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Abstract

Large conductance Ca2+- and voltage-activated K+ (BK) channels are widely distributed in the 

postnatal central nervous system (CNS). BK channels play a pleiotropic role in regulating the 

activity of brain and spinal cord neural circuits by providing a negative feedback mechanism for 

local increases in intracellular Ca2+ concentrations. In neurons, they regulate the timing and 

duration of K+ influx such that they can either increase or decrease firing depending on the cellular 

context, and they can suppress neurotransmitter release from presynaptic terminals. In addition, 

BK channels located in astrocytes and arterial myocytes modulate cerebral blood flow. Not 

surprisingly, both loss and gain of BK channel function have been associated with CNS disorders 

such as epilepsy, ataxia, mental retardation, and chronic pain. On the other hand, the 

neuroprotective role played by BK channels in a number of pathological situations could 

potentially be leveraged to correct neurological dysfunction.

1. OVERVIEW

Large conductance Ca2+-, and voltage-activated K+ channels (also known as BK [for Big 

Potassium], Maxi-K, or Slo1) are expressed in various tissues. As their name indicates, 

opening of BK channels leads to a massive efflux of K+ ions that hyperpolarizes cellular 

membrane potential. This property, combined with their ability to act as a coincidence 

detector for concomitant elevation in intracellular Ca2+ concentration ([Ca2+]i) and 

membrane depolarization, puts BK channels in a unique position to control the activity of 

excitable cells via negative feedback regulation of Ca2+ influx through voltage-activated 

Ca2+ (CaV) channels. In the central nervous system (CNS), BK channels located in the 

plasma membrane of neurons influence the shape, frequency, and propagation of action 

potentials (APs), as well as neurotransmitter release from presynaptic terminals. BK 

channels located in the nuclear envelope of neurons can also directly influence gene 

transcription and neuronal morphology (a topic addressed in Chapter “Functional Role of 

Mitochondrial and Nuclear BK Channels” by Gao and Li of the present volume). 

Furthermore, BK channels expressed in non-neuronal cell populations, such as astrocytes or 

vascular smooth muscle cells, can regulate cerebral blood flow, thereby influencing brain 

activity. In the present chapter, we review the expression patterns of BK channel subunits in 
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the CNS, the mechanisms by which BK channels shape neuronal excitability, 

neurotransmission, and neurovascular coupling, as well as the neurological functions and 

pathologies in which BK channels are implicated. Aspects relevant to BK channels 

expressed in the pituitary gland, inner ear, and cerebral blood vessels are addressed in 

Chapters “BK Channels in the Pituitary and Hypothalamus” by Duncan and Shipston, “BK 

Channels in the Inner Ear” by Pyott and Duncan, and “BK Channels in the Vascular System” 

by Krishnamoorthy-Natarajan and Koide, respectively.

2. EXPRESSION PATTERNS OF BK CHANNEL SUBUNITS IN THE CNS

2.1 Pore-Forming Subunit (α)

2.1.1 Localization—In the mature mammalian CNS, the pore-forming α subunit of BK 

channels (encoded by the KCNMA1 gene in humans) displays a widespread distribution, as 

assessed by Northern blot, in situ hybridization, autoradiography, or immunohistochemistry. 

Prominent levels of expression are observed in the olfactory bulb, cortex, basal ganglia, 

hippocampus, thalamus, habenulo-interpeduncular tract, cerebellum, vestibular nuclei, and 

spinal cord (Chang, Dworetzky, Wang, & Goldstein, 1997; Grunnet & Kaufmann, 2004; Hu 

et al., 2001; Knaus et al., 1996; Misonou et al., 2006; Sailer et al., 2006; Sausbier et al., 

2006; Tseng-Crank et al., 1994; Wanner et al., 1999). Although BK α immunoreactivity is 

macroscopically enriched in fiber tracts and terminal fields, it is also present in the 

somatodendritic compartment of neurons (Knaus et al., 1996; Misonou et al., 2006; Sausbier 

et al., 2006).

The distribution of BK α subunits at the ultrastructural level varies between neuronal types, 

as revealed by electron microscopy. In hippocampal pyramidal cells, BK α immunoreactivity 

is present in the presynaptic membrane facing the synaptic cleft, as well as in the head of 

dendritic spines, in close proximity to the postsynaptic specialization of glutamatergic 

synapses (Hu et al., 2001; Sailer et al., 2006). In contrast, in cerebellar Purkinje cells, BK α 

subunits are found in the soma and at extrasynaptic sites in dendritic shafts and spines, but 

they are absent from the vicinity of postsynaptic densities (Kaufmann et al., 2009).

Interestingly, Purkinje cell BK α subunits are segregated into two distinct pools: some are 

clustered in patches of plasma membrane overlying subsurface cisterns (see below) while 

others are scattered; the clustered pool is restricted to the soma and proximal dendrites while 

the scattered pool is present throughout the somatodendritic compartment (Kaufmann et al., 

2009). This nonhomogenous distribution of somatic BK α subunits is also observed in other 

populations of projections neurons, both inhibitory (central amygdala medium spiny 

neurons) and excitatory (layer V pyramidal neurons of the somatosensory cortex, 

hippocampal CA3 pyramidal neurons, dentate gyrus granule cells, and basolateral amygdala 

principal neurons), albeit at lower densities than in Purkinje cells (Kaufmann, Kasugai, 

Ferraguti, & Storm, 2010). In dentate gyrus granule cells, approximately twice as many BK 

α subunits belong to the scattered pool as to the clustered pool. It is currently unknown 

whether the scattered and clustered pools of BK α subunits are independent from each other, 

whether they are molecularly distinct, or whether individual BK channels can be exchanged 

between each pool, as was previously described for neurotransmitter receptors that are 
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rapidly trafficked between synaptic and extrasynaptic plasma membrane domains (Triller & 

Choquet, 2005).

Subsurface cisterns are present underneath BK α clusters in both Purkinje cells and dentate 

gyrus granule cells (Kaufmann et al., 2009, 2010). These cisterns are apical extensions of 

smooth (ie, ribosome free) endoplasmic reticulum closely apposed against the plasma 

membrane that may serve as a source of local Ca2+ sparks for coordinated opening of 

clustered BK channels (Petersen, Tepikin, & Park, 2001). BK channels located in these 

domains may become activated during AP-stimulated release of Ca2+ from internal stores 

and thereby exert negative feedback on Ca2+ entry through CaV channels, in a manner 

reminiscent of their role in smooth muscle cells in response to Ca2+ sparks elicited from 

sarcoplasmic reticulum stores (Brenner, Perez, et al., 2000; Burdyga & Wray, 2005; Ledoux, 

Werner, Brayden, & Nelson, 2006; see Chapter “BK Channels in the Vascular System” by 

Krishnamoorthy-Natarajan and Koide).

2.1.2 Ontogeny—Some insight into the role BK channels play in the CNS can be gained 

by considering when they are expressed. BK α expression is upregulated during late 

embryonic and early postnatal development throughout the CNS (Hafidi, Beurg, & Dulon, 

2005; Higgins et al., 2010; MacDonald, Ruth, Knaus, & Shipston, 2006). Consistent with 

this observation, BK currents undergo an abrupt increase during the first 2 weeks after birth 

in neocortical pyramidal neurons, substantia nigra dopamine neurons, and cochlear inner 

hair cells (Kang, Huguenard, & Prince, 1996; Kros, Ruppersberg, & Rusch, 1998; Langer, 

Grunder, & Rusch, 2003; Marcotti, Johnson, Holley, & Kros, 2003; Ramirez-Latorre, 2012). 

Interestingly, the emergence of BK currents in these cells coincides with their functional 

maturation, as characterized by increased excitability in the neocortex, high-frequency firing 

in response to salient stimuli in the substantia nigra, and auditory signal transduction in the 

cochlea. This developmental pattern suggests that BK channels shape the properties of 

mature neuronal firing and contribute to experience-dependent plasticity. Interestingly, BK 

currents are transiently reduced in medial prefrontal cortex pyramidal neurons during 

adolescence, which may participate in the strong plasticity of prefrontal circuits during this 

phase of development (Benhassine & Berger, 2009; Ksiazek, Ladno, Szulczyk, Grzelka, & 

Szulczyk, 2013; Selemon, 2013).

BK α precursor mRNA undergoes extensive alternative splicing and the resulting isoforms 

exhibit different biophysical and trafficking properties (see Chapter “Posttranscriptional and 

Posttranslational Regulation of BK Channels” by Shipston and Tian). In particular, BK α 

isoforms containing the stress-regulated exon (STREX) diversify BK channel function 

during development. These isoforms possess a C-terminal insert that speeds up activation, 

slows down deactivation, and increases open probabilities at negative-voltage potentials (Xie 

& McCobb, 1998). STREX-containing isoforms predominate in the embryonic mouse CNS 

but are drastically repressed after birth, so that the vast majority of BK α transcripts lack 

STREX in adulthood (Higgins et al., 2010; MacDonald et al., 2006). Accordingly, fast-

gating BK currents consistent with STREX inclusion disappear during the first postnatal 

week, as observed in neocortical pyramidal neurons (Kang et al., 1996). STREX-containing 

isoforms remain detectable in a limited number of adult neurons, including dentate gyrus 
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granule cells, CA3 pyramidal neurons, and cerebellar Purkinje cells (Petrik & Brenner, 

2007).

The regulation of STREX splicing during development has been proposed as a mechanism 

whereby BK channels facilitate the generation of spontaneous activity necessary for neural 

circuit formation during embryogenesis, and then later protect against hyperexcitability in 

the postnatal CNS (MacDonald et al., 2006). Exclusion of the STREX exon can be triggered 

by cellular depolarization via a mechanism involving a Ca2+/calmodulin-dependent protein 

kinase IV-responsive RNA element within the STREX 3′ splice site (Xie & Black, 2001; 

Xie, Jan, Stoilov, Park, & Black, 2005). Whether this mechanism drives the switch in 

STREX splicing following birth remains to be determined. Hippocampal neurons also 

contain a partially processed intron-containing BK α mRNA that promotes the distribution 

of BK channels to dendritic spines and alters membrane excitability (Bell et al., 2008).

2.2 Auxiliary Subunits (β and γ)

2.2.1 Localization—The transcripts encoding BK channel auxiliary subunits are 

heterogeneously represented in the CNS. BK β4 (encoded by the KCNMB4 gene) is 

commonly referred as the “neuronal auxiliary subunit” since it is the most abundant of the 

four β subunits in the brain and spinal cord, and is expressed at low levels in other tissues 

(Behrens et al., 2000; Brenner, Jegla, Wickenden, Liu, & Aldrich, 2000; Weiger et al., 2000). 

The distribution of BK β4 in the brain mostly overlaps with that of BK α, with prominent 

expression in the olfactory bulb mitral and granule layers, neocortical pyramidal cells, 

paraventricular nucleus of the hypothalamus, supraoptic nucleus, CA3 pyramidal layer and 

dentate gyrus granule cell layer, cerebellar Purkinje layer, and facial and trigeminal motor 

nuclei (Brenner et al., 2005; http://mouse.brain-map.org, Lein et al., 2007; Petrik & Brenner, 

2007; Shruti et al., 2012; Weiger et al., 2000).

BK β2 (KCNMB2) is also expressed throughout the brain, although at lower levels than BK 

β4 (Behrens et al., 2000; Brenner, Jegla, et al., 2000; Weiger et al., 2000). In the mouse 

forebrain, BK β4 and β2 transcripts are enriched almost fourfold in neurons compared to 

both oligodendrocytes and astrocytes (Cahoy et al., 2008).

BK β1 (KCNMB1) is the canonical “smooth muscle auxiliary subunit.” Accordingly, it is 

highly abundant in cerebral artery myocytes but is otherwise undetectable in the brain, with 

the exception of several hypothalamic subregions, cerebellar Purkinje cells, and several 

brainstem nuclei (Behrens et al., 2000; Brenner, Jegla, et al., 2000; Chang et al., 1997; Jiang, 

Wallner, Meera, & Toro, 1999; Salzmann et al., 2010; Tseng-Crank et al., 1994; Weiger et 

al., 2000). BK β1 is prominently expressed in ependymal cells lining the ventricles and is 

particularly enriched in tanycytes of the median eminence (Salzmann et al., 2010). 

Tanycytes are a subtype of ependymal cells with long processes that extend into the 

hypothalamic parenchyma, thereby coming in close contact with neurons and reaching the 

fenestrated capillary network, while their tight junctions prevent the diffusion of blood-borne 

molecules into the adjacent cerebrospinal fluid (Bolborea & Dale, 2013; Langlet, Mullier, 

Bouret, Prevot, & Dehouck, 2013). It remains to be determined whether functional BK 

channels are present in tanycytes, and, if so, what role they might play in the physiology of 

these cells. It is also possible that BK β1 subunits expressed in tanycytes associate with the 
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pore-forming subunit of another (non-BK) ion channel. Such nonconventional functional 

interactions between ion channel subunits was previously described between the β1 subunit 

of L-type CaV channels and BK α, between BK β4 and the pore-forming subunit of pH-

regulated Slo3 K+ channels, as well as between BK β4 and the Nav1.6 pore-forming subunit 

of voltage-gated Na+ channels (Seidel et al., 2011; Yang, Zeng, Xia, & Lingle, 2009; Zou, 

Jha, Kim, & Dryer, 2008b).

BK β3 (KCNMB3) shows particularly weak expression in the CNS (Behrens et al., 2000; 

Brenner, Jegla, et al., 2000; Poulsen et al., 2009; Uebele et al., 2000).

Another family of BK auxiliary subunits, named γ1–γ4 subunits, was recently identified. 

Association of these leucine-rich repeat-containing proteins (encoded by LRRC26, 

LRRC52, LRRC55, and LRRC38, respectively) with BK α tetramers shifts the voltage 

dependence of BK channel activation toward hyperpolarizing voltages (see Chapter 

“Modulation of BK Channel Function by Auxiliary Beta and Gamma Subunits” by Yan and 

Li). Comparative analysis of the distribution of BK γ subunits indicated that γ3 is selectively 

enriched in the brain, while γ1 and γ4 are expressed at lower levels, and γ2 is essentially 

absent from this tissue (Yan & Aldrich, 2012). BK γ1 subunits located in cerebral arterial 

myocytes elevate the voltage and Ca2+ sensitivity of BK channels, which contributes to 

lowering myogenic tone and promoting vasodilation (Evanson, Bannister, Leo, & Jaggar, 

2014). The role of γ3 in modulating neuronal physiology still remains to be determined.

Unlike the BK α subunit for which a monoclonal antibody has been thoroughly validated in 

knockout tissue (Misonou et al., 2006), the specificity of commercially available antibodies 

raised against BK auxiliary subunits has been questionable (see Bhattarai et al., 2014 for 

anti-β1 antibodies; Martinez-Espinosa, Yang, Gonzalez-Perez, Xia, & Lingle, 2014 for anti-

β2 antibodies; comment in Wang, Jaffe, & Brenner, 2014 for anti-β4 antibodies; and our 

personal experience with a number of commercial anti-β1 and anti-β4 antibodies). 

Immunohistochemical characterization of these subunits should therefore be interpreted with 

caution when used as the sole analytical method (eg, Piwonska, Wilczek, Szewczyk, & 

Wilczynski, 2008 reporting BK β4 immunoreactivity in neuronal mitochondria and BK β2 

immunoreactivity in astrocytes; and Seidel et al., 2011 reporting BK β1 and β4 

immunoreactivity in astrocytes).

2.2.2 Functional Signatures—Auxiliary subunits alter BK channel activation and 

inactivation, subcellular trafficking, and sensitivity to channel activators or blockers (see 

Chapter “Modulation of BK Channel Function by Auxiliary Beta and Gamma Subunits” by 

Yan and Li). These features have been exploited to identify the subunits that contribute to 

BK currents in different neuronal populations.

Early studies conducted in brain synaptosomal membranes identified a subtype of BK 

channels (called “type II”) that shows slow gating kinetics and resistance to the BK channel 

blocker iberiotoxin (Reinhart, Chung, & Levitan, 1989). These properties were later found to 

be conferred by the association of auxiliary β4 subunits (see Wang et al., 2014 for review). 

In the presence of β4, peak currents are not observed until >25 ms after depolarization, 

which is in contrast to currents from BK α (or BK α with other β subunits) that reach steady 
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state in 2–10 ms, and tail currents are significantly prolonged (Behrens et al., 2000; Brenner, 

Jegla, et al., 2000; Ha, Heo, & Park, 2004). This is particularly relevant for neurons, where 

the participation of β4-containing BK channels may broaden APs and increase the 

afterhyperpolarization (AHP) (Brenner et al., 2005). In addition, β4-containing BK channels 

exhibit unique pharmacological properties, as they are resistant to blockade by 

charybdotoxin and iberiotoxin (Meera, Wallner, & Toro, 2000).

BK channels showing the characteristic properties of β4-containing channels have been 

observed in a variety of neuronal populations, including neurohypophysial terminals, dentate 

gyrus granule cells, cerebellar Purkinje cells, and trigeminal caudal nuclei (TCN) terminals 

(Benton, Lewis, Bant, & Raman, 2013; Bielefeldt, Rotter, & Jackson, 1992; Brenner et al., 

2005; Deng et al., 2013; Dopico, Widmer, Wang, Lemos, & Treistman, 1999; Samengo, 

Curro, Barrese, Taglialatela, & Martire, 2014; Shruti et al., 2012). It is somewhat puzzling 

that a large fraction of CNS BK channels is sensitive to iberiotoxin despite the prominent 

expression of β4 in this tissue. One possible explanation advanced by Wang and colleagues 

relates to the stoichiometry of β4 subunits assembling with α tetramers, with a full 

complement of β4 subunits (ie, 1:1 stoichiometry) being possibly required to confer 

iberiotoxin resistance (Wang et al., 2014). Alternatively, it is possible that β4 subunits 

control BK channel function through their ability to restrict plasma membrane localization 

of BK α tetramers (see Section 2.3); in this scenario, BK β4 may be highly expressed but 

retained within the endoplasmic reticulum and not present in plasma membrane BK 

channels (Shruti et al., 2012). Martentoxin and conopeptide Vt3.1 were reported to 

preferentially inhibit β4-containing BK channels and could help provide novel insights into 

this question, but, as for iberiotoxin, the ratio of β4 subunits required to drive increased 

sensitivity to these inhibitors remains to be determined (Li, Chang, et al., 2014; Shi et al., 

2008).

Another subtype of BK channels, which was first reported in chromaffin cells of the adrenal 

gland, exhibits rapid inactivation (Solaro & Lingle, 1992). This fast inactivation was later 

shown to be conferred by the N-terminal residues of BK β2 subunit (Wallner, Meera, & 

Toro, 1999; Xia, Ding, & Lingle, 1999). Using this unique inactivating property, β2-

containing BK channels have been identified in hippocampus, neocortex, and lateral 

amygdala pyramidal neurons, as well as in cerebellar Purkinje cells and dorsal root ganglion 

(DRG) neurons (Faber & Sah, 2003; Haghdoost-Yazdi, Janahmadi, & Behzadi, 2008; Hicks 

& Marrion, 1998; Li et al., 2007; McLarnon, 1995; Sun, Gu, & Haddad, 2003). There is, to 

the best of our knowledge, no ligand that selectively discriminates β2-containing BK 

channels.

Alcohol can increase BK currents in neurons, but the association of β1 renders BK channels 

insensitive to alcohol-induced potentiation (Feinberg-Zadek & Treistman, 2007; Martin et 

al., 2004; see Chapter “Modulation of BK Channels by Ethanol” by Dopico). This 

pharmacological signature has been used to identify β1-containing BK channels in the soma 

and dendrites of nucleus accumbens medium spiny neurons and magnocellular neurons of 

the supraoptic nucleus (Dopico et al., 1999; Martin et al., 2004; Wynne, Puig, Martin, & 

Treistman, 2009).
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Finally, the association of γ1 confers resistance to mallotoxin (Almassy & Begenisich, 

2012), but this feature has not been exploited yet to identify γ1-containing BK channels in 

the CNS.

2.3 Subcellular Trafficking

A number of factors regulate the subcellular trafficking of BK channels, including pre-

mRNA splicing, posttranslational modifications, and interaction with BK auxiliary subunits 

and other proteins (reviewed in Chapters “Modulation of BK Channel Function by Auxiliary 

Beta and Gamma Subunits” by Yan and Li, “Posttranscriptional and Posttranslational 

Regulation of BK Channels” by Shipston and Tian, and “Protein Network Interacting with 

BK Channels” by Kim and Oh). Examples of parameters promoting the cell surface 

localization of BK α subunits include incorporation of the alternatively spliced C-terminus 

ending with the “QEERL” amino acid sequence, palmitoylation of cysteine residues within 

the S0–S1 linker or the alternatively spliced STREX insert, and interaction with actin 

(Jeffries et al., 2010; Kim, Ridgway, Zou, Chiu, & Dryer, 2007; Ma et al., 2007; Tian et al., 

2008; Zou, Jha, Kim, & Dryer, 2008a). Conversely, inclusion of the SV1 insert or VEDEC 

C-terminus, myristoylation, ubiquitination, phosphorylation by cyclin-dependent kinase 5 

(CDK5), adenylyl cyclase activation, and association with caveolin-1 or cereblon promote 

BK α endocytosis or retention in the endoplasmic reticulum, thereby reducing surface 

expression of functional BK channels (Alioua, Li, Wu, Stefani, & Toro, 2011; Alioua et al., 

2008; Bai, Surguchev, Joshi, Gross, & Navaratnam, 2012; Jo, Lee, Song, Jung, & Park, 

2005; Kim, Ridgway, et al., 2007; Liu et al., 2014; Ma et al., 2007; Pratt, He, Wang, Barth, 

& Bruchez, 2015; Tian et al., 2008; Zarei et al., 2004).

A large number of proteins physically interacting with BK α subunits are known to play a 

role in trafficking/scaffolding and therefore likely dictate the subcellular localization of BK 

channels in neurons (Gorini et al., 2010; Kathiresan, Harvey, Orchard, Sakai, & Sokolowski, 

2009; Kim, Jo, Song, Park, & Park, 2007; Singh et al., 2016; Sokolowski, Orchard, Harvey, 

Sridhar, & Sakai, 2011; Williams et al., 2004). To add another layer of complexity, there is 

an intricate cross talk between all parameters known to influence the subcellular trafficking 

of BK channel subunits (see Chapter “Posttranscriptional and Posttranslational Regulation of 

BK Channels” by Shipston and Tian). For instance, the influence of BK β1 and β4 subunits 

depends on the C-terminal variant of BK α: both β1 and β4 enhance the cell surface 

expression of the VEDEC isoform, but β1 targets the QEERL isoform to endosomes, while 

β4 promotes the retention of the EMVYR isoform in the endoplasmic reticulum (Chen et al., 

2013; Kim, Zou, Ridgway, & Dryer, 2007; Shruti et al., 2012; Toro et al., 2006).

Importantly, most studies examining the regulation of BK channel trafficking have been 

conducted in transfected cells. Findings obtained in these heterologous expression systems 

may not necessarily reflect what happens in the CNS, where the expression and 

posttranslational modifications of BK α isoforms and BK auxiliary subunits are cell type-

dependent and dynamically regulated. We therefore highlight the few studies that have 

examined endogenous mechanisms of BK channel subcellular trafficking in neurons.

In mouse hippocampus CA3 pyramidal cells, despite prominent expression of the β4 subunit, 

β4-containing BK channels may not participate in whole-cell BK currents, as suggested by 
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an equivalent effect of paxilline and iberiotoxin (Shruti et al., 2012). However, genetic 

deletion of β4 strongly increases whole-cell BK currents, which suggests, in accordance with 

observations made in transfected cells, that β4 represses the forward trafficking of BK α in 

these neurons (Shruti et al., 2012).

Notably, some studies have identified proteins implicated in the addressing of BK α to 

specific neuronal compartments. In Caenorhabditis elegans cholinergic motor neurons, the 

localization of BK channels to pre-synaptic terminals is dependent upon α-catulin and 

dystrobrevin, two proteins that interact with cortical cytoskeletal proteins (Oh et al., 2015). 

In mouse and rat myelinated cerebellar Purkinje cell axons, the cell adhesion molecule 

Caspr promotes the localization of BK channels to paranodal junctions, where they support 

axonal AP conduction during high-frequency firing and ensure synaptic output in the deep 

cerebellar nuclei (Hirono et al., 2015).

Finally, a recent study provided evidence for activation-induced endocytosis of neuronal BK 

channels. In primary cultures of hippocampal neurons, alcohol acutely potentiates 

macroscopic BK currents, but prolonged (3–6 h) exposure to alcohol decreases cell surface 

expression of functional BK channels without altering total levels of BK α expression, 

indicating their trafficking to intracellular compartments (Palacio et al., 2015).

3. ROLE OF BK CHANNELS IN CNS CELLULAR PHYSIOLOGY

3.1 Neurons

The synergistic effect of depolarization and Ca2+ binding on BK channel opening enables 

BK channels to act as a coincidence detector (see Chapter “Biophysics of BK Channel 

Gating” by Pantazis and Olcese), providing a hyperpolarizing drive that contributes to AP 

repolarization, mediates the fast phase of AHP, and regulates neurotransmitter release and 

dendritic excitability.

3.1.1 Calcium Nanodomains—Neurons regulate [Ca2+]i using specialized Ca2+-binding 

proteins, which ensure that increases in neuronal [Ca2+]i are tightly restricted in time and 

space (Augustine, Santamaria, & Tanaka, 2003; Neher, 1998). At resting Ca2+ 

concentrations and within the physiological voltage range found in neurons, BK channel 

open probability is close to null. Furthermore, the relatively low affinity of BK channels for 

Ca2+ (as compared to other Ca2+-activated channels, such as SK channels) implies that only 

BK channels located in the immediate vicinity of active Ca2+ influx sources can become 

activated. The [Ca2+]i required for BK channel activation (~10 μM) is largely restricted to 

local Ca2+-signaling nanodomains centered around CaV channels (Augustine et al., 2003; 

Brenner, Jegla, et al., 2000; Fakler & Adelman, 2008). Accordingly, the experimental 

findings reviewed below have revealed the spatial proximity and even direct physical 

interaction between BK and CaV channels.

Early functional evidence for the tight spatial coupling between BK and CaV channels in 

neurons came from the ability of BAPTA, a Ca2+-chelator with fast-binding kinetics, to 

disrupt BK–CaV interactions and suppress BK currents, unlike the slow buffer EGTA 

(Edgerton & Reinhart, 2003; Lancaster & Nicoll, 1987; Muller, Kukley, Uebachs, Beck, & 
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Dietrich, 2007; Robitaille, Garcia, Kaczorowski, & Charlton, 1993; Storm, 1987b; Sun et al., 

2003). In some instances, the coupling between BK and CaV channels is even completely 

resistant to buffering by BAPTA (Loane, Lima, & Marrion, 2007). Altogether, these 

experimental data suggest a ~10–50 nm distance between the two channel pores.

A more detailed understanding of the functional coupling between CaV and BK channels 

was obtained using subtype-specific CaV channel blockers. In sum, virtually all subtypes of 

CaV channels have been shown to influence BK channel opening (except R-type), with the 

specific subtype involved depending upon the subcellular location of the BK channel. For 

instance, Ca2+ entry via fast-activating P/Q- and N-type channels in presynaptic terminals 

can indirectly, via a BK channel-dependent shortening of AP duration, reduce 

neurotransmitter release (Castillo, Weisskopf, & Nicoll, 1994; Kulik et al., 2004; Pelkey, 

Topolnik, Lacaille, & McBain, 2006; Wu, Westenbroek, Borst, Catterall, & Sakmann, 1999). 

Alternatively, the more slowly activating L- and T-type channels located primarily in the 

dendrites and cell body have been shown to gate BK channels and thereby regulate their role 

in synaptic summation and AP propagation (Dobremez et al., 2005; Engbers, Anderson, 

Zamponi, & Turner, 2013; Obermair, Szabo, Bourinet, & Flucher, 2004; Rehak et al., 2013).

The coupling of BK channels with specific CaV subtypes may also vary across different 

brain regions. Near-coincident activation of N-type CaV and BK channels in hippocampal 

CA1 pyramidal neurons suggests a very close spatial relationship between these channels, 

which is not seen for L-type channels in this cell type (Marrion & Tavalin, 1998). In cortical 

pyramidal neurons, both N- and L-type channels provide Ca2+ to gate BK channel opening 

(Sun et al., 2003), while in chromaffin cells, L- and P/Q-type channels play a greater role 

than N-type channels in gating BK channels (Prakriya & Lingle, 1999). Additionally, low-

voltage-activated T-type channels in cerebellar neurons complex with BK channels to reduce 

synaptically evoked neural firing (Engbers et al., 2013). By associating with a diverse set of 

CaV partners, BK channels can adapt to display diverse temporal responses that may enable 

them to serve different roles in regulating neural activity (Berkefeld & Fakler, 2008).

Although early electrophysiological studies provided important evidence for a functional 

coupling between BK and CaV channels, direct physical association between channel 

subunits was not demonstrated until fairly recently (Bao, de Jong, Alevra, & Schild, 2015; 

Berkefeld et al., 2006; Grunnet & Kaufmann, 2004; Indriati et al., 2013; Kaufmann et al., 

2009; Loane et al., 2007; Samaranayake, Saunders, Greene, & Navaratnam, 2004). A first 

coimmunoprecipitation study using a rat brain membrane preparation found that BK 

channels predominantly complex with L-type CaV channels, and to a limited extent with 

P/Q-type, but not with N-type channels (Grunnet & Kaufmann, 2004). A subsequent 

coimmuno-precipitation study however showed that BK channels assemble with N-type 

channels in the rat whole brain, and in the hippocampus in particular, to a greater extent than 

with L-type channels (Loane et al., 2007). The discrepancy between these two studies 

possibly results from the use of different antibodies against CaV channels. When mass 

spectrometry was used to identify proteins interacting with BK α subunit affinity-purified 

from rat brain plasma membranes, it was found that BK channels complex with L-, P/Q-, 

and N-type channels, with P/Q-type associations being most abundant (Berkefeld et al., 
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2006). Consistent with pharmacological observations, R-type CaV channels were not 

specifically copurified with BK α in the latter study.

High-resolution imaging further corroborated the physical colocalization of BK and CaV 

channels in neurons. Specifically, SDS-digested, freeze-fracture replica, immunogold 

double-labeling experiments showed that BK channel clusters on cerebellar Purkinje cell 

soma and primary dendrites virtually always colocalize with P/Q-type CaV channels (Indriati 

et al., 2013; Kaufmann et al., 2009).

In contrast to BK channels tightly associated with CaV channels, BK channels located 

further away from Ca2+ sources may play a role in sensing global [Ca2+]i and provide an 

“emergency brake” under excitotoxic conditions where [Ca2+]i rises above the physiological 

range (Hu et al., 2001; Runden-Pran, Haug, Storm, & Ottersen, 2002).

3.1.2 Regulation of Neural Firing—BK channels can shape the AP waveform and 

influence firing frequency in complex ways. In modeling studies, BK channel currents can 

slow down or speed up firing, depending on the relative magnitude of other ion channels. 

For example, when hyperpolarization-activated cyclic nucleotide-gated (HCN) channels are 

present, slowly activating BK channels (a feature of β4-containing channels; see Section 

2.2.2) increase firing rates in cells that are normally relatively silent. This effect is reversed 

in neurons with high basal firing, where the same slow-activating BK channels reduce 

overall firing rates (Ly, Melman, Barth, & Ermentrout, 2011). This mixed effect suggests 

that BK channels, together with HCN channels, act as a gain control mechanism to flatten 

F–I curves (Ly et al., 2011).

In CNS neurons, pharmacological or genetic inhibition of BK channels can increase or 

decrease evoked or spontaneous firing activity (Bielefeldt & Jackson, 1993; Brenner et al., 

2005; Du et al., 2005; Gu, Vervaeke, & Storm, 2007; Jin, Sugaya, Tsuda, Ohguchi, & 

Sugaya, 2000; Li et al., 2007; Matthews, Weible, Shah, & Disterhoft, 2008; Meredith et al., 

2006; Nelson, Gittis, & du Lac, 2005; Nelson, Krispel, Sekirnjak, & du Lac, 2003; Pitts, 

Ohta, & McMahon, 2006). These findings are part of a consistent pattern of experimental 

evidence supporting the notion that BK channels should not be thought of as strictly 

excitatory or inhibitory, but rather, similar to dynamic range compressors used in sound 

recording that reduce the volume of loud sounds and amplify quiet ones. In other words, BK 

channels can turn down the firing of neurons that are too active and turn up the firing of 

quiet ones.

What is an explanation for the diversity of BK channel effects on neural activity? It may 

seem counterintuitive that K+ conductance (ie, efflux) can increase firing output, since its net 

effect should be membrane hyperpolarization. However, the timing of BK channel activation 

(during the falling phase of the AP, when Ca2+ from CaV channels has had a chance to 

accumulate, or in later spikes during a high-frequency train) and the presence of other 

channels in the membrane contribute to its net effect on firing output. Understanding the 

timing of BK channel activation during isolated or sustained firing may prove helpful in 

explaining these bidirectional effects.
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The three major phases of the AP are: (1) a depolarization phase mediated by voltage-gated 

Na+ and Ca2+ channel currents, (2) a repolarization phase involving fast-activating voltage-

gated K+ currents, and (3) an AHP phase driven by slowly activating/deactivating voltage-

gated K+ currents that sets the spike refractory period. In isolation, BK α homotetramers 

show fast-activation kinetics, and thus, can contribute to the repolarization phase and the 

AHP (Faber & Sah, 2002; Gu et al., 2007; Montgomery & Meredith, 2012; Shao, 

Halvorsrud, Borg-Graham, & Storm, 1999; Shruti, Clem, & Barth, 2008; Storm, 1987a). In 

neurons, other currents and cell-specific factors regulate whether BK channels contribute to 

the repolarization or AHP phases of the AP and, as a result, BK currents can either slow 

down or speed up spontaneous firing depending on the context.

These nuances have been investigated in detail in the vestibular nucleus, where firing 

properties and long-term changes in intrinsic excitability are dependent on BK currents 

(Gittis & du Lac, 2007; Nelson et al., 2003). This brain region contains fast-firing projection 

neurons and slower-firing GABAergic interneurons, and BK channels are differentially 

implicated in the regulation of firing in these two populations (Gittis & du Lac, 2007; Gittis, 

Moghadam, & du Lac, 2010; Smith, Nelson, & Du Lac, 2002). In projection neurons, Kv3 

currents activate faster than BK currents and dominate the repolarization phase, while in 

GABA interneurons that lack Kv3, BK currents dominate the repolarization phase (Gittis et 

al., 2010). In cells with higher basal firing, pharmacological inhibition of fast-activating BK 

channels using iberiotoxin increases firing rates and reduces the AHP, whereas for a subset 

of cells with lower firing rates, iberiotoxin slightly decreases firing rates and has less 

pronounced effects on AHP (Smith et al., 2002). These data support the notion that BK 

channels contribute preferentially either to the repolarization or to the AHP phases of the 

AP, depending on the coexpression of other voltage-activated currents, and will thereby 

either increase or decrease firing rates.

Notably, the contribution of BK channels to firing response gain was dependent on the 

relative activity levels of the cells examined (Gittis et al., 2010; Smith et al., 2002). For 

instance, BK channel contribution to repolarization is greatest in low-frequency firing 

neurons in an excited state (Gittis et al., 2010). The interplay between neural activity levels 

and the role of BK channels in firing might be related to activity-dependent second 

messengers, which can have bidirectional effects on BK channel gating. In cell-excised 

patches from vestibular neurons, application of activated Ca2+/calmodulin-dependent kinase 

II or a peptide inhibitor of protein kinase C increases BK open probability, raising the 

possibility that BK contribution to neural excitability can be dynamically regulated 

depending upon activation of different signaling cascades (van Welie & du Lac, 2011).

The state-dependent effects of BK channels on neural excitability have also been 

demonstrated in the suprachiasmatic nucleus (SCN) of the hypothalamus, a GABAergic 

circuit controlling circadian rhythms where [Ca2+]i, cAMP-dependent second messengers, 

fast-activating K+ currents, and BK currents display circadian oscillations (Doi et al., 2011; 

Granados-Fuentes, Norris, Carrasquillo, Nerbonne, & Herzog, 2012; Hong, Jeong, Min, & 

Lee, 2012; Ikeda & Ikeda, 2014; Ikeda et al., 2003; Kudo, Loh, Kuljis, Constance, & 

Colwell, 2011; Meredith et al., 2006; O’Neill, Maywood, Chesham, Takahashi, & Hastings, 

2008; Panda et al., 2002; Pitts et al., 2006). Paradoxically, total BK currents are inversely 
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correlated with neuronal Ca2+ levels, which positively regulate BK currents (Meredith et al., 

2006); however, they are also inversely correlated with fast-activating K+ currents that 

mediate fast-firing rates (Granados-Fuentes et al., 2012; Kudo et al., 2011). These findings 

make it increasingly apparent that disambiguating BK channel contribution to the regulation 

of neural excitability will likely also require cell-by-cell characterization of other voltage-

gated K+ channels.

Examination of BK channel contribution to neural excitability in cerebellar Purkinje cells 

raises additional problems in understanding how BK channels contribute to the regulation of 

neural excitability. Pharmacological experiments indicate that BK currents generally 

suppress activity in Purkinje cells by increasing the magnitude of the AHP, which supports 

an inhibitory role of BK channels in these cells (Edgerton & Reinhart, 2003; Swensen & 

Bean, 2003; Womack & Khodakhah, 2002). Yet, when BK channels are genetically ablated, 

a substantial decrease in Purkinje cell tonic firing rates is observed, which supports an 

excitatory role of BK channels in these cells (Sausbier et al., 2004). Reconciling these two 

experimental observations is difficult, but might be accounted for if one considers that acute 

pharmacological inhibition of BK currents and constitutive loss of BK channels are 

fundamentally different interventions. Unlike acute pharmacological inhibition, constitutive 

knockout of BK α may elicit homeostatic/compensatory changes in other voltage-gated 

currents to protect against hyperexcitability. Investigating this possibility will require 

systematic examination of other currents regulating neural excitability and AP generation in 

the cerebellar circuit of BK α knockout mice.

Experimental studies focused on other neuronal populations have provided evidence for a 

proexcitatory role of BK channels. For example, genetic ablation of BK β4 subunit causes 

hyperexcitability of dentate gyrus granule cells in conjunction with faster gating and higher 

density of BK channels (Brenner et al., 2005). Furthermore, in neocortical pyramidal 

neurons primed by seizure activity, increased BK current amplitude is linked to both single-

cell and network hyperexcitability, and the elevated firing output of postseizure neurons can 

be normalized by application of the BK channel blocker paxilline (Shruti et al., 2008). In 

snail serotonergic neurons, silencing synapsin expression also increases intrinsic excitability 

while concomitantly increasing the magnitude of BK currents (Brenes, Vandael, Carbone, 

Montarolo, & Ghirardi, 2015). Paxilline reduces firing frequency down to control levels in 

this system as well, further buttressing the idea that excessive BK channel activity can 

generate neuronal hyperexcitability.

Some of the differential effects BK channels have on neural excitability may depend on the 

specific β subunit that is coexpressed with the pore-forming α subunit. For example, when 

assembled with the fast-inactivating β2 subunit found in adrenal medullary chromaffin cells, 

the role of the BK channel is limited to the repolarization phase, which acts to increase the 

spontaneous firing of these cells (Martinez-Espinosa et al., 2014). In contrast, when 

assembled with the β4 subunit, the role of the BK channel is more critical during the AHP 

phase, where it lengthens spike refractory periods to increase interspike intervals and 

decrease overall firing rates (Brenner et al., 2005; Cloues & Sather, 2003; Petrik, Wang, & 

Brenner, 2011). This effect may be due to the relatively slow activation kinetics of β4-

containing channels that prevent BK channels from opening during the AP (Brenner, Jegla, 
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et al., 2000), or from the role of β4 in reducing BK channel current density via intra-cellular 

sequestration (Shruti et al., 2012). Overall, it is clear that the different biophysical 

characteristics and cellular localization properties conferred by the β subunits can 

profoundly influence firing output in neurons.

3.1.3 Regulation of Neurotransmitter Release—The role of BK channels in 

regulating neural activity does not end with their role in shaping AP waveform and firing 

rate. The pattern of BK α expression within terminal areas of prominent fiber tracts is 

consistent with its presynaptic targeting and involvement in the regulation of 

neurotransmitter release (Knaus et al., 1996; Misonou et al., 2006; Raffaelli, Saviane, 

Mohajerani, Pedarzani, & Cherubini, 2004). Determining whether presynaptic BK channels 

inhibit or facilitate neurotransmitter release has not been inconsequential, since the small 

size of most synapses makes isolating the contribution of synaptic vs somatic BK currents 

methodologically challenging. Nevertheless, multiple lines of evidence including 

neurotransmitter release from synaptosome preparations, direct examination of the brain 

largest synapses, indirect measures of synaptic function such as neurotransmitter release 

probability, and the manipulation of synapse-specific proteins have provided important 

insights into the functional role of presynaptic BK channels. Additionally, recent 

technological advancements in superresolution scanning and genetically encoded voltage 

sensors have facilitated glimpses into even small synapses (≤1 μm), where the hallmark 

properties of BK channel conductances can be visualized (Novak et al., 2013). Based on 

these findings and the literature discussed below, BK channels appear to be an important 

regulator of neurotransmitter release at diverse synapses in the brain.

Once an AP propagates to the presynaptic terminal, it stimulates Ca2+ entry through CaV 

channels that serves both as a signal to initiate exocytosis of neurotransmitter-containing 

vesicles (reviewed in Kaeser & Regehr, 2014), and as a requisite cofactor for activating local 

BK channels. In general, presynaptic BK channels are thought to act as negative regulators 

of neurotransmitter release by hyperpolarizing the plasma membrane in response to AP-

stimulated depolarization and Ca2+ entry through CaV channels (Wang, 2008). In addition, 

Ca2+ influx in the terminal is modulated by the width of the presynaptic AP, which is in part 

determined by BK channel activity (see Section 3.1.2). Experimental evidence for an 

inhibitory role of BK channels on neurotransmitter release was first obtained at 

neurosecretory terminals and neuromuscular junctions (Obaid, Flores, & Salzberg, 1989; 

Robitaille & Charlton, 1992; Robitaille et al., 1993; Dopico et al., 1999), and later at central 

synapses. In organotypic hippocampal slice cultures, BK channel blockade by iberiotoxin or 

paxilline increases the probability of glutamate release at synapses between CA3 pyramidal 

neurons, as reflected by increased frequency of spontaneous excitatory postsynaptic currents 

(EPSCs), increased amplitude of evoked EPSCs, and reduced paired-pulse ratio (Raffaelli et 

al., 2004). Likewise, iberiotoxin increases the frequency of spontaneous EPSCs in acute 

spinal cord slices (Furukawa, Takasusuki, Fukushima, & Hori, 2008).

The inhibitory influence of BK channels on excitatory synaptic transmission was also 

observed in synaptosomes subjected to depolarization-induced release of radioactively 

labeled neurotransmitter. Using this approach, pharmacological blockade of BK channels 

enhances neurotransmitter release from glutamatergic terminals in cortex, hippocampus, and 
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TCN, but not in cerebellum (Martire et al., 2010; Samengo et al., 2014). In contrast, BK 

channel inhibition does not affect GABA release from cortical, hippocampal, cerebellar, and 

TCN synaptosomes; noradrenaline release from cortical, hippocampal, and hypothalamic 

synaptosomes; or dopamine release from striatal synaptosomes (Martire et al., 2010; 

Samengo et al., 2014). Experiments performed on synaptosomes therefore suggested that 

BK channels selectively regulate excitatory transmission. However, electrophysiological 

recordings have provided more refined insights into the influence of BK channels on 

inhibitory transmission at individual synapses. In primary hippocampal cultures, iberiotoxin 

can indeed enhance the amplitude of evoked inhibitory postsynaptic currents (IPSCs) in a 

subset of neurons receiving a monosynaptic GABAergic innervation (Martire et al., 2010). 

Similarly, the probability of GABA release onto neurons of the central amygdala is 

enhanced by iberiotoxin and paxilline, as reflected by increased amplitude of evoked IPSCs 

and increased frequency of miniature IPSCs (Li, Madison, & Moore, 2014). Iberiotoxin also 

augments glycine release in the spinal cord (Shoudai et al., 2007). In addition, BK channel 

activity mediates the inhibitory influence of presynaptic α1-adrenoreceptors on GABA 

release onto ventral tegmental area dopaminergic neurons (Velasquez-Martinez, Vazquez-

Torres, Rojas, Sanabria, & Jimenez-Rivera, 2015).

The functional implication of BK channels in inhibiting neurotransmitter release plays an 

important role in preventing overexcitation. In monosynaptically connected neonatal rat 

hippocampal CA3 pyramidal neurons, BK currents decrease the transmitter release 

probability and increase the synaptic failure rate, even at low-stimulation frequencies 

(Raffaelli et al., 2004). In adult rat CA3 terminals and mossy fiber boutons, similar Ca2+-

dependent negative feedback control of transmitter release is also observed, but only under 

“excited” conditions, when 4-aminopyridine treatment is used to pharmacologically broaden 

APs (Alle, Kubota, & Geiger, 2011; Hu et al., 2001). Notably, this is in contrast to the strong 

contribution of CA3 somatic BK channels to AP repolarization even under baseline 

conditions (Hu et al., 2001). Thus, the ability of BK channels to brake network activity is 

expressed differently at the soma and at the synapse.

Presynaptic BK channels have also been characterized in invertebrates. Although genetic 

ablation of BK channels is not thought to alter neurotransmitter release at the Drosophila 
neuromuscular junction (Gho & Ganetzky, 1992; Lee, Ueda, & Wu, 2008), a recent study 

using archaerhodopsin to image synaptic voltage changes found that during periods of 

repetitive firing, BK channels inhibit recurrent electrical activity (Ford & Davis, 2014). 

Taken together, physiological data suggest that BK channels at and around synaptic 

terminals support high-fidelity neurotransmitter release during periods of repetitive firing by 

inhibiting neurotransmitter release from overly excited synapses.

BK channel trafficking to the synapse is an important determinant of neurotransmitter 

release regulation. Experiments manipulating cytoskeletal proteins to affect synaptic BK 

channel clustering alter the ability of BK channels to act as a brake on neurotransmitter 

release. In neonatal rat hippocampal neuron cultures, stimulating cytoskeletal rearrangement 

with leptin and insulin signaling promotes presynaptic BK clustering, which is necessary for 

BK channels to block recurrent electrical activity (O’Malley & Harvey, 2007; O’Malley, 

Irving, & Harvey, 2005). Additionally, BK clustering at the synapse appears to be an 
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important mechanism for normal synapse maintenance. Mutations in the presynaptic protein 

cysteine string protein α (CSPα), which enhance synaptic BK expression, are associated 

with overall synapse loss and neurodegeneration (Kyle, Ahrendt, Braun, & Braun, 2013). 

Taken together, these findings suggest that while synaptic BK currents must be large enough 

to inhibit excessive neurotransmitter release during an excited state, they must also be not so 

large as to limit normal neurotransmission.

In some cases, presynaptic BK channel activity increases the amplitude of postsynaptic 

responses by facilitating Ca2+ entry in the nerve terminal (Pattillo et al., 2001; Xu & 

Slaughter, 2005). This is observed in embryonic Xenopus nerve-muscle co-cultures, where 

BK channel blockers (iberiotoxin and charybdotoxin) reduce transmitter release by 

approximately a third (Pattillo et al., 2001). This observation was hypothesized to result 

from a precisely timed broadening of the presynaptic AP, which reduces Ca2+ currents in 

varicosities (Pattillo et al., 2001). Importantly, opposite observations were made at adult frog 

neuromuscular junctions, where the same blockers produce a twofold increase in transmitter 

release, suggesting that the timing of BK channel contribution to AP repolarization is 

developmentally regulated (Robitaille & Charlton, 1992; Robitaille et al., 1993). In 

nonspiking rod photoreceptors of the salamander retina, BK currents can also facilitate 

neurotransmitter release through a Ca2+-dependent positive feedback loop (Xu & Slaughter, 

2005). Specifically, BK channel activity produces K+ accumulation in the synaptic cleft, 

which in turn increases Ca2+ channel currents and hence synaptic transmission (Xu & 

Slaughter, 2005). Taken together, these data indicate that BK channels located at the 

presynaptic terminal generally inhibit neurotransmitter release; however, under rare 

conditions, they may enhance synaptic transmission.

3.1.4 Regulation of Dendritic Excitability—In addition to their effects on regulating 

neuronal firing rates and neurotransmitter release, BK channels exert an additional level of 

control on neurotransmission by modulating dendritic excitability. Dendritic electrogenesis 

stems from the backpropagation of axonal APs into the dendritic tree, as well as from locally 

generated Na+ and Ca2+ spikes (Hausser, Spruston, & Stuart, 2000). Backpropagating APs 

can amplify dendritic APs and facilitate the induction of long-term potentiation (Magee & 

Johnston, 1997). Likewise, although dendritic spikes do not necessarily trigger axonal AP 

generation, they contribute to synaptic plasticity (Golding, Staff, & Spruston, 2002; 

Holthoff, Kovalchuk, Yuste, & Konnerth, 2004; Rancz & Hausser, 2006). In layer 5 

pyramidal neurons, BK channels suppress AP backpropagation during high-frequency firing 

and increase the threshold for dendritic spike generation (Benhassine & Berger, 2009; 

Grewe, Bonnan, & Frick, 2010). BK channels also restrict dendritic Ca2+ spikes both 

temporally and spatially. In CA1 pyramidal cells, BK channels shorten dendritic Ca2+-

dependent spikes, although dendritic BK channels are not activated by backpropagating APs 

in this neuronal population (Golding, Jung, Mickus, & Spruston, 1999; Poolos & Johnston, 

1999). BK channel inhibition was also shown to improve the propagation of dendritic Ca2+ 

spikes in cerebellar Purkinje neurons, thereby facilitating a form of short-term synaptic 

plasticity at distant spines (Rancz & Hausser, 2006).

The pathophysiological implications of BK-mediated reduction in dendritic excitability were 

recently highlighted in mice lacking the Fragile X Mental Retardation Protein (FMRP). 
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These mice exhibit reduced BK channel activity (further discussed in Section 4.7) and, 

consistent with the findings reported above, recordings performed at distal apical dendrites 

of layer 5 neocortical neurons revealed an increased amplitude of dendritic Ca2+ spikes, as 

well as an increased amplitude of Ca2+ transients associated with bursts of backpropagating 

APs, in the absence of FMRP. Most strikingly, local application of a BK channel activator 

(BMS-191011) onto distal dendrites was able to normalize these phenotypes (Zhang et al., 

2014).

3.2 Astrocytes

BK channels also play an important role for CNS function in nonneuronal cell types. In 

astrocytes, BK channels are targeted to endfoot processes that wrap parenchymal blood 

vessels where they play a critical role in the rapid dilation of intracerebral arterioles 

produced by adjacent neuronal activity (Filosa et al., 2006; Price, Ludwig, Mi, Schwarz, & 

Ellisman, 2002). Specifically, following neuronal stimulation, astrocytic BK channels are 

activated by the elevation of endfoot Ca2+ concentration and produce a local K+ efflux in the 

perivascular space that activates inward rectifier K+ (Kir) channels located on arteriolar 

smooth muscle cells (Filosa et al., 2006). Accordingly, the coupling between neuronal 

activity and vasodilation is suppressed by iberiotoxin and by genetic inactivation of BK α 

(Filosa et al., 2006). Similarly, BK channels located in the glia limitans, the barrier of 

astrocytic endfoot processes that surrounds the brain and spinal cord, participate in the 

dilation of pial arterioles in response to somatosensory stimulation (Paisansathan, Xu, Vetri, 

Hernandez, & Pelligrino, 2010). However, at higher astrocytic endfoot Ca2+ concentration, 

BK channels mediate the opposite response (ie, vasoconstriction), by raising perivascular K+ 

concentration above a crossover threshold that depolarizes, instead of hyperpolarizing, 

arteriolar smooth muscle cells (Girouard et al., 2010). This situation occurs following 

aneurysmal subarachnoid hemorrhage, where astrocytic Ca2+ concentrations are sufficiently 

elevated to invert neurovascular coupling, potentially contributing to subsequent ischemia 

and neurological deficits (Koide, Bonev, Nelson, & Wellman, 2012).

BK channels and other markers of astrocytic endfeet are downregulated in whole brain 

samples from mouse models of vascular amyloid deposition representing different stages of 

cerebral amyloid angiopathy, consistent with a general disruption of the neurovascular unit 

in this disorder associated with the development of Alzheimer’s disease (AD) (Wilcock, 

Vitek, & Colton, 2009). In addition, pharmacological blockade of BK channels by paxilline 

prevents the blood–brain barrier disruption induced by HIV-infected astrocytes, which 

suggests that BK channels may be a target for reducing neuroAIDS pathogenesis (Eugenin, 

Clements, Zink, & Berman, 2011).

3.3 Microglia

BK currents have been identified in microglial cells of the hippocampus, striatum, 

neocortex, and entorhinal cortex, as well as in the spinal cord following nerve injury (Bordey 

& Spencer, 2003; Hayashi et al., 2011; Schilling & Eder, 2007, 2015). Intrathecal 

administration of a BK channel opener produces microglial activation in the dorsal horn of 

the spinal cord, as reflected by cell body enlargement and positive staining for the Ca2+-

binding protein Iba1 (Hayashi et al., 2011). Spinal nerve injury increases BK currents in 
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spinal microglia and S-ketamine suppresses this effect, which led the authors to propose that 

the blockade of microglial BK currents by S-ketamine inhibits microglial hyperactivation 

and mediates the antiallodynic properties of this drug in neuropathic pain (Hayashi et al., 

2011). However, the pharmacological approach used in this study does not rule out a role of 

neuronal BK channels in this phenomenon.

Finally, the density of microglial BK current is not different between brain regions, between 

juvenile and aged brains, or between ramified and dystrophic microglial cells, thereby 

discounting a role for BK channels in microglia senescence (Schilling & Eder, 2015). K+ 

efflux through BK channels has been hypothesized to play a role in the process motility that 

enables microglial cells to survey their microenvironment, but experimental evidence 

supporting this premise still needs to be generated (Schilling & Eder, 2015).

3.4 Other Cell Types

There is, to the best of our knowledge, only one report mentioning the presence of BK 

channels in oligodendrocytes. Specifically, BK currents were found to regulate Ca2+ influx 

in oligodendroglial precursor cells (Buttigieg, Eftekharpour, Karimi-Abdolrezaee, & 

Fehlings, 2011). BK channel expression and function gradually diminish during the 

maturation of precursors into oligodendrocytes, which suggests that BK currents could play 

a role in the differentiation of these cells (Buttigieg et al., 2011).

Furthermore, BK channels are present in cerebral blood vessels and meninges (Poulsen et 

al., 2009; Wulf et al., 2008). As in other blood vessels, BK channels play a critical role in 

promoting cerebral artery vasodilation in response to Ca2+ sparks from the sarcoplasmic 

reticulum (reviewed in Chapter “BK Channels in the Vascular System” by Krishnamoorthy-

Natarajan and Koide).

4. ROLE OF BK CHANNELS IN CNS FUNCTION AND PATHOLOGIES

Owing to their multifaceted role in shaping neuronal activity, BK channels help maintain a 

physiological range of circuit output in the brain and spinal cord. Accordingly, both 

insufficient and excessive BK channel activity can have detrimental effects on the CNS, as 

illustrated in Fig. 1. The following section reviews neurological functions and pathologies, 

in which BK channels have been implicated.

4.1 Control of the Circadian Rhythm

The SCN of the hypothalamus acts as a circadian pacemaker coordinating physiological and 

behavioral rhythms in mammals (Moore, 2013). Accordingly, SCN neurons exhibit 

spontaneous rhythms in electrical activity, with high firing rates during daytime and low 

firing rates or silence at night. This oscillating pattern persists in constant darkness and is 

independent from synaptic inputs (de Jeu, Hermes, & Pennartz, 1998; Kuhlman & 

McMahon, 2004; Welsh, Logothetis, Meister, & Reppert, 1995). BK channels contribute to 

the ionic mechanisms controlling the circadian rhythm of SCN neuronal activity by 

regulating the magnitude and duration of the AHP (Cloues & Sather, 2003; Montgomery, 

Whitt, Wright, Lai, & Meredith, 2013). Kcnma1 was identified as a cycling transcript in the 

mouse SCN under both entrained (light–dark cycles) and free-running (constant darkness) 
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conditions, with mRNA levels peaking during the dark phase (Meredith et al., 2006; Panda 

et al., 2002; Pitts et al., 2006). Accordingly, BK current amplitude and density increase 

during the dark phase in SCN neurons, alongside a decrease in their firing (Montgomery et 

al., 2013; Pitts et al., 2006).

Consistent with a role of BK channels in silencing SCN neuron activity at night, genetic 

ablation of BK α selectively increases nighttime firing frequency without affecting daytime 

frequency (Meredith et al., 2006; Montgomery et al., 2013). In contrast, pharmacological 

experiments have produced paradoxical results, as iberiotoxin significantly reduces daytime 

firing in loose patch but not whole-cell recordings, and minimally elevates nighttime firing 

(Cloues & Sather, 2003; Pitts et al., 2006). These discrepant findings possibly reflect the 

implication of β4-containing BK channels, which are removed in BK α knockout mice but 

unaffected by iberiotoxin. The strongly reduced AHP observed in BK α knockout SCN 

neurons during nighttime is consistent with the hypothesis that slowly deactivating β4-

containing BK channels contribute to the suppression of nighttime SCN neuron firing 

(Montgomery et al., 2013).

At the behavioral level, BK α deletion reduces the amplitude of wheel-running activity, 

home-cage activity, and body temperature circadian rhythms, but it does not alter the period 

and phase of these rhythms (Meredith et al., 2006). BK α knockout mice are able to entrain 

to photic zeitgebers, indicating that BK channels are not involved in retinal signaling of 

ambient light information to the SCN (Meredith et al., 2006). At the molecular level, the 

absence of BK α does not affect the transcription of core “clock genes”—the set of 

transcription factors that form autoregulatory feedback loops driving the rhythmic 

expression of downstream proteins (Meredith et al., 2006). These data imply that the 

degradation of behavioral and physiological rhythms in BK α knockout mice does not result 

from a disruption of the transcriptional clockwork.

The role of BK channels in the control of circadian patterning extends beyond mammals. 

The expression of Drosophila KCNMA1 orthologue, slowpoke, also displays daily 

oscillations: head mRNA levels peak at the beginning of the dark phase, and protein levels 

accumulate during the dark phase and drop during the light phase (Ceriani et al., 2002). At 

the behavioral level, slowpoke null mutations weaken the rhythmic behavior of flies by 

disrupting the typical bursts of activity occurring around the circadian phase transitions 

(Ceriani et al., 2002). In contrast to the mammalian timekeeping system, fly brain BK 

channels do not control the activity of core pacemaker cells (small ventral lateral neurons) 

but rather mediate the rhythmicity of downstream output pathways (dorsal clusters) 

(Fernandez et al., 2007).

A decay in circadian rhythms is also observed with aging (Monk, 2005). The circadian 

modulation of BK channel activity in SCN neurons was recently shown to be age-dependent, 

with BK currents no longer increasing during nighttime in aged SCN neurons (Farajnia, 

Meijer, & Michel, 2015). The loss of BK current oscillation in aged SCN neurons alters AP 

waveform and increases [Ca2+]i at night, changes that could mediate the degradation of 

behavioral rhythms and other Ca2+-induced disorders in older organisms (Farajnia et al., 

2015).
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4.2 Epilepsy

Epilepsy is a chronic disorder in which neuronal hyperexcitability and excessive 

synchronization generate abnormal brain electrical activity (seizures), which can in turn 

produce absences, loss of consciousness, limb stiffening and/or jerking (convulsions), or 

atonia. The first evidence for a genetic link between BK channels and epilepsy came from 

the association between the duplication of a chromosomal segment encompassing the human 

gene encoding BK β3 (KCNMB3) and seizures exhibited by some dup(3q) syndrome 

patients (Riazi et al., 1999). Gene duplication is hypothesized to increase the expression of 

β3, but the functional impact of β3 upregulation on BK channel activity is difficult to predict, 

in particular given the very low abundance of this subunit in the brain (Behrens et al., 2000; 

Brenner, Jegla, et al., 2000; Poulsen et al., 2009; Uebele et al., 2000).

A truncation mutation in KCNMB3 (delA750) was later found to confer susceptibility to 

idiopathic generalized epilepsy (Lorenz, Heils, Kasper, & Sander, 2007). This mutation 

selectively alters the properties of one of the four β3 splice variants, β3b, by lowering 

voltage sensitivity and causing rapid inactivation of BK channels containing this isoform 

(Hu et al., 2003). Whether BK β3 truncation alters AP waveform and neuronal excitability is 

unknown. Notably, genetic ablation of BK α subunits causes movement disorders (see 

Section 4.3.), but does not produce an epileptic phenotype in mice and even elevates seizure 

thresholds in flies, which does not support a causative role for BK channel hypoactivity in 

epileptogenesis (Kuebler, Zhang, Ren, & Tanouye, 2001; Sausbier et al., 2004).

In contrast, a number of studies indicate that BK channel hyperactivity increases neuronal 

excitability. In some instances, BK currents can facilitate high-frequency firing by 

accelerating spike repolarization and enhancing the AHP amplitude, thereby accelerating the 

recovery of Na+ channels from inactivation (see Section 3.1.2). Accordingly, a gain-of-

function mutation in the human gene encoding BK α (KCNMA1, D434G) was identified in 

a large family of patients exhibiting generalized epilepsy, paroxysmal non-kinesigenic 

dyskinesia (ie, involuntary movements of the body), or both (Du et al., 2005). The D434G 

mutation speeds up BK channel activation and enhances Ca2+ sensitivity via an increase in 

intrinsic gating, Ca2+ affinity, and allosteric coupling between Ca2+ binding and channel 

opening (Diez-Sampedro, Silverman, Bautista, & Richerson, 2006; Du et al., 2005; Lee & 

Cui, 2009; Wang, Rothberg, & Brenner, 2009; Yang et al., 2010). While these effects are 

preserved when β1, β2, or β4 subunits assemble with BK α, the D434G mutation slows down 

activation kinetics, decreases voltage dependence, and does not alter Ca2+ sensitivity in the 

presence of β3b (Lee & Cui, 2009). The relevance of this distinction for neuronal physiology 

remains unclear given the low levels of β3 expression in the CNS.

Further evidence for a causal link between increased BK channel function and seizure 

activity comes from the manipulation of BK β4. Genetic deletion of BK β4 reduces AP half-

width, shortens the AHP, and increases firing rates in dentate gyrus granule cells, which 

exhibit particularly high levels of β4 expression in wild-type mice (Brenner et al., 2005). At 

the systemic level, BK β4 knockout mice exhibit spontaneous nonconvulsive seizures that 

appear to originate in the hippocampus and spread into the whole neocortex (Brenner et al., 

2005). Interestingly, a single-nucleotide polymorphism (SNP) located 3′ of the human gene 

encoding BK β4 (KCNMB4, rs398702) confers strong predisposition to mesial temporal 
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lobe epilepsy associated with hippocampal sclerosis in an Irish population (Cavalleri et al., 

2007). The impact of this allelic variation on BK β4 expression is currently unknown. In 

mouse dentate granule cells, the effects of BK β4 deletion on AP waveform are reversed by 

paxilline, consistent with the idea that the β4 subunit reduces BK currents in wild-type 

neurons (Brenner et al., 2005). One can therefore speculate that paxilline might suppress 

temporal lobe seizures in BK β4 knockout mice, and possibly in human carriers of the 

rs398702 allele. Indeed, the anticonvulsant properties of paxilline have been demonstrated in 

other models, as reviewed below.

Seizure activity potentiates BK currents in neocortical neurons, enhancing their intrinsic 

excitability and recurrent activity in the local network. In layer 2/3 pyramidal neurons from 

the mouse somatosensory cortex, whole-cell BK currents are increased fivefold 24 h after 

picrotoxin-induced generalized seizures in mice (Shruti et al., 2008). This enhancement of 

BK channel activity is associated with increased evoked firing rate, which is normalized by 

pharmacological blockade of BK channels, both in isolated neurons and in acute brain slices 

(Shruti et al., 2008). At the behavioral level, systemic administration of paxilline 24 h after 

an initial seizure episode elicited by picrotoxin or pentylenetetrazole virtually abolishes 

seizures upon second exposure to these chemoconvulsants (Sheehan, Benedetti, & Barth, 

2009). Consistent with a direct suppression of neural activity, paxilline pretreatment also 

blocks the induction of Fos immunoreactivity in the neocortex and hippocampus (Sheehan et 

al., 2009). Similar findings were obtained in rats injected with pilocarpine. Twenty-four 

hours after seizure induction, dentate gyrus granule cells exhibit an increased firing rate, 

with a reduced duration of APs and a larger amplitude of fast AHP, which are consistent 

with enhanced BK channel activity (Mehranfard, Gholamipour-Badie, Motamedi, 

Janahmadi, & Naderi, 2014). Again, these changes are normalized by paxilline (Mehranfard 

et al., 2014). Importantly, BK channel blockade does not exert an anticonvulsant effect in 

animals that had no previous seizure experience, and even reduces the protective effect of 

cannabidiol in a first seizure episode (Sheehan et al., 2009; Shirazi-zand, Ahmad-Molaei, 

Motamedi, & Naderi, 2013).

What is the mechanism mediating the seizure-induced upregulation of BK channel activity? 

Postseizure BK channel hyperactivity could result from increased transcription and/or 

translation of BK α. Accordingly, in a rat model of genetic predisposition to audiogenic 

seizures (Krushinskii–Molodkina rats), exposure to audiogenic stimuli transiently 

upregulates BK α protein levels in the dentate gyrus, with a significant increase detected 3 

days but not 14 days postseizure (Savinaa, Levina, Poletaevab, Fedotovab, & Shchipakinaa, 

2014). Alternatively, the increase in neuronal BK currents might result from post-

translational modification of existing channels. For example, ubiquitination of BK α 

subunits by the DNA damage-binding protein 1 (DDB1)/Cullin-4A/RING-box protein 1/

Cereblon ubiquitin ligase complex prevents their trafficking from the endoplasmic reticulum 

to the cell surface and inhibition of this process increases BK currents (Jo et al., 2005; Liu et 

al., 2014). In accordance with a proepileptogenic effect of BK channel hyperactivity, mice 

with genetic inactivation of DDB1 in forebrain excitatory neurons develop spontaneous 

seizures in adulthood, sometimes leading to convulsive death (Liu et al., 2014). In addition, 

they have an enhanced sensitivity to pentylenetetrazol-induced seizures, which is 

ameliorated by paxilline pre-treatment (Liu et al., 2014).
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BK channel activity has also been implicated in the pathogenesis of alcohol withdrawal 

seizures. Ablation of neuronal BK channels in D. melanogaster completely prevents alcohol-

induced enhancement of seizure susceptibility (Ghezzi, Krishnan, & Atkinson, 2014). 

Conversely, deletion of BK β4 prolongs handling-induced convulsions in mice withdrawn 

from chronic intermittent alcohol inhalation (Kreifeldt, Cates-Gatto, Roberts, & Contet, 

2015). These findings corroborate the notion that enhanced BK channel activity promotes 

abnormal hyperexcitability and seizures.

In some instances, seizure activity or susceptibility have been correlated with a 

downregulation of BK channels. In the pilocarpine model of mesial temporal lobe epilepsy, 

in which pilocarpine precipitates status epilepticus followed by a latent period and later by 

the appearance of spontaneous recurrent seizures, BK α mRNA and protein expression 

progressively diminishes in the cortex and hippocampus (Ermolinsky, Arshadmansab, 

Pacheco Otalora, Zarei, & Garrido-Sanabria, 2008; Pacheco Otalora et al., 2008). In this 

model of chronic seizure activity, BK channel downregulation may represent a 

compensatory adaptation to offset sustained neuronal hyper-excitability. Alternatively, if this 

downregulation affects the presynaptic compartment, as suggested by the prominent 

decrease in BK α immunoreactivity in the terminal fields of hippocampal granule cells and 

entorhinal inputs to the hippocampus, it could directly contribute to increased glutamate 

release and drive hyperactivity of downstream neurons (Pacheco Otalora et al., 2008). 

Interestingly, BK α downregulation in the dentate gyrus of pilocarpine rats is accompanied 

by a relative increase in the proportion of STREX-containing BK α isoforms, whose gating 

kinetics promotes repetitive firing (Ermolinsky et al., 2011; Xie & McCobb, 1998). 

Altogether, it is possible that a decreased expression of presynaptic BK channels and a 

preferential expression of STREX-containing variants in the soma of glutamatergic neurons 

concomitantly drive neuronal hyperexcitability in these chronically epileptic rats.

BK current density was also decreased in inferior colliculus neurons 24 h into withdrawal 

from subchronic alcohol gavage, a time point at which rats exhibit increased audiogenic 

seizure susceptibility, and partially returned to baseline 24 h later, when seizure 

susceptibility is normalized, suggesting that this decrease might play a role in seizure 

induction, either directly or through a downstream area (N’Gouemo & Morad, 2014). 

Importantly, recordings were obtained from rats that had not been exposed to audiogenic 

stimulation, ruling out that BK channel hypoactivity was elicited by seizures. Additional 

studies are needed to determine whether this decrease in BK currents is indeed mediating 

neuronal hyperexcitability in the inferior colliculus during alcohol withdrawal (Evans, Li, & 

Faingold, 2000).

Overall, there is abundant evidence that altered BK channel activity is linked to changes in 

firing output that can be associated with seizures. Findings that show up- or downregulation 

of BK currents in different seizure models are consistent with the fact that BK currents can 

speed up or slow down firing depending on their cellular context (see Section 3.1.2). Critical 

issues to be resolved are how abnormal activity occurring during seizures drives changes in 

BK currents, and how changes in BK currents either remedy or exacerbate abnormal 

excitability.
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4.3 Movement Disorders

BK channels have been repeatedly implicated in movement disorders, a phenomenon 

consistent with their abundant expression in the cerebellum. Ablating BK channel activity 

leads to tremor and cerebellar ataxia. Early evidence for a tremorgenic effect of BK channel 

inhibition came from the demonstration that the indole diterpene mycotoxins causing 

ryegrass staggers in ruminants grazing on fungus-infected pastures (eg, penitrems, lolitrems, 

paxilline) are selective blockers of BK currents (Knaus et al., 1994). Accordingly, BK α 

knockout mice exhibit muscular tremor and are insensitive to the tremorgenic effects of 

lolitrem B and paxilline (Imlach et al., 2008; Typlt et al., 2013). On the other hand, genetic 

deletion of BK β1 or β4 does not produce tremors and does not affect the tremorgenic effect 

of these mycotoxins (Imlach et al., 2008).

In contrast, a gain-of-function mutation in KCNMA1 has been associated with paroxysmal 

nonkinesigenic dyskinesia (D434G; Du et al., 2005). Two additional de novo heterozygous 

point mutations in KCNMA1 were later identified in children affected by early-onset 

paroxysmal non-kinesigenic dyskinesia and developmental delay (E884K and N1053S; 

Zhang, Tian, Gao, Jiang, & Wu, 2015). The functional impact of these two mutations on BK 

channel activity is however unknown.

Constitutive deletion of BK α in mice also produces abnormal gait and deficient 

sensorimotor coordination (Sausbier et al., 2004). These deficits are recapitulated in mice 

lacking BK α exclusively in cerebellar Purkinje neurons, indicating the critical role of BK 

channel activity in these cells for normal motor coordination (Chen et al., 2010). Genetic 

deletion of BK β4, but not BK β1, reduces the ataxic effect of BK channel inhibitors (Imlach 

et al., 2008). The circuitry mediating the influence of BK channel activity on Purkinje cell 

output has been elegantly worked out. The absence of BK α depolarizes Purkinje neurons 

resting membrane potential and decreases their spontaneous activity (Sausbier et al., 2004). 

In addition, the reduced firing of Purkinje cells perturbs the downstream neuronal circuitry, 

ultimately resulting in reduced excitatory feedback from the inferior olive (Chen et al., 

2010). This disruption of the olivocerebellar feedback loop further contributes to silencing 

Purkinje neurons, thereby disabling the sole output of the cerebellar cortex.

The ataxic behavior produced by genetic inactivation of BK α is associated with the 

emergence of a beta oscillatory field potential in the cerebellar cortex, along with a highly 

rhythmic bursting pattern of Purkinje cells (Cheron et al., 2009). Interestingly, spike 

rhythmicity of Purkinje cells is increased in other rodent models of ataxia, which suggests 

that it may represent a general pathophysiological mechanism of cerebellar ataxia (Bearzatto 

et al., 2006; Cheron et al., 2004; Cheron, Servais, Wagstaff, & Dan, 2005; LeDoux & 

Lorden, 2002; Servais et al., 2005, 2007).

In a mouse model of spinocerebellar ataxia type 1 (SCA1, ATXN-1 [82Q] mice 

overexpressing mutant human ataxin-1 in Purkinje neurons), a reduction in BK currents 

contributes to the depolarization block that abolishes Purkinje cell repetitive firing in 

juvenile mice and is associated with motor impairment at this age (Dell’Orco et al., 2015). 

Importantly, these phenotypes can be rescued by virally mediated overexpression of BK α in 

the cerebellum of ATXN-1[82Q] mice, which normalizes the AHP amplitude and firing 
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frequency of 6-week-old Purkinje neurons and ameliorates motor function in young adult 

mice (Dell’Orco et al., 2015).

4.4 Cerebral Ischemia

BK channels are well suited to provide an “emergency brake” to limit glutamate release in 

instances of excessive Ca2+ influx, such as during cerebral ischemic stroke (Hu et al., 2001). 

Accordingly, intravenous administration of a BK channel opener (BMS-204352) 1–2 h after 

middle cerebral artery occlusion reduces cortical infarct volume in rats (Gribkoff et al., 

2001). Consistent with a protective role of BK channels in ischemic stroke, BK α knockout 

mice display larger infarct volume, more severe neurological deficits, and higher mortality 

than their wild-type littermates (Liao et al., 2010). Interestingly, these pharmacological and 

genetic manipulations do not impact cerebral blood flow, ruling out a role of vascular BK 

channels in their effects (Gribkoff et al., 2001; Liao et al., 2010). Pharmacological blockade 

or genetic inactivation of BK α also exacerbates NMDA-induced neurotoxicity in vivo and 

neuronal death in hippocampal or cerebrocortical slice cultures exposed to ischemia-like 

conditions, which further suggests that neuronal BK channels exert their neuroprotective 

effect by dampening excitotoxicity (Katsuki, Shinohara, Fujimoto, Kume, & Akaike, 2005; 

Liao et al., 2010; Runden-Pran et al., 2002). It is also possible that BK channels protect 

against neuronal death via their interactions with the proapoptotic proteins p53 and fas-

associated protein with death domain (Sakai & Sokolowski, 2015). An additional 

mechanism may involve mitochondrial BK channels, which are known to play a critical 

cardioprotective role in ischemia–reperfusion injury of the heart (Singh et al., 2013; Xu et 

al., 2002; see Chapter “Functional Role of Mitochondrial and Nuclear BK Channels” by Gao 

and Li).

Increased BK channel activity also mediates the neuroprotective effect of the traditional 

Chinese medicine Baifuzi and the antipsychotic chlorpromazine in rodent models of cerebral 

ischemia (Chi et al., 2010; Li, Zhang, et al., 2014), as well as the neuroprotective effect of 

resveratrol and estrogen receptor activators in hippocampal slices deprived from oxygen and 

glucose (Zhang et al., 2008, 2009). Interestingly, Baifuzi promotes BK channel activation 

via a direct interaction with the STREX insert of BK α, a domain that also mediates BK 

channel sensitivity to hypoxia (Chi et al., 2010; McCartney et al., 2005). BK channel 

activation also contributes to the neuroprotective effect of mitochondrial division inhibitor 

mdivi-1 in a model of spinal cord ischemia–reperfusion injury (Liu et al., 2015).

Despite these promising preclinical findings, the therapeutic efficacy of BMS-204352 failed 

to be demonstrated in a phase III clinical trial involving acute stroke patients, possibly due to 

the intrinsic limitations of that particular compound (Jensen, 2002; see Chapter “Developing 

the Molecular Pharmacology of BK Channels for Therapeutic Benefit” by Kaczorowski and 

Garcia). The abundance of evidence pointing to a neuroprotective role of BK channels in 

cerebral ischemic stroke calls for this therapeutic direction to be further explored, although 

side effects associated with CNS-wide BK channel activation will be a major hurdle to 

overcome.
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4.5 Alzheimer’s Disease

A genome-wide association study found that a SNP in the gene encoding BK α (KCNMA1, 
rs16934131) is nominally associated with late-onset AD risk in humans (Beecham et al., 

2009). Although a separate study was unable to replicate this association, the same SNP was 

found to influence age-at-onset and disease duration between different late-onset AD 

genotypes (Burns et al., 2011). A more recent genome-wide association study, coupled with 

an analysis of known genetic risk loci for AD and related dementias, found that a SNP in the 

gene encoding BK β2 (KCNMB2, rs9637454) was strongly associated with hippocampal 

sclerosis, a comorbid neuropathological feature of AD (Beecham et al., 2014).

While the functional consequence of these point mutations are unknown, rodent models of 

AD have shed some light on the mechanism through which BK channels may contribute to 

AD pathogenesis. Intracellular injection of amyloid-β1–42 (Aβ1–42) peptides into neocortical 

pyramidal cells suppresses BK channel activity, which broadens evoked AP spike width and 

indirectly enhances Ca2+ influx (Yamamoto et al., 2011). This effect is reversed by prior 

exposure of the animal to electroconvulsive shock (ECS), a treatment known to facilitate BK 

channel opening (Sakagami et al., 2005; Yamamoto et al., 2011). Accordingly, in a triple-

transgenic mouse model of AD that displays intraneuronal Aβ accumulation prior to the 

appearance of extracellular Aβ plaques and neurofibrillary tangles (4 months old 3xTg mice; 

Oddo et al., 2003), spike broadening is observed in neocortical neurons and BK currents 

cannot be detected unless the mice are first subjected to ECS (Yamamoto et al., 2011). A 

similar effect of Aβ accumulation on BK channels is also observed in brain mitochondrial 

inner membranes, as ventricular injection of Aβ1–42 in rats decreases the abundance of BK α 

and the open probability of BK channels in this intracellular compartment (Jafari et al., 

2015).

Consistent with these findings, both ventricular injection of isopimaric acid, a BK channel 

opener, and the use of transcranial magnetic stimulation ameliorate cognitive deficits and 

cortical hyperexcitability in 3xTg mice (Wang, Kang et al., 2015; Wang, Zhang, et al., 

2015). Interestingly, these treatments not only restore BK channel activity but also reduce 

brain Aβ content, which reveals a two-way relationship between BK currents and Aβ 

accumulation (Wang, Kang, et al., 2015; Wang, Zhang, et al., 2015).

BK channels seem to play an intricate role in AD pathogenesis. In contrast to the therapeutic 

effect of BK channel activation discussed above, increased activity of presynaptic BK 

channels was shown to account for reduced basal excitatory transmission in the 

hippocampus of another mouse model of preplaque AD (6–9 weeks old TgCRND8 mice; 

Chishti et al., 2001; Ye, Jalini, Mylvaganam, & Carlen, 2010). As a result, treatments 

enhancing BK channel activity could potentially aggravate synaptic dysfunction while being 

beneficial to counteract neurotoxicity in AD.

4.6 Adult-Onset Neuronal Ceroid Lipofuscinosis

BK channel dysfunction has been associated with adult-onset neuronal ceroid lipofuscinosis 

(ANCL) cases caused by mutations in the gene encoding CSPα. This dominantly inherited 

neurodegenerative disorder is characterized by the accumulation of an autofluorescent 
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lipopigment (lipofuscin) in neuronal lysosomes and causes seizures, ataxia, psychiatric 

manifestations, and progressive dementia (Noskova et al., 2011; Velinov et al., 2012). CSPα 

acts as a presynaptic chaperone for proteins involved in neurotransmitter vesicle trafficking 

(Chamberlain & Burgoyne, 2000). CSPα knockout mice suffer from a progressive 

neurodegenerative disorder similar to ANCL (Fernandez-Chacon et al., 2004). Interestingly, 

CSPα genetic ablation dramatically increases whole brain synaptosomal BK α protein levels 

without altering BK α mRNA levels (Ahrendt, Kyle, Braun, & Braun, 2014; Kyle et al., 

2013). This finding is consistent with the idea that CSPα suppresses BK α trafficking to the 

presynaptic terminals, and likely enhances neurotransmitter release (see Section 3.1.3). 

Synaptosomal BK α protein abundance was also significantly elevated in the postmortem 

cortex of an ANCL patient (Donnelier et al., 2015), but it remains to be determined whether 

BK channel upregulation actually contributes to the etiology of ANCL.

4.7 Mental Retardation

De novo mutations in KNCMA1 have been identified in several cases of mental retardation 

(Laumonnier et al., 2006; Zhang et al., 2015). In a patient affected by severe mental 

deficiency and autism (but not epilepsy), physical disruption of the KCNMA1 gene by 

chromosomal translocation led to haploinsufficiency and decreased BK currents in 

lymphoblastoid cell lines (Laumonnier et al., 2006). Dysregulation of BK α expression is 

also hypothesized to contribute to intellectual disability in humans carrying a nonsense 

mutation (R419X) in CRBN, the gene encoding cereblon (Higgins, Hao, Kosofsky, & 

Rajadhyaksha, 2008). Cereblon is a cytosolic protein that promotes the ubiquitination of BK 

α and suppresses the surface expression of BK channels in neurons (Jo et al., 2005; Liu et 

al., 2014). Taken together, these findings suggest that both decreased and increased BK 

channel activity may lead to mental retardation.

Two SNPs in the gene encoding BK β4 (KCNMB4) were also found to be among the 

strongest predictors of an autism spectrum disorder diagnosis, with a first one (rs968122) 

conferring vulnerability and the other one (rs12317962) being protective (Skafidas et al., 

2014). The impact of these SNPs on BK β4 expression and function is currently unknown.

Mechanistic insights into the link between BK channels and mental retardation have recently 

been provided by the study of FMRP knockout mice, a mouse model of Fragile X Syndrome 

(FXS). In contrast with its conventional role in the control of dendritic mRNA translation 

(Darnell & Klann, 2013), FMRP was shown to regulate glutamate release at CA3-CA1 

synapses by interacting with BK β4 in the presynaptic terminals of CA3 pyramidal cells 

(Deng et al., 2013). Specifically, the loss of FMRP broadens APs, reduces the fast AHP, 

increases presynaptic Ca2+ influx, and facilitates neurotransmitter release during repetitive 

activity (Deng et al., 2013). These effects result from a reduction in the Ca2+ sensitivity of 

BK channels and are corrected by genetic deletion of BK β4. These findings suggest that in 

wild-type animals FMRP enhances BK channel activity by sequestering β4 subunits, thereby 

reducing their influence on the gating kinetics and/or trafficking of BK α tetramers (Deng & 

Klyachko, 2016; Deng et al., 2013). Furthermore, BK β4 deletion normalizes epileptiform 

neuronal activity in hippocampal slices from FMRP knockout mice even though it promotes 

neuronal hyperexcitability in the presence of FMRP (Deng & Klyachko, 2016).
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A missense mutation in the gene encoding FMRP (R138Q), which impairs the presynaptic 

function of FMRP and disrupts the interaction between FMRP and BK β4 without altering 

its canonical postsynaptic function, was recently identified in an FXS patient, thereby 

providing a unique opportunity to interrogate the role of presynaptic FMRP at the systemic 

level (Myrick et al., 2015). This case revealed that presynaptic FMRP–BK channel 

interaction indeed contributes to some of the neuropathological features of FXS, as this 

patient exhibits intellectual disability and seizures (Myrick et al., 2015). The behavioral 

relevance of presynaptic FMRP was further confirmed by the striking ability of a BK 

channel opener (BMS-204352) to normalize the deficits in social recognition and 

interaction, nonsocial anxiety, and spatial memory of FMRP knockout mice after a single 

intraperitoneal injection (Hebert et al., 2014).

BK channels are also implicated in the sensory hypersensitivity associated with the loss of 

FMRP. In FMRP knockout mice, primary somatosensory cortex pyramidal neurons exhibit 

an increase in the intrinsic excitability of their dendrites, which results from a reduction in Ih 

and BK currents in this cellular compartment (Zhang et al., 2014). Specifically, the 

downregulation of dendritic BK channels in these mice enhances AP backpropagation and 

facilitates the generation of dendritic spikes (Zhang et al., 2014). Accordingly, 

pharmacological activation of BK channels rescues the hyperexcitable phenotype of FMRP 

knockout neurons in slices and corrects hypersensitivity to a moderate acoustic stimulus in 

vivo (Zhang et al., 2014).

Given the bulk of evidence pointing to a causative role of BK channel hypofunction in 

mental retardation in humans, the cognitive phenotype of BK α knockout mice appears 

surprisingly mild. Genetic inactivation of BK α abolishes the experience-dependent increase 

in prepulse inhibition and slows down spatial learning in the Morris water maze, but leaves 

working memory and spatial reference memory intact (Typlt et al., 2013). It is possible that 

constitutive deletion of BK α produces compensatory adaptations, particularly in other ion 

channels, that may mask the more severe phenotypes resulting from BK channel 

hypoactivity. Alternatively, the behavioral testing that has been conducted in BK α knockout 

mice may not have tapped into the cognitive domains most impacted in intellectually 

disabled humans, or BK channels may fulfill a species-specific function with regard to 

intellect.

4.8 Alcohol Use Disorders

Alcohol use disorders (AUD), formerly known as alcohol abuse and alcohol dependence, 

represent a spectrum of problematic patterns of alcoholic beverage consumption. Diagnostic 

criteria of AUD include loss ofcontrol over drinking, craving, and withdrawal symptoms 

(American Psychiatric Association, 2013). Low level of response to alcohol is a strong 

predictor of future AUD (Schuckit, 1994; Schuckit, Smith, Anderson, & Brown, 2004). 

KCNMA1 has been repeatedly detected by genome-wide linkage and association studies of 

the level of response to alcohol and alcohol dependence, although the signals were 

statistically weak (Edenberg et al., 2010; Kendler et al., 2011; Schuckit et al., 2005). In 

addition, both KCNMA1 and KCNMB1 were identified as part of a 39-gene functional 

network associated with a higher risk of developing alcohol dependence (Han et al., 2013).
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BK channels are one of the well-established molecular targets of alcohol (Dopico, Lemos, & 

Treistman, 1996; see Chapter “Modulation of BK Channels by Ethanol” by Dopico). 

Residues implicated in alcohol sensing are located between the channel Ca2+-sensing sites 

and gate (Bukiya et al., 2014; Davis, Scott, Hu, & Pierce-Shimomura, 2014). Clinically 

relevant concentrations of alcohol (20–25 mM) can lead to either BK current potentiation, 

refractoriness, or reduction depending on a number of parameters. In particular, the 

association of BK β1 shifts the activation-to-inhibition crossover to a lower Ca2+ 

concentration, yielding alcohol-resistant channels in neurons and alcohol-inhibited channels 

in cerebral artery myocytes (Bukiya, Liu, & Dopico, 2009; Martin et al., 2004; Wynne et al., 

2009). Lowering the concentration of Mg2+ also switches the effect of alcohol from 

activating to inhibitory, which is relevant to the pathophysiology of AUD as chronic alcohol 

consumption leads to Mg2+ depletion (Marrero, Treistman, & Lemos, 2015; Romani, 2008).

In striatal medium spiny neurons, alcohol-induced potentiation of BK currents rapidly 

desensitizes, unless auxiliary β4 subunits are present (Martin et al., 2008). An miRNA-

mediated BK α isoform switch contributes to this rapid desensitization in supraoptic nucleus 

and striatal neurons, with miR-9 targeting ALCOREX-containing splice variants to 

degradation, thereby favoring the expression of alcohol-insensitive STREX-containing 

isoforms (Pietrzykowski et al., 2008; Velazquez-Marrero et al., 2011). Whether miR-9-

driven regulation of BK α splice variants also occurs following in vivo alcohol exposure, 

possibly in a brain region- or cell type-specific manner, awaits further investigation. Changes 

in the phosphorylation state of BK α also contribute to rapid desensitization (Velazquez-

Marrero, Seale, Treistman, & Martin, 2014). Finally, prolonged exposure of neurons to 

alcohol (6 h) reduces BK channel cell surface expression (Palacio et al., 2015; Pietrzykowski 

et al., 2004; Velazquez-Marrero et al., 2011).

The contribution of BK channels to the behavioral effects of alcohol has been investigated 

by genetically manipulating the pore-forming α subunit in worms and flies, and the auxiliary 

β subunits in mice. Studies in invertebrates have yielded conflicting results, showing that BK 

channels mediate the intoxicating effects of alcohol in Caenorhabditis elegans (Davies et al., 

2003; Davis et al., 2014) while they mediate rapid tolerance to alcohol-induced sedation and 

increased seizure susceptibility in Drosophila melanogaster (Cowmeadow, Krishnan, & 

Atkinson, 2005; Cowmeadow et al., 2006; Ghezzi, Al-Hasan, Larios, Bohm, & Atkinson, 

2004; Ghezzi et al., 2014; Ghezzi, Pohl, Wang, & Atkinson, 2010). In mice, deletion of BK 

β4 promotes rapid tolerance to the hypolocomotor effect of alcohol (Martin et al., 2008) and 

attenuates alcohol drinking escalation in alcohol-dependent mice (Kreifeldt, Le, Treistman, 

Koob, & Contet, 2013). Conversely, deletion of BK β1 accelerates drinking escalation in 

dependent mice (Kreifeldt et al., 2013), while reducing chronic tolerance to alcohol-induced 

sedation and hypothermia (Kreifeldt et al., 2015). BK channel auxiliary subunits therefore 

seem to play a critical role in the adaptive response to chronic alcohol exposure in mammals. 

Whether the interaction of alcohol with BK channels directly contributes to the intoxicating 

effects of alcohol and/or to the adaptive mechanisms generating chronic tolerance or 

drinking escalation in mammals is still an open question and a hot topic of investigation.
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4.9 Pain

In the spinal cord, BK channels are expressed in subsets of small- and medium-diameter 

DRG neurons, in which they shorten AP duration, drive the fast AHP, reduce firing 

frequency, and prolong the refractory period (Li et al., 2007; Lu et al., 2014; Sarantopoulos 

et al., 2007; Scholz, Gruss, & Vogel, 1998; Shieh et al., 2007; Zhang, Gopalakrishnan, & 

Shieh, 2003; Zhang, Mok, Katz, & Gold, 2010). BK channels are particularly enriched in 

isolectin-B4 (IB4) positive small-diameter DRG neurons, a subset of nociceptive primary 

afferents (Gruss et al., 2001; Zhang et al., 2010). In these neurons, clinically relevant 

concentrations of ethanol and 2,2,2-trichloroethanol, the active metabolite of chloral hydrate, 

potentiate BK currents and may contribute to the analgesic effects of these compounds 

(Gruss, Hempelmann, & Scholz, 2002; Gruss et al., 2001). Consistent with this hypothesis, 

BK channels located in calcitonin gene-related peptide terminals were recently shown to 

mediate the analgesic effect of a peripherally acting μ opioid receptor agonist in a model of 

trigeminal nociception (Baillie, Schmidhammer, & Mulligan, 2015). BK channels are also 

present on presynaptic terminals in the superficial dorsal horn, where they inhibit transmitter 

release from primary afferents and inhibitory interneurons (Furukawa et al., 2008; Song & 

Marvizon, 2005).

At the behavioral level, pharmacological blockade of spinal BK channels with iberiotoxin 

produces mechanical hyperalgesia (Chen, Cai, & Pan, 2009). The effect of spinal BK 

channel activation in naïve animals may be biphasic and/or modality dependent, as 

intrathecal administration of a low dose of the BK channel opener NS-1619 (0.072 μg) 

produces tactile allodynia, but a higher dose (20 μg) does not affect thermal and mechanical 

nociceptive thresholds (Chen et al., 2009; Hayashi et al., 2011).

Peripheral nerve injury, a preclinical model of neuropathic pain, reduces the expression and 

activity of BK channels in small and medium DRG neurons, resulting in increased excitatory 

transmission in the superficial dorsal horn (Cao, Chen, Li, & Pan, 2012; Chen et al., 2009; 

Furukawa et al., 2008; Sarantopoulos et al., 2007). This downregulation of BK α is mediated 

by brain-derived neurotrophic factor activation of TrkB receptors (Cao et al., 2012). Glial 

cell-derived neurotrophic factor (GDNF) also reduces BK currents in IB4-positive 

nociceptors, an effect hypothesized to mediate GDNF-induced mechanical hyperalgesia 

(Hendrich, Alvarez, Chen, & Levine, 2012). Consistent with BK channel activity attenuating 

nociceptor signaling, intrathecal administration of a BK channel opener (NS-1619) reduces 

tactile allodynia, as well as mechanical and thermal hyperalgesia, in nerve-ligated rats (Chen 

et al., 2009). Spinal BK channel activation also contributes to the antiallodynic effect of 

resveratrol (a plant stilbenoid) in neuropathic pain, and to the analgesic effect of MV8612 (a 

plant pregnane compound) in inflammatory pain (Bermudez-Ocana, Ambriz-Tututi, Perez-

Severiano, & Granados-Soto, 2006; Santos, Trentin, Ferreira, Yunes, & Calixto, 2003). In 

models of chronic inflammatory pain, genetic ablation of BK α in DRG sensory neurons 

aggravates nociceptive behavior, while systemic administration of a BK channel opener 

(NS-1619) exerts analgesic properties (Lu et al., 2014).

Surprisingly, DRG-restricted BK α conditional knockout mice display unaltered nociceptive 

thresholds in models of acute or neuropathic pain (Lu et al., 2014). This lack of phenotype 

suggests that the effects of intrathecally administered BK channel modulators may be 
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mediated by other spinal cord neuronal populations, such as interneurons (see below). 

Another paradoxical finding was that charybdotoxin, a BK channel blocker, suppresses 

nerve injury-induced tactile allodynia (Hayashi et al., 2011). This discrepancy may stem 

from the promiscuous action of charybdotoxin on intermediate conductance Ca2+-activated 

K+ (IK) channels, as well as on voltage-activated K+ channels (Garcia et al., 1991; Garcia, 

Knaus, Munujos, Slaughter, & Kaczorowski, 1995).

BK channels inhibit the release of inhibitory neurotransmitters from spinal cord 

interneurons. In particular, they reduce spontaneous glycinergic transmission in the sacral 

dorsal commissural nucleus and mediate the inhibitory effect of NMDA on opioid release in 

the dorsal horn (Shoudai et al., 2007; Song & Marvizon, 2005). Interestingly, while nerve 

ligation reduces BK channel expression in DRG neurons (see above), it increases BK α 

immunoreactivity in dorsal horn interneurons (Chen et al., 2009). The functional impact of 

this redistribution awaits further investigation, but suppression of inhibitory signaling within 

the dorsal horn may potentiate nociception in neuropathic pain.

BK channels are also located at juxtaparanodal sites in spinal cord white matter axons, 

beneath the myelin sheath (Ye et al., 2012). Under normal conditions, juxtaparanodal BK 

channels do not modulate axonal conduction, but in a model of spinal cord compression 

injury, resulting demyelination exposes juxtaparanodal BK channels, whose activity then 

impairs axonal conduction (Ye et al., 2012). In summary, BK channels are implicated in 

multiple aspects of sensory information flow in the spinal cord, and changes in BK channel 

activity upon nerve injury or following treatment can have either detrimental or beneficial 

consequences.

4.10 In the Eye

BK currents can be detected in a large number of retinal cell types, including retinal pigment 

epithelial cells (Tao & Kelly, 1996; Wimmers, Halsband, Seyler, Milenkovic, & Strauss, 

2008), rod photoreceptors (Pelucchi, Grimaldi, & Moriondo, 2008; Xu & Slaughter, 2005), 

cone photoreceptors (Barnes & Hille, 1989), retinal bipolar cells (Burrone & Lagnado, 1997; 

Sakaba, Ishikane, & Tachibana, 1997), amacrine cells (Grimes, Li, Chavez, & Diamond, 

2009; Mitra & Slaughter, 2002b), and retinal ganglion cells (Henne & Jeserich, 2004; Wang, 

Robinson, & Chalupa, 1998). They are also present in retinal arterioles (Mori, Suzuki, 

Sakamoto, Nakahara, & Ishii, 2011) and retinal pericytes (Quignard, Harley, Duhault, 

Vanhoutte, & Feletou, 2003), which are both involved in the regulation of retinal blood flow, 

as well as in proliferating Müller (glial) cells (see Bringmann et al., 2000 for review) and in 

trabecular meshwork, a smooth muscle-like tissue involved in the regulation of aqueous 

humor outflow (Soto et al., 2004; Stumpff, Strauss, Boxberger, & Wiederholt, 1997).

In a subset of amacrine cells, BK channels mediate spontaneous miniature outward currents, 

which are hypothesized to serve as synaptic noise suppressors at quiescent glutamatergic 

synapses (Mitra & Slaughter, 2002a, 2002b). In A17 amacrine cells, BK channels also 

suppress activation of CaV channels to limit GABA release onto rod bipolar cells (Grimes et 

al., 2009). Accordingly, genetic ablation of BK channels reduces rod bipolar cell activity in 

vivo, although this modulatory role is restricted to intermediate lighting conditions 

(Tanimoto et al., 2012). Conversely, at the ribbon synapse of rod photoreceptors, BK channel 
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activity enhances neurotransmitter release (Xu & Slaughter, 2005; see Section 3.1.3). 

Notably, this facilitatory role is only observed within a physiological range of 

depolarization, beyond which BK currents hyperpolarize the rod and brake neurotransmitter 

release. Finally, in the retinal pigment epithelium, BK channels regulate the rhythmic 

phagocytosis of shed photoreceptor outer segments, a process whose dysfunction leads to 

blindness (Muller, Mas Gomez, Ruth, & Strauss, 2014; Strauss, 2005).

Although there are no journal publications on the topic, multiple patents cover the use of BK 

channel inhibitors to lower intraocular pressure for the treatment of open-angle ocular 

hypertension and the prevention of glaucoma (Adorante, WoldeMussie, Ruiz, Kopper, & 

Moore, 1999; Brnardic et al., 2009; Chen et al., 2004; Gao & Shen, 2006; Goetz, 

Kaczorowski, Monaghan, Strohl, & Tkacz, 2003). Surprisingly, the drug Rescula 

(unoprostone isopropyl ophthalmic solution), the only BK channel modulator that has been 

approved by the U.S. Food and Drug Administration for this indication, is a potent BK 

channel activator (Cuppoletti, Malinowska, Tewari, Chakrabarti, & Ueno, 2007; Yu et al., 

2015). It is hypothesized to exert its therapeutic action by increasing the aqueous humor 

outflow through the trabecular meshwork (Thieme et al., 2001), while inhibitors claimed in 

the patent literature are hypothesized to act on BK channels of the nonpigmented ciliary 

epithelium to block humor inflow (see Chapter “Developing the Molecular Pharmacology of 

BK Channels for Therapeutic Benefit” by Kaczorowski and Garcia).

5. CONCLUSIONS

BK channels have myriad (and sometimes opposite) effects on neural activity, as 

underscored not only by experimental data but also by modeling studies. Their ability to 

regulate firing output and synaptic transmission depends upon their coexpression and 

intracellular association with other ion channels, particularly Ca2+ channels, but also HCN 

and Na+ channels among others. Overall, it is clear that early studies investigating how 

specific conditions change total levels of BK α transcript or protein wereinsufficient to 

understand how BK channels influence normal neuronal function and confer disease 

phenotypes. Specific future challenges for experimentalists will be in separating the 

physiological contribution of intracellular vs plasma membrane BK channels, as well as 

isolating the contribution of somatic vs presynaptic BK channels. Electrophysiological 

measures, or biochemical methods that can focus on specific cellular compartments, will be 

required to fully comprehend how BK channels contribute to firing and synaptic 

communication.

The regulation of BK α pre-mRNA alternative splicing and isoform-specific mechanisms of 

posttranscriptional control can have dramatic functional consequences on BK channel 

activity in vitro. Analyzing the abundance of specific splice variants, their subcellular 

localization, and interactions with other proteins in different CNS regions and/or cell types 

will be essential for fully understanding the role BK channels play in diverse pathologies in 

vivo. Such knowledge may then enable the development of therapeutic approaches targeting 

critically involved subpopulations of BK channels, in an attempt to circumvent the 

detrimental effects associated with CNS-wide BK channel activation or inhibition 

(summarized in Fig. 1).
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Fig. 1. 
Summary of the physiological and behavioral outcomes resulting from excessive (left) and 

insufficient (right) BK channel activity in the CNS. In some instances, this balance can be 

tipped by systemic pharmacological manipulation, such that BK channel blockade can 

normalize abnormalities elicited by BK channel hyperfunction (eg, anticonvulsant effect of 

paxilline) and BK channel activation can correct abnormalities generated by BK channel 

hypofunction (eg, analgesic effect of NS-1619). Mechanistic explanations and bibliographic 

references are provided in the text.
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