded daytime action potential commands (Figure 46a, daytime) were used to 
elicit BK currents from neurons treated with Ca2+ source blockers or activators. Arrow, 
the subthreshold current level in (B) was taken just before the second action potential 
command. (B, C) Average subthreshold BK current density from the inter-spike interval 
(B) or at the peak of the action potential (C). During the day, Ryan produced a large 
increase in the amount of inter-spike interval current (0.95 ± 0.30 pA/pF [WT, n=20] 
versus 3.34 ± 0.96 pA/pF [Ryan, n=7], One-Way ANOVA with Bonferroni post hoc test, 
P<0.05). Nim also produced a slight increase in inter-spike interval current that trended 
towards significance (1.35 ± 0.44 pA/pF, n=8, One-Way ANOVA with Bonferroni post 
hoc test, P=0.08). Dan produced a decrease in current during the inter-spike interval (0.22 
± 0.15 pA/pF, n=7, One-Way ANOVA with Bonferroni post hoc test, P<0.05), while Bay 
K had no effect (0.68 ± 0.13 pA/pF, n=8, One-Way ANOVA with Bonferroni post hoc 
test, P>0.05). Nim (16.36 ± 2.57 pA/pF [WT, n=20] versus 4.30 ± 1.18 pA/pF [Nim, 
n=8], One-Way ANOVA with Bonferroni post hoc test, P<0.05), Dan (7.71 ± 2.15 pA/pF, 
n=7, One-Way ANOVA with Bonferroni post hoc test, P<0.05), and Bay K (9.94 ± 2.17 
pA/pF, n=8, One-Way ANOVA with Bonferroni post hoc test, P<0.05) all produced a 
decrease in peak current compared to controls. Ryan had no effect on peak current 
magnitude (18.81 ± 3.87 pA/pF, n=7, One-Way ANOVA with Bonferroni post hoc test, 
P>0.05).All values are mean±S.E.M. 
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daytime BK currents that inactivated slower than controls, thus we predicted this would 

result in a change in passive membrane properties. Indeed, ryanodine produced a 

decrease in Ri (1.20 ± 0.05 GΩ, n=7, One-Way ANOVA with Bonferroni post hoc test, 

P<0.05) as well as an associated hyperpolarization of Vm (-49.16 ± 0.90 mV [WT, n=20] 

versus -53.63 ± 1.38 mV [Ryan, n=7], One-Way ANOVA with Bonferroni post hoc test, 

P<0.05) (Figure 48a, b), consistent with the slowing of firing observed with ryanodine 

during the day (Figure 47).  Ryanodine also produced larger BK currents elicited during 

the inter-spike interval (0.95 ± 0.30 pA/pF [WT, n=20] versus 3.34 ± 0.96 pA/pF [Ryan, 

n=7], One-Way ANOVA with Bonferroni post hoc test, P<0.05) (Figure 49a-c).  

Dantrolene alters passive membrane properties and BK currents during the inter-spike 

interval during the night 

During the night, when inactivation of BK currents is reduced in the SCN, we 

predicted that through blocking Ca2+ sources, and decrease in BK current observed 

during the night would result in altered passive membrane properties and changes in BK 

current magnitude during the inter-spike interval. At night, dantrolene produced an 

increase in Ri (0.77 ± 0.07 GΩ [WT, n=18] versus 1.56 ± 0.11 GΩ [Dan, n=7], One-Way 

ANOVA with Bonferroni post hoc test, P<0.05) with a depolarization of Vm (-55.22 ± 

1.54 mV [WT, n=18] versus -44.88 ± 0.53 mV [Dan, n=7], One-Way ANOVA with 

Bonferroni post hoc test, P<0.05) during the night (Figure 50a, b), consistent with the 

increase in firing rate attributed to dantrolene (Figure 47). Furthermore, following 

addition of Pax, the effect of dantrolene on Ri (1.62 ± 0.12 GΩ, n=7, One-Way ANOVA 

with Bonferroni post hoc test, P>0.05) and Vm (-45.01 ± 0.63 mV, n=7, One-Way 

ANOVA with Bonferroni post hoc test, P>0.05) was unchanged (Figure 50a, b). This  
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Figure 50: Effect of Ca2+ channel block on nighttime subthreshold membrane 
properties during the night. 
(A) Resting membrane potentials (A) and input resistance (B) measured in 1 µM 
tetrodotoxin to block action potentials. During the night, 10 µM Pax produced a 
depolarization of the resting membrane potential for WT neurons (-55.22 ± 1.54 mV [WT, 
n=18] versus -50.38 ± 1.88 mV [WT+Pax, n=18] One-Way ANOVA with Bonferroni 
post hoc test, P<0.05), as well as neurons treated with Nim (-54.03 ± 0.82 mV [Nim, 
n=8] versus -48.52 ± 0.69 mV [Nim+Pax, n=8] One-Way ANOVA with Bonferroni post 
hoc test, P<0.05), with Bay K (-52.38 ± 2.21 mV [Bay K, n=7] versus -47.26 ± 1.19 mV 
[Bay K+Pax, n=7] One-Way ANOVA with Bonferroni post hoc test, P<0.05), and with 
Ryan (-56.26 ± 0.95 mV [Ryan, n=8] versus -46.81 ± 0.78 mV [Ryan+Pax, n=8] One-
Way ANOVA with Bonferroni post hoc test, P<0.05). However, neither Nim, Ryan or 
Bay K had any effect on resting membrane potential at night compared to WT controls 
(One-Way ANOVA with Bonferroni post hoc test, P>0.05). Dan did produce a 
depolarization of resting membrane potential (-44.88 ± 0.53 mV, n=7, One-Way 
ANOVA with Bonferroni post hoc test, P<0.05) and Pax produced no further 
depolarization (-45.01 ± 0.63 mV, n=7, One-Way ANOVA with Bonferroni post hoc test, 
P>0.05). Similarly, at night Pax increased input resistance for WT neurons (0.77 ± 0.07 
GΩ [WT, n=18] versus 1.70 ± 0.14 mV [WT+Pax, n=18] One-Way ANOVA with 
Bonferroni post hoc test, P<0.05), as well as neurons treated with Nim (0.84 ± 0.11 GΩ 
[Nim, n=8] versus 1.74 ± 0.16 GΩ [Nim+Pax, n=8] One-Way ANOVA with Bonferroni 
post hoc test, P<0.05), with Bay K (1.33± 0.17 GΩ [Bay K, n=7] versus 1.78 ± 0.12 GΩ 
[Bay K+Pax, n=7] One-Way ANOVA with Bonferroni post hoc test, P<0.05), and with 
Ryan (0.93± 0.06 GΩ [Ryan, n=8] versus 1.70 ± 0.15 GΩ [Ryan+Pax, n=8] One-Way 
ANOVA with Bonferroni post hoc test, P<0.05). However, neither Nim, Ryan or Bay K 
had any effect on input resistance at night compared to WT controls (One-Way ANOVA 
with Bonferroni post hoc test, P>0.05). As with membrane potential, Dan did produce an 
increase in input resistance (1.56 ± 0.11 GΩ, n=7, One-Way ANOVA with Bonferroni 
post hoc test, P<0.05) while additional Pax had no further effect (1.62 ± 0.12 GΩ, n=7, 
One-Way ANOVA with Bonferroni post hoc test, P>0.05). All values are mean±S.E.M. 
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data suggests that dantrolene produces an increase in Ri and depolarization of Vm 

through a BK-dependent mechanism.  Dantrolene also produced a decrease in both the 

BK current elicited during the inter-spike interval of a nightime action potential train 

(3.22 ± 0.29 pA/pF [WT, n=18] versus 1.33 ± 0.40 pA/pF [Dan, n=7], One-Way 

ANOVA with Bonferroni post hoc test, P<0.05), with no change to peak current elicited 

via the action potential waveform (11.06 ± 1.25 pA/pF [WT, n=18] versus 7.57 ± 2.8 

pA/pF [Dan, n=7], One-Way ANOVA with Bonferroni post hoc test, P>0.05) (Figure 

51a-c).  Nimodipine had no effect on either Ri (0.84 ± 0.11 GΩ, n=8, One-Way ANOVA 

with Bonferroni post hoc test, P>0.05) or Vm (-54.03 ± 0.82 mV, n=8, One-Way 

ANOVA with Bonferroni post hoc test, P>0.05) during the night (Figure 50a, b), and 

consequently also didn’t have an effect on inter-spike interval BK current elicited via an 

action potential train (3.08 ± 0.12 pA/pF, n=8, One-Way ANOVA with Bonferroni post 

hoc test, P>0.05) (Figure 51a-c).  

In chapter VI, we demonstrated that dantrolene produced a right-shifted current-

voltage relationship at night. Because inactivation is reduced in nighttime SCN BK 

currents, these Ca2+ blockers/activators are only changing the voltage-dependence of 

activation of the BK current.  Thus, if BK current inactivation is limiting BK current 

during the inter-spike interval, then in a situation where we have little to no inactivation, 

we would predict that blocking a Ca2+ source should limit BK current, producing cells 

that look "day-like".  Interestingly though, ryanodine, which produces a shift in the 

voltage-dependence of activation to more hyperpolarized voltages, had no effect on Ri 

(0.93± 0.06 GΩ, n=8, One-Way ANOVA with Bonferroni post hoc test, P>0.05) or Vm (-

56.26 ± 0.95 mV, n=8, One-Way ANOVA with Bonferroni post hoc test, P>0.05) (Figure  
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Figure 51: The effect of Ca2+ channel block on inter-spike interval BK current 
magnitude during the night.  
(A) Pre-recorded daytime action potential commands (Figure 46a, nighttime) were used 
to elicit BK currents from neurons treated with Ca2+ source blockers or activators. Arrow, 
the subthreshold current level in (B) was taken just before the second action potential 
command. (B, C) Average subthreshold BK current density from the inter-spike interval 
(B) or at the peak of the action potential (C). During the night both Dan (3.22 ± 0.29 
pA/pF [WT, n=18] versus 1.33 ± 0.40 pA/pF [Dan, n=7], One-Way ANOVA with 
Bonferroni post hoc test, P<0.05)  and Bay K (2.18 ± 0.29 pA/pF, n=7, One-Way 
ANOVA with Bonferroni post hoc test, P<0.05) produced a decrease in the amount of 
inter-spike interval current. Neither Nim (3.08 ± 0.12 pA/pF, n=8, One-Way ANOVA 
with Bonferroni post hoc test, P>0.05) nor Ryan (2.80 ± 0.51 pA/pF, n=7, One-Way 
ANOVA with Bonferroni post hoc test, P>0.05) had an effect on inter-spike interval 
current magnitude. No condition produced any change in peak current (11.06 ± 1.25 
pA/pF [WT, n=18], 9.34 ± 0.83 pA/pF [Nim, n=8], 7.57 ± 2.8 pA/pF [Dan, n=7], 8.00 ± 
0.93 pA/pF [Bay K, n=7], 9.84 ± 2.41 pA/pF [Ryan, n=8], One-Way ANOVA with 
Bonferroni post hoc test, P>0.05 for all conditions).  
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50a, b), suggesting that perhaps there is a basement effect to how much Ri or Vm can be 

reduced.  Ryanodine also had no effect on inter-spike interval BK current elicited during 

an action potential train (2.80 ± 0.51 pA/pF, n=7, One-Way ANOVA with Bonferroni 

post hoc test, P>0.05) (Figure 51a-c).  

VII.4 Discussion 

BK current inactivation limits BK current during the inter-spike interval 

 In the present chapter, we have determined that inter-spike interval BK current 

acts as a critical determinant in setting action potential frequency in SCN neurons.  Inter-

spike interval BK current magnitude is determined via β2-mediated inactivation, 

phosphorylation (possibly due to alternative splicing), and differences in Ca2+ sources for 

the BK channel. Specifically, inactivation and phosphorylation of the BK channel during 

the day work together to limit BK current flow during the interspike interval.  

Furthermore, as this inactivation is dependent upon LTCC coupling, block of 

LTCC current results in an increase in BK current during the inter-spike interval. It is 

interesting to note that even though LTCC block produces a right-shift in the voltage-

dependence of activation as well as abolishing inactivation, it is the effect from 

inactivation that outweighs the rightward shift, as BK currents in the inter-spike interval 

are increased. LTCCs are encoded via four different genes within mammals, CaV1.1-1.4 

(Hille, 2001), however, CaV1.2 and 1.3 seem to be more prevalent within neurons (Hell et 

al., 1993). In adrenal chromaffin cells, BK channel activation is coupled to activation of 

CaV1.3 channels (Marcantoni et al., 2010). Furthermore, within the SCN itself, CaV1.3 

may undergo RNA-editing, such that during the day, these channels would exhibit less 

Ca2+ dependent inactivation (Huang et al., 2012).  This reduction in CDI would be 
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expected to result in a heightened activation, and consequently inactivation of the BK 

current.  Thus, the next logical step is to examine BK currents in the SCN in CaV1.3 KO 

mice to understand if this Ca2+ channel is necessary for setting proper circadian firing rate 

during the day. 

At night though, BK channel association with β2 is reduced and is also not 

inhibited via phosphorylation.  Rather, activation via Ca2+ release from intracellular 

stores through RyRs activates the BK current during the inter-spike interval. This current 

flow decrease the Ri and hyperpolarizes the Vm, placing nighttime SCN neurons in a 

"downstate" where they are less likely to fire an action potential.  Loss of RyR mediated 

Ca2+ release at night results in an increase in firing rate, due to an inhibition of BK 

current during the inter-spike interval. 

Current during the inter-spike interval, and not peak current, determine firing rate in 

SCN neurons 

 Our data also present evidence suggesting that it is not peak current, but current 

during the inter-spike interval, that has a role in setting subthreshold membrane 

properties and firing rate in the SCN. Loss of β2 resulted in an increase in both peak and 

inter-spike interval current during the day, correlating with a decrease in firing rate, 

suggesting that either of these mechanisms may be at play, yet only the inter-spike 

interval current would be expected to cause a change in either Ri or Vm.  However, we 

found that Alk P treatment of BK channels during the day, block of LTCCs with 

nimodipine, or activation of RyR release specifically increased BK current during the 

inter-spike interval, without affecting the peak BK current elicited via an action potential. 

Furthermore, each of these treatments resulted in a decrease in firing rate during the day 
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suggesting that it is the current flow through the inter-spike interval that sets membrane 

excitability in the SCN. This data is novel in that in other cell-types in the brain, such as 

pyramidal neurons, BK regulates firing rate through participating in repolarization and 

the fAHP of the action potential (Storm, 1987).  These parameters would most likely be 

influenced through the repolarization- and AHP-evoked current elicited via an action 

potential waveform, rather than the current elicited during the inter-spike interval. 

Using this data, we may be able to predict how Alk P treatment and Ca2+ blockers 

affect action potential waveforms. If Alk P and nimodipine have an effect on the inter-

spike interval current BK current only, we would predict that action potentials may have 

depolarized resting membrane potentials, but fAHPs would remain the same as controls.  
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VIII. GENERAL DISCUSSION 

 This thesis demonstrates that BK current in the SCN is diurnally regulated 

through β-subunit association, changes in Ca2+ sources and alternative splicing. 

Specifically, we have demonstrated that β2 association with α-subunit during the day 

produces inactivating BK currents, alternative splicing of the BK channel mRNA 

transcript produces “harder-to-open” isoforms during the day that are phosphorylation-

dependent, and LTCC currents activate BK during the day, promoting inactivation.  

Furthermore, we have demonstrated that these three mechanisms may work 

synergistically during the day to limit BK current flow during the inter-spike interval, 

allowing for an increase in Ri and depolarization of Vm and an increase in firing rate 

during the day. 

 While all three mechanisms (β-subunits, alternative splicing, Ca2+ sources) each 

impacts BK current and firing rate in the SCN, does that make all mechanisms equal in 

importance?  All three mechanisms seemingly converge upon inactivation of the BK 

current as being necessary for limiting BK current during the inter-spike interval, 

underlining the importance of β2 and inactivation.  Furthermore, the fact that β2 is 

necessary, for singular coupling to LTCCs and not RyR mediated Ca2+ release, suggests 

that β2 is the key arbiter the daytime switch to the membrane “upstate.”  Without β2, 

SCN BK channels wouldn’t inactivate and they would be activated via Ca2+ from RyR 

release.   

Our model further suggests that BK channels undergo alternative splicing during 

the day, such that at least some BK channels in the membrane include the SRKR exon 

(Figure 52a).  However, using Alk P as a means to turn BKSRKR channels into BK0-like  
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Figure 52: A model for diurnal regulation of BK current properties. 
During the day, there are two subpopulations of BK channels.  One population produces 
BK currents that inactivate (due to β2 association) and are largely dependent upon 
LTCCs as their Ca2+ source. LTCCs drive BK activation, and inactivation during the day, 
limiting current during the inter-spike interval and allowing for an increase in input 
resistance.  The other population of BK channels is uncoupled from β2, and as such is 
also uncoupled from LTCCs.  However, these Non-β2 associated channels are 
phosphoregulated and may contain the SRKR exon, and as such produce currents that 
normally don't activate within the physiological voltage range unless RyR Ca2+ release is 
pharmacologically activated.  Thus, these channels, while not able to be inactivated, are 
hardly activated due to the shift in the voltage dependence of activation.  At night, when 
SRKR expression is decreased and BK expression is increased, channel activation is now 
left-shifted, so that more hyperpolarized potentials are able to elicit more BK current at a 
given Ca2+ concentration. Ca2+ release from RyRs, while not able to efficiently activate 
BK currents during the day, are now able to elicit larger BK currents at night. 
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channels, not only produces a greater amount of peak current elicited in SCN neurons, 

suggesting that Alk P is increasing BK channel activation, but also an increase in τinact, 

effectively decreasing the amount of inactivation of BK currents in the SCN.  This is in 

contrast to the use of Bay K in the daytime SCN, which doesn’t change the amount of 

inactivation, but only produces larger peak currents in the SCN, suggesting that Alk P 

and Bay K are activating two different subpopulations of BK channels within the SCN. 

The fact that Alk P treatment has an effect on inactivation and Bay K doesn’t 

suggests two things: First, either all of the channels in the membrane are BKSRKR-like 

during the day, and only a few are associated with β2 or only some of the channels in the 

membrane are BKSRKR-like, and these channels are the ones specifically not associated 

with β2.  It also suggests that BK channels containing SRKR in the absence of β2 may 

not be activated under physiological conditions. For example, SRKR could inhibit 

activation of these channels in a physiological situation. But, when β2 associates with 

these channels, it not only shifts the voltage dependence of activation of the current to 

more hyperpolarized potentials, but also allows for an association with LTCCs.  Thus, 

these channels are able to undergo activation and thus inactivation.  Therefore, if all 

channels are BKSRKR, when we add Alk P to daytime SCN neurons, it left-shifts the 

voltage-dependence of activation of β2-BK currents, allowing for greater activation but 

also inactivation of the current, as we see in Bay K.  But Alk P will also produce a 

leftward shift of BKSRKR channels that aren’t associated with β2 and that normally 

wouldn’t be activated.  Thus, Alk P could be producing slower inactivation in these 

neurons though recruitment of dephosphorylated BKSRKR-like.  This would suggest that 
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SRKR inclusion and phosphorylation during the day would act as a fail-safe mechanism, 

stopping those currents that aren’t associated with β2 from activating. 

Therefore, using our data we have built a model on diurnal regulation of BK 

current in the SCN (Figure 52a). While the α-subunit to the BK channel undergoes 

translational and transcriptional regulation, making it more prevalent at night, this is not 

enough to limit BK current during the day. At least a subset of BK channels in the plasma 

membrane are associated with β2. In SCN, β2 could function to do two things to the BK 

current, first it may shift the voltage-dependence of activation to more hyperpolarized 

potentials, such that at a given Ca2+ concentration, more BK current is able to be elicited. 

This is important because this may be the mechanism through which BK can couple to 

LTCC Ca2+ influx. Perhaps, when β2 isn't present, the amount of Ca2+ that enters the cell 

through LTCCs is not enough to activate the BK channels. Rather, the shift in voltage-

dependence allows for that "low" amount of Ca2+ to better activation BK channels. 

Furthermore, β2 also causes BK channel inactivation, and that is dependent upon the Ca2+ 

influx from LTCCs. Thus, the α-subunit, β2-subunit and LTCCs work in conjunction to 

ensure that the BK channel becomes inactivated.  

However, during the day, there are also BK channels not associated with β2. In 

order to ensure that the current from these BK channels is limited, phosphorylation of the 

channels, possibly through inclusion of the SRKR exon during the day, keeps BK current 

at low levels.   

At night, β2, LTCCs and expression of the SRKR exon are all decreased and as 

such, BK channels open more readily and are activated via RyR release. Interestingly, in 

β2 KOs during the day, more BK current is activated via RyR release than in WT 
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controls. Therefore, perhaps during the day β2 inhibits coupling to RyR Ca2+ release.  

Thus, at night, when β2 is decreased, RyR Ca2+ release is able to more efficiently activate 

BK current during the inter-spike interval.  

Why then isn't the transcriptional-translational regulation of BK enough to limit 

current in setting firing rate? Perhaps the SCN evolved first to upregulate total 

intracellular Ca2+ and voltage-gated Ca2+ currents during the day in order to promote an 

increase in firing rate during the day.  However, even though transcriptional/translational 

regulation of the BK channel α-subunit occurs, it was not enough to limit BK current in 

also participating in firing rate during the day. In the absence of β2, we can see that the 

Ca2+-drive during the day leads to levels of BK magnitude similar to that seen at night.  

Thus, alternative splicing and β2-association may have evolved in the SCN later as the 

primary means to limit that BK current during the day. 
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APPENDIX 1: SK BLOCK ON CIRCADIAN CIRCUIT RHYTHMICITY 

Appendix Figure 1: The effect of SK channel block on circadian circuit rhythmicity 
in action potential frequency. 
(A) Representative spontaneous action potential activity recorded for 3 days before and 3 
days after application of 100 nM apamin, a SK channel blocker, from WT SCNs. Before 
introduction of apamin, firing rate shows a robust peak-to-trough difference which is lost 
upon administration of apamin. (B) Multiunit firing frequency from the peak and trough 
of rhythmic recordings, or from arrhythmic recordings. Apamin reduced firing during the 
peak, without any effect during the trough or in arrythmic recordings.  (C) The 
percentage of recordings within the SCN exhibiting rhythmic firing is decreased 
following apamin administration (n=5 each). (D) Fast Fourier transform relative power 
spectral density values (FFT rPSD) are decreased following apamin administration 
(E)  χ2 periodogram analysis of action potential activity. χ2 circadian peak amplitudes 
were reduced following apamin administration. (F) Representative χ2 periodograms for 
both baseline and apamin recordings. Periodograms illustrate that apamin reduces 
rhythmicity of circadian circuit in the SCN. (G) Peak-trough ratio (PTR) is decreased in 
rhythmic recordings following apamin administration, illustrating that the amplitude of 
the firing rate rhythm is dampened.  (H) Apamin has no effect on the period of the firing 
rate rhythm in the SCN circuit.  (I) Following apamin administration, the standard 
deviation (SD) in timing of the peak between all rhythmic channels in the SCN increases, 
indicating that apamin uncouples circadian oscillators in the circadian circuit.  All values 
are mean±s.e.m. *P<0.05, t-test. 
 

  



	

	160	

 

  



	

	161	

APPENDIX 2: BK BLOCK OF CIRCADIAN CIRCUIT RHYTHMICTY 

Appendix Figure 2: The effect of BK channel block on circadian circuit rhythmicity 
in action potential frequency. 
(A) Representative spontaneous action potential activity recorded for 3 days before and 3 
days after application of 10 µM paxilline, a BK channel blocker, from WT SCNs. Before 
introduction of paxilline, firing rate shows a robust peak-to-trough difference which is 
lost upon administration of paxilline. (B) Multiunit firing frequency from the peak and 
trough of rhythmic recordings, or from arrhythmic recordings. Paxilline increased firing 
during the trough, without any effect during the peak or in arrythmic recordings.  (C) The 
percentage of recordings within the SCN exhibiting rhythmic firing is decreased 
following paxilline administration (n=3 each). (D) Fast Fourier transform relative power 
spectral density values (FFT rPSD) are decreased following paxilline administration 
(E)  χ2 periodogram analysis of action potential activity. χ2 circadian peak amplitudes 
were reduced following paxilline administration. (F) Representative χ2 periodograms for 
both baseline and paxilline recordings. Periodograms illustrate that paxilline reduces 
rhythmicity of circadian circuit in the SCN. (G) Peak-trough ratio (PTR) is decreased in 
rhythmic recordings following paxilline administration, illustrating that the amplitude of 
the firing rate rhythm is dampened.  (H) Paxilline has no effect on the period of the firing 
rate rhythm in the SCN circuit.  (I) Following paxilline administration, the standard 
deviation (SD) in timing of the peak between all rhythmic channels in the SCN increases, 
indicating that paxilline uncouples circadian oscillators in the circadian circuit.  All 
values are mean±s.e.m. *P<0.05, t-test. 
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APPENDIX 3: GABAERGIC TRANSMISSION BLOCK ON CIRCADIAN 

CIRCUIT RHYTHMICITY 

Appendix Figure 3: The effect of block of GABAergic transmission on circadian 
circuit rhythmicity in action potential frequency. 
(A) Representative spontaneous action potential activity recorded for 3 days before and 3 
days after application of 50 µM picrotoxin, a GABA channel inhibitor, from WT SCNs. 
Before introduction of picrotoxin, firing rate shows a robust peak-to-trough difference 
which is lost upon administration of picrotoxin. (B) Multiunit firing frequency from the 
peak and trough of rhythmic recordings, or from arrhythmic recordings. Picrotoxin 
slightly reduces firing during the peak and slightly increases firing rate during the trough, 
though this is not significant. (C) The percentage of recordings within the SCN exhibiting 
rhythmic firing is decreased following picrotoxin administration (n=3 each). (D) Fast 
Fourier transform relative power spectral density values (FFT rPSD) are decreased 
following picrotoxin administration (E)  χ2 periodogram analysis of action potential 
activity. χ2 circadian peak amplitudes were reduced following picrotoxin administration. 
(F) Representative χ2 periodograms for both baseline and picrotoxin recordings. 
Periodograms illustrate that picrotoxin reduces rhythmicity of circadian circuit in the 
SCN. (G) Peak-trough ratio (PTR) is decreased in rhythmic recordings following 
picrotoxin administration, illustrating that the amplitude of the firing rate rhythm is 
dampened.  (H) Picrotoxin decreases the period of the firing rate rhythm in the SCN.  (I) 
Following picrotoxin administration, the standard deviation (SD) in timing of the peak 
between all rhythmic channels in the SCN increases, indicating that picrotoxin uncouples 
circadian oscillators in the circadian circuit.  All values are mean±s.e.m. *P<0.05, t-test. 
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