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Abstract

Small conductance calcium-activated potassium channels (SKs) are solely activated by
intracellular Ca?* and their activation leads to potassium efflux, thereby repolarizing/
hyperpolarizing membrane potential. Thus, these channels play a critical role in synaptic
transmission, and consequently in information transmission along the neuronal circuits expressing
them. SKs are widely but not homogeneously distributed in the central nervous system (CNS).
Activation of SKs requires submicromolar cytoplasmic Ca2* concentrations, which are reached
following either CaZ* release from intracellular Ca2* stores or influx through CaZ* permeable
membrane channels. Both Ca2* sensitivity and synaptic levels of SKs are regulated by protein
kinases and phosphatases, and degradation pathways. SKs in turn control the activity of multiple
Ca?* channels. They are therefore critically involved in coordinating diverse Ca2* signaling
pathways and controlling Ca%* signal amplitude and duration. This review highlights recent
advances in our understanding of the regulation of SK2 channels and of their roles in normal brain
functions, including synaptic plasticity, learning and memory, and rhythmic activities. It will also
discuss how alterations in their expression and regulation might contribute to various brain
disorders such as Angelman Syndrome, Alzheimer’s disease and Parkinson’s disease.

Introduction

Small conductance Ca2*-activated K+ channels (SKs) belong to the family of Ca2*-activated
K* channels. Based on channel properties, Ca?*-activated K* channels are classified into 3
subtypes (Figure 1A; members of Ca?*-activated K* channels are in bold): big-conductance
K* channels (BK, aka KCal.1, KCNMA1) with single channel conductance of 100-200 pS,
small conductance K* channels (SK1-3, aka KCa2.1-2.3, KCNN1-3) with 10-20 pS single
channel conductance, and intermediate-conductance K* channels (IK, aka KCa3.1/SK4/
KCNN4) (Adelman, Maylie et al. 2012). SKs are widely expressed in the CNS and play
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critical roles in various brain functions due to their unique channel properties and locations.
SKs are activated by increased intracellular [CaZ*] ([Ca2*];), one of the most common
downstream events in synaptic transmission, resulting from either a Ca* influx through
plasma membrane Ca2* permeable ionotropic N-methyl-D-aspartate glutamate receptor
(NMDAR) (Ngo-Anh, Bloodgood et al. 2005), or Ca2* release from intracellular Ca2*
stores, and calcium binding to constitutively bound calmodulin (CaM). Activation of SKs
leads to rapid K* efflux and membrane repolarization/hyperpolarization; the resulting
shunting of membrane potential changes the function of other ion channels, e.g., NMDAR,
thereby further regulating information transmission along neuronal circuits expressing these
channels. Emerging evidence has positioned SKs in the center of a signaling cascade
regulating information flow along CNS circuits and indicated that abnormal function within
this cascade is involved in several neurological and neuropsychiatric disorders. Furthermore,
due to their widespread distribution in multiple organs, these channels are also critically
involved in various physiological functions in several peripheral systems, such as the
cardiovascular, intestinal, renal, and immune systems. In this review, we will focus on the
distribution, post-translational regulation, and function of SK2 channels in normal brain
function and in various brain diseases. The authors apologize to the authors of many
excellent papers that we failed to cite here due to space limitation.

SK channel distribution and function in the CNS

A major function of SKs is to mediate the medium afterhyperpolarization (mAHP), thereby
influencing synaptic transmission, neuronal firing frequency, synaptic plasticity, and
learning and memory, although the contribution of SK channels to the mAHP in
hippocampal subfield CA1 (Cornu Ammonis 1) pyramidal cells has been controversial
(Stocker, Krause et al. 1999, Bond, Herson et al. 2004, Gu, Vervaeke et al. 2005, Chen,
Benninger et al. 2014). The three subtypes of SKs exhibit different but also overlapping
regional and subcellular distributions in the CNS. The allosteric blocker apamin displays
some selectivity between SK channel subtypes, with SK2 being the most sensitive, followed
by SK3 and then SK1 (Kohler, Hirschberg et al. 1996). Both SK1 and SK2 channels are
highly expressed in neocortex, hippocampus, and cerebellum; in many cases both channels
are found in the same neurons (Sailer, Hu et al. 2002, Sailer, Kaufmann et al. 2004), which
may provide the basis for the preferential assembly of heteromeric SK1/SK2 channels
(Church, Weatherall et al. 2015). SK1 can also form heteromeric channels with IK channels;
these heteromeric channels have unique pharmacological and biophysical properties, which
are distinct from those seen with homomeric channels (Higham, Sahu et al. 2019). It is
noteworthy that metabotropic glutamate receptor type 5 (mGIuR5) and SK2 channels have
been shown to co-assemble in heterologous cells and rat primary hippocampal neurons,
wherein mGIuR5 receptor activation increases SK2 currents (Garcia-Negredo, Soto et al.
2014). Furthermore, co-expression of these two proteins not only increased their plasma
membrane targeting, but also increased mGIlu5 receptor function. It remains to be
determined whether the interaction of these two membrane proteins plays any roles at the
neuronal circuit and behavioral levels.

Within the hippocampus, the highest expression levels of SK1 channels are found in stratum
radiatum in hippocampal CA1 and CA3 subregions, and in the molecular layer of the dentate
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gyrus, while SK2 channel expression is highest in stratum radiatum and stratum oriens in
CA1 and CA2. Low to medium levels of SK1 and SK2 channels are also found in the
amygdala. Low levels of SK3 channels are present in cortex, hippocampus, and other brain
regions (Rimini, Rimland et al. 2000, Stocker and Pedarzani 2000, Tacconi, Carletti et al.
2001, Sailer, Hu et al. 2002, Chen, Gorman et al. 2004, Sailer, Kaufmann et al. 2004). At the
cellular level, SK1 and SK2 channels are primarily found in neuronal cell bodies and
dendrites. In hippocampal CA1 pyramidal neurons, SK2 channels are present in dendritic
spines in close proximity to NMDARs (Lin, Lujan et al. 2008, Allen, Bond et al. 2011).

Two SK2 isoforms, SK2-long (SK2-L) and SK2-short (SK2-S), have been identified, with
SK2-L having a 207 amino acid N-terminal extension, as compared to SK2-S (Allen, Bond
et al. 2011). Both SK2-L and SK2-S isoforms are expressed in CA1 pyramidal neurons.
SK2-L is necessary for synaptic localization, as SK2-S channels are excluded from the post-
synaptic density of dendritic spines in mice lacking the SK2-L isoform (Allen, Bond et al.
2011). It has recently been reported that the synaptic scaffold protein, MPP2 (membrane
palmitoylated protein 2), is crucial for SK2 synaptic localization and function in synaptic
plasticity (Kim, Lujan et al. 2016). Postmortem study of human brains has detected SK2
proteins in stratum oriens, radiatum and lacunosum moleculare of hippocampal CA1 and
CA2 areas. SK2 channels have also been found in human amygdala, with the highest
expression in the basolateral nucleus, and in neocortex, with the highest expression in layer
V (Willis, Trieb et al. 2017). Interestingly, a recent report showed that in layer V pyramidal
neurons, somatic and dendritic SK channels have opposite effects on neuronal excitability,
with activation of somatic SK channels inhibiting while activation of the dendritic channels
enhancing neuronal output (Bock, Honnuraiah et al. 2019). This difference could be due to
different interacting proteins since shRNA-mediated MPP2 knockdown only affects SK2
channels in dendritic spines and not in soma (Kim, Lujan et al. 2016). Purkinje cells exhibit
an axo-somato-dendritic gradient of SK2 expression with a 12-fold increase from the soma
to the dendritic spines, although SK2 channels are excluded from the PSDs in dendritic
spines of Purkinje neurons (Lujan, Aguado et al. 2018). In mouse locus coeruleus (LC)
neurons, although SK1, SK2 and SK3 channels are all expressed, SK2 channels are the
predominantly expressed variant. SK channels are essential regulators of the intrinsic
pacemaker function of LC neurons; in these neurons, the AHP is mostly mediated by the
outward currents generated by SK channels (Matschke, Rinne et al. 2018).

2. SK channel properties and their modulation

SKs exhibit six transmembrane segments (S1-6), a P loop region, and intracellular N and C
terminal domains (Figure 1B) (Faber 2009); the K*-selective pore is formed between S5 and
S6. Calmodulin (CaM) is constitutively bound to the CaM-binding domain (CaMBD) of the
C terminus of SK channels and provides the Ca2* sensing mechanism (Xia, Fakler et al.
1998, Schumacher, Rivard et al. 2001). Binding of CaZ* to CaM induces a conformational
change of the channel, which results in its opening (Xia, Fakler et al. 1998, Fanger,
Ghanshani et al. 1999, Schumacher, Rivard et al. 2001). Notably, E-F hands 1 and 2 in the N
terminus of CaM are necessary and sufficient for Ca2*-dependent gating in SK2 channels,
whereas the C-terminal domains are necessary for Ca2*-independent, constitutive binding
(Keen, Khawaled et al. 1999). Several lines of investigation have shown that SK2 channels
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form a complex with a protein kinase, casein kinase 2 (CK2), and a protein phosphatase,
phosphatase 2A (PP2A) [reviewed in (Adelman, Maylie et al. 2012)]. Like CaM, both CK2
and PP2A are constitutively bound to SK channels. By phosphorylating SK2-associated
CaM at Thr80, CK2 reduces SK channel Ca?* sensitivity and increases channel closing rate,
whereas PP2A reverses CK2-induced channel changes by dephosphorylation of Thr80
(Figure 1C). Interestingly, phosphorylation and dephosphorylation by CK2 and PP2A at
Thr80 is “state-dependent”: phosphorylation occurs only when the channel is closed while
dephosphorylation happens when the channel is open (Adelman 2016). Targeting the
binding of CaM to the CaMBD has led to the identification of a class of positive channel
modulators, including 1-Ethyl-2-benzimidazolinone (1-EBIO) (Figure 1C) (Pedarzani,
Mosbacher et al. 2001). CK2-mediated reduction of SK channel Ca2* sensitivity contributes
to M1-type muscarinic receptor (M1R)-induced facilitation of synaptic transmission in
hippocampal CA1 pyramidal neurons (Giessel and Sabatini 2010). However, M1R-induced
facilitation of theta burst stimulation (TBS)-induced long-term potentiation (LTP) at
Schaffer collateral synapses in hippocampus depends on SK channel inhibition induced by
protein kinase C (PKC), instead of by CK2 (Buchanan, Petrovic et al. 2010). The reason for
this discrepancy is currently unknown.

Direct phosphorylation of some of the predicted phosphorylation sites of the SK channels
has also been shown to modulate their expression and functions (Kohler, Hirschberg et al.
1996). In particular, protein kinase A (PKA)-mediated phosphorylation of serine residues
568-570 (Figure 1B) in the C-terminal domain of SK2 channels reduces their surface
localization in COS cells (Ren, Barnwell et al. 2006). In amygdala pyramidal neurons, PKA-
mediated phosphorylation of SK channels also reduces their targeting to the plasma
membrane (Faber, Delaney et al. 2008), although the exact residues involved in this process
have not yet been identified. PKA-induced SK channel internalization has also been
observed in dopaminergic neurons in the substantia nigra (Estep, Galtieri et al. 2016). On the
other hand, Rab4-and Rab11-mediated forward trafficking is important for membrane
insertion of SK channels (Honrath, Krabbendam et al. 2017). We recently showed that lysine
residues (K506/K514/K550, Figure 1B) in the C-terminal domain of SK2 can be
ubiquitinated by the E3 ligase, UBE3A, which results in SK2 protein endocytosis and
degradation (Figure 2A) (Sun, Zhu et al. 2015). Moreover, Ube3a-mediated SK2
ubiquitination hinders Rab11-mediated SK2 recycling to synaptic membranes following
internalization resulting from theta-burst stimulation (TBS)-induced long term potentiation
(LTP) (Figure 2A) (Sun, Liu et al. 2020). Posttranslational downregulation of dendritic SK2
channels has also been shown to contribute to brain-derived neurotrophic factor (BDNF)-
induced facilitation of LTP (Kramar, Lin et al. 2004) and deafferentation-induced reactive
hyperexcitability in hippocampal CA1 pyramidal neurons (Cai, Wei et al. 2007). At the
system level, circuit-specific down-regulation of SK2 channels in amygdala neurons
correlates with enhanced anxiety-like behavior, which can be corrected by virus-mediated
expression of SK2 (Zhang, Liu et al. 2019), further underlining the importance of
maintaining optimal synaptic localization and levels of SK channels.
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3. SK2 channels play important roles in synaptic plasticity and learning and memory

Glutamate receptors, including ionotropic AMPA (a-Amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid) and NMDA receptors and metabotropic receptors (mGIuRs),
mediate most of the excitatory synaptic transmission in the CNS and play critical roles in
synaptic plasticity and cognitive functions. Besides mediating the mAHP [(Stocker, Krause
et al. 1999, Bond, Herson et al. 2004); but see (Gu, Vervaeke et al. 2005, Chen, Benninger et
al. 2014)] and the repolarization of Ca?*-mediated plateau potentials (Cai, Liang et al.
2004), SKs regulate the amplitude of excitatory post-synaptic potentials (EPSP) by limiting
membrane depolarization, as demonstrated in hippocampal and amygdala neurons
(Bloodgood and Sabatini, 2007; Faber et al., 2005; Ngo-Anh et al., 2005). In hippocampal
CAL pyramidal neurons, AMPA receptor (AMPAR)-mediated postsynaptic depolarization
results in the removal of Mg2* from NMDAR-channels, allowing channel opening and Ca%*
influx. Ca2* then activates SK2 and the resulting outward K* current partially repolarizes the
membrane and reinstates MgZ* blockade of NMDAR-channels (Ngo-Anh, Bloodgood et al.
2005). This local negative feedback loop between SK2 channels and NMDARSs has been
proposed to play an important role in regulating neuronal firing frequency and controlling
the threshold for LTP induction at CA3 to CA1 synapses in hippocampus (Hammond, Bond
et al. 2006, Lin, Lujan et al. 2008). Ca2* influx through NMDARSs is responsible for the
induction of LTP and long-term depression (LTD) at these synapses, with large amounts of
Ca?" influx leading to LTP, whereas a smaller amount of Ca2* influx results in LTD
(Malenka and Nicoll 1993). Therefore, by controlling [Ca%*]i homeostasis, SK2 channels
effectively influence bidirectional synaptic plasticity. Indeed, Stackman et al (Stackman,
Hammond et al. 2002) showed that blocking SK channels with apamin changed the
stimulation frequency for LTD induction from 10 Hz to 5 Hz (Stackman, Hammond et al.
2002), in an NMDAR-dependent manner. Recently, it has been reported that inhibition of
SK channels, paradoxically by Ca2* released from lysosomes, is required for mGIluR1-
induced LTP in hippocampal CA1 pyramidal neurons, and counterintuitively in a PP2A-
dependent manner (Foster, Taylor et al. 2018). Although the precise mechanism is unknown,
this result further emphasizes the importance of SK channels in synaptic plasticity, since
mGIuR1 activation is commonly linked to LTD instead of LTP.

Accumulating evidence indicate that events that trigger synaptic plasticity also regulate
synaptic SK2 channel levels through the activation of PKA and Ube3a. In mouse
hippocampus, LTP induction results in endocytosis of synaptic SK2 channels (Lin, Lujan et
al. 2008, Sun, Zhu et al. 2015), which contributes to the enhancement of EPSPs at
potentiated synapses (Lin, Lujan et al. 2008). This process is partially due to PKA-mediated
phosphorylation of three serine residues (Ser568-570) (Lin, Lujan et al. 2008) and to
Ube3a-mediated ubiquitination (Sun, Zhu et al. 2015) in the C-terminal domain of SK2
channels (Figure 2). LTP-induced endocytosis of synaptic SK2 channels occurs in parallel
with and depends on PKA-dependent exocytosis of GluAl-containing AMPARs (Lin, Lujan
et al. 2008), since blocking GluA1l-containing AMPA receptor exocytosis also prevents SK2
channel endocytosis (Lin, Lujan et al. 2010). However, how traffickingcoupling of these two
synaptic proteins in opposite directions occurs remains unknown. As mentioned earlier,
Ube3a-mediated SK2 ubiquitination also contributes to LTP-induced removal of SK2
channels (Sun, Zhu et al. 2015) and hinders their recycling back to synaptic membranes and
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promotes their degradation (Figure 2B). We have recently reported that LTP induced by
different stimulation patterns depends on different cell signaling pathways; while high-
frequency stimulation (HFS)-induced LTP depends on PKA activation, TBS-induced LTP
does not (Zhu, Liu et al. 2015). It is conceivable that, although TBS-induced LTP does not
depend on PKA activation, TBS could still induce PKA activation and trigger SK2
internalization. This notion is supported by the observation that, although application of
PKA inhibitors did not block TBS-induced LTP, it did block LTP-induced synaptic SK2
removal (Lin, Lujan et al. 2008). Together, these results suggest that higher levels of PKA
activation could compensate for the lack of Ube3a-mediated SK2 regulation during LTP
induction. It also appears that Ube3a contributes more to controlling basal levels of synaptic
SK2, while PKA-induced SK2 internalization occurs preferentially during synaptic
activation. Furthermore, we recently showed that while the two types of SK2 channel
posttranslational modifications by Ube3a and PKA could occur independently, PKA-
mediated phosphorylation facilitates Ube3a-mediated ubiquitination of SK2 (Sun, Liu et al.
2020). Thus, cooperation between PKA and Ube3a provides further fine-tuning of synaptic
SK2 levels.

Another type of synaptic plasticity in which SK channels may play important roles is spike-
timing-dependent (STD) plasticity (STDP). The canonical STDP is a process under which
neuronal connection strength is adjusted according to its “activation history”: a synaptic
connection is time-dependently strengthened if the presynaptic stimulation precedes
(positive) the postsynaptic neuronal spike, whereas it is weakened if presynaptic stimulation
follows (negative) the postsynaptic spike. In layer V pyramidal neurons of somatosensory
cortex, low-frequency (0.2 Hz) single AP-EPSP (action potential-excitatory postsynaptic
potential) pairing at both positive and negative intervals did not lead to STDP (Jones, To et
al. 2017), which is consistent with the literature (Markram, Lubke et al. 1997, Kampa,
Letzkus et al. 2006). However, in the presence of the SK2 channel blocker, apamin, positive
pairing induced LTP while negative pairing induced LTD. In this case, spine localized SK2
channels fine-tuned STDP induction by regulating NMDAR (Jones, To et al. 2017). Tigaret
et al. reported that, at mature hippocampal Schaffer collateral synapses, STDP-induced LTP
requires potentiation of NMDARs by mGluR1-mediated inhibition of SK channels (Tigaret,
Olivo et al. 2016). A subsequent study showed that activation of M1 receptors facilitates
STD-induced LTP by reducing SK channel activity (Tigaret, Chamberlain et al. 2018).
Furthermore, M1R-mediated inhibition of SK channels has been linked to LTP induced by
patterns of activity taking place during behavioral exploration, while mGluR1-mediated
inhibition of SK channels was associated with sharp wave ripple-stimulated LTP (Tigaret,
Chamberlain et al. 2018). Thus, SK channels play critical roles in synaptic plasticity induced
by different stimulation patterns or under different neuronal “activity history”.

In a recent review, Titley et al. (Titley, Brunei et al. 2017) argued that activity-induced
alterations in neuronal intrinsic excitability is critical for learning and memory, in an SK
channel dependent manner. This “neurocentric view of learning” posits that changes in
intrinsic excitability, such as through downregulation of SK channels, reduce AHP
amplitude, which in turn leads to a prolonged enhancement of EPSPs, followed by increased
probability of spike generation, and thus in a long-lasting synaptic strength enhancement and
information encoding. The validity of this hypothesis notwithstanding, the critical roles of
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SK channels in cognitive functions are clear. The unique properties of SK channels,
including their activation by calcium, their slow deactivation Kinetics, their regulation by
neuromodulators, kinases and phosphatases, and ubiquitination enable them to regulate
neuronal activity at multiple levels in circuits expressing them. Indeed, in vivo animal
experiments have shown that apamin treatment facilitates hippocampus-dependent learning
and memory (Stackman, Hammond et al. 2002, Faber, Delaney et al. 2005, Ngo-Anh,
Bloodgood et al. 2005, Allen, Nakayama et al. 2011, Chakroborty, Kim et al. 2012). Genetic
deletion of SK2 channels, but not of SK1 or SK3 channels, abolishes the effect of apamin
(Bond, Herson et al. 2004), confirming the inhibitory effect of SK2 channels in learning and
memory.

4. Roles of SK2 in rhythmic and pacemaker activity and related behaviors

Rhythmic activities in the brain are critical for coding and storing information in the brain
(Lisman and Jensen 2013). The hippocampus exhibits three main classes of rhythms: theta
(~4-12 Hz), sharp wave-ripples (~150-200 Hz ripples superimposed on ~0.01-3 Hz sharp
waves), and gamma (~25-100 Hz) (Colgin 2016). The theta rhythm is predominant during
locomotion and attention, and is necessary for memory formation (Winson 1978).
Hippocampal gamma activity appears to facilitate memory encoding as well, although this is
still debated (Jutras, Fries et al. 2009, Colgin and Moser 2010). Sharp wave-ripples are
thought to be responsible for stabilizing and consolidating memories among other functions
[reviewed in (Colgin 2016)].

Combe et al. (Combe, Canavier et al. 2018) recently showed that CA1 pyramidal neurons
fire preferentially in the slow gamma range regardless of whether the input occurs at fast or
slow gamma frequencies, suggesting the existence of a filter regulating CA1 outputs in
response to CA3 inputs. This filtering effect was greatly attenuated when SK channels were
blocked with apamin, suggesting the involvement of SK channels. Likewise, M1R
stimulation also attenuates this selectivity, indicating that M1R-mediated inhibition of SK
channels contributes to rhythmic selective transmission at hippocampal CA3 to CAl
synapses. Alternating neuronal synchrony between hippocampal subregions may be
instrumental in information routing within the hippocampal formation or in shifting
hippocampal function between memory encoding and memory retrieval (Colgin and Moser
2010). It has recently been shown that SK3 channels control the frequency and precision of
pacemaker spiking of dopamine (DA) neurons in the substantia nigra, which play important
roles in movement, reward, and cognition (Wolfart, Neuhoff et al. 2001). The selective
coupling of SK and T-type CaZ* channels is critical for maintaining pacemaker activity and
preventing intrinsic burst-firing of these DA neurons (Wolfart and Roeper 2002). Similarly,
apamin-sensitive SK channels are involved in controlling the firing pattern of cerebellar
Purkinje neurons, which are essential for motor coordination and maintenance of balance
(Womack and Khodakhah 2003).

5. SK2 channels in brain disorders

We recently reported that SK2 channels were involved in alterations in synaptic plasticity
and impairment in learning and memory in a mouse model of Angelman syndrome (AS), a
neurogenetic disorder with severe developmental delay and cognitive and motor disability.
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TBS-induced LTP is reduced, while low-frequency (LFS)-induced LTD is enhanced in
hippocampal slices from AS mice, as compared to wild-type (WT) mice; both changes can
be reversed by apamin (Sun, Zhu et al. 2015). However, HFS-induced LTP remains intact
(Figure 3). The effects of apamin on both LTP impairment and LTD enhancement are
NMDAR-dependent. Apamin treatment also significantly improves the performance of AS
mice in the fear-conditioning paradigm (Sun, Zhu et al. 2015). Interestingly, studies of
transgenic mice that overexpress SK2 channels reveal that induction of LTP with three 50
Hz tetani is reduced in slices from SK2-overexpressed mice relative to WT slices, while
induction of LTP with three 100 Hz trains is equivalent in WT and SK2-overexpressed slices
(Hammond, Bond et al. 2006). These results are consistent with the notion that, by
regulating NMDAR activity, increased synaptic levels of SK2 channels modify the response
of hippocampal circuits to different stimulation patterns, and thus affect different cognitive
functions. However, in contrast to the enhanced LTD in AS slices, SK2 overexpression does
not affect the induction of LTD. The discrepancies may arise because of different ages of
animals used in the two studies. Hammond et al. prepared hippocampal slices from 3-to 5-
week-old SK2-overexpressed or WT littermate mice, while we prepared hippocampal slices
from 3-month-old control WT or AS mice. It has been reported that the magnitude of LTD
declines in an age-dependent manner, with sustained LTD in slices from 3-to 5-week-old
mice and only a transient synaptic depression in slices from adult mice (Dudek and Bear
1993). Whether SK2 is involved in the postnatal decline in LTD magnitude is an intriguing
question. Of note, it has recently been shown that spaced training improved water maze
spatial learning by AS mice (Lauterborn, Schultz et al. 2019). We have shown that although
one TBS failed to induce LTP, two TBS applied within 45 min was able to induce LTP in AS
mice (Sun, Zhu et al. 2015). We subsequently showed that the effect of two TBS was due to
PKA activation-induced SK2 endocytosis, as it was blocked by a PKA inhibitor and
occluded with apamin (Sun, Liu et al. 2020). Whether down-regulation of SK2 contributes
to improved performance in spaced learning remains a possibility to be confirmed.

Since SK channels play critical roles in synaptic transmission, rhythmic activity, and other
functions in the CNS, it is thus not surprising that abnormal levels and/or functions of these
channels are linked to various CNS disorders (Figure 4). It has also been recently reported
that abnormal function of BK channels is associated with another autism spectrum disorder
(ASD)-related disorder, the Fragile X syndrome (FXS) (Verkerk, Pieretti et al. 1991, Deng,
Rotman et al. 2013, Brager and Johnston 2014, Contractor, Klyachko et al. 2015); in this
case, treatment with a selective BK channel opener reduced behavioral deficits in Fmrl
knockout mice (Hebert, Pietropaolo et al. 2014).

Alterations in SK channels have also been reported in various neurodegenerative diseases. In
one mouse model of Alzheimer’s disease (AD), the TJCRND8 mice, attention deficits have
been linked to increased apamin-sensitive SK activity (Proulx, Fraser et al. 2015), resulting
from enhanced functional coupling of nicotinic receptor-mediated calcium signals to SK2
channels, which in turn inhibits nicotinic receptor-mediated excitation of prefrontal
attentional circuitry (Proulx, Power et al. 2019). Over-activation of SK channels has also
been shown to mediate the abnormal signaling initiated by amyloid precursor protein (APP)
intracellular domain (AICD)-induced changes in GIuN2B-enriched NMDARSs at immature
excitatory synapses (Pousinha, Mouska et al. 2017). In this regard, SK channel blockers
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should be beneficial for reversing the learning and memory deficits found in AD patients.
However, it has also long been proposed that excitotoxicity induced by NMDAR over-
activation contributes to the pathogenesis of AD. If this were to be true, activation of SK
channels to inhibit NMDAR and change intrinsic firing frequency could be beneficial for
AD patients (Zadori, Veres et al. 2014). This notion is further supported by the findings that
reduced SK2 channel levels contribute to glutamate toxicity and ischemia-induced neuronal
death (Dolga, Terpolilli et al. 2011).

The pathogenesis of Parkinson’s disease (PD), the second most common age-related
neurodegenerative disease, is associated with DA neuronal loss (Surmeier, Guzman et al.
2010) and has also been related to SK and other K* channels (reviewed in (Wang, Zeng et al.
2008, Chen, Xue et al. 2018)), which is consistent with the critical roles that SK channels
play in neurotransmission of DA neurons in the SNc¢ (substantia nigra pars compacta, see
earlier discussion). In an animal study with the frissonnant mutant mice, a proposed model
for PD, deletion of SK2 expression has been linked to altered neuronal AHP and firing
patterns and impaired locomotion and constant rapid tremor (Szatanik, Vibert et al. 2008).
However, the precise role of SK channels in the etiology of PD remains elusive, in part due
to contradictory experimental evidence. For instance, reduced SK channel activity has been
proposed to cause some of the NMDAR overactivation-induced symptoms in PD [reviewed
in (Chen, Xue et al. 2018)]. Along this line, activation of SK channels by NS309 in human
DA neurons inhibited spontaneous firing by enhancing mAHP (Ji and Shepard 2006),
thereby reducing neurotoxicity (Dolga, de Andrade et al. 2014), whereas inhibition of SK
channels with NS8953 reduced the number of dopaminergic neurons (Benitez, Belalcazar et
al. 2011). These results suggest that increasing SK channel activity could potentially
preserve DA neurons and be beneficial to PD patients. On the other hand, several studies
have provided evidence that blockade of SK channels by apamin is neuroprotective in the in
vivo MPTP-induced PD model (Doo, Kim et al. 2010, Kim, Yang et al. 2011, Alvarez-
Fischer, Noelker et al. 2013) and alleviates cognitive and motor deficits induced by partial
striatal DA lesions in rats (Chen, Deltheil et al. 2014). A possible interpretation for these
apparently contradictory results in PD pathogenesis is that SK channel positive or negative
modulators could be beneficial depending on the stage (early or late) of the disease.

Dysregulation of SK channels has also been implicated in other neurological diseases. It has
been proposed that altered neuronal excitability due to increased SK channel currents, as
shown in rats with reduced DISC-1 expression, may be linked to schizophrenia (El-Hassar,
Simen et al. 2014). ADJscI mutant mice have also been shown to exhibit an upregulated
expression of SK2, which is associated with a prolonged interspike interval in the
hippocampal CA1 field (Sultana, Ghandi et al. 2018). A spontaneous mutation of the SK3
channel gene (KCNN3) was identified in human schizophrenia patients (Miller, Rauer et al.
2001). Down-regulation of SK channels has been associated with seizures occurring in
several brain diseases. In the pilocarpine model of epilepsy in rats, the expression and
function of SK channels were significantly reduced (Oliveira, Skinner et al. 2010). Reduced
SK activity has also been linked to seizure activity in Dravet syndrome (Isom 2019, Ritter-
Makinson, Clemente-Perez et al. 2019). Animal studies showed that cognitive impairment
caused by cerebral hypoperfusion could be reversed by down-regulation of SK1,2,3 channels
resulting from melatonin treatment (Al Dera, Alassiri et al. 2019). In contrast, decreased
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SK3 levels have been reported to be associated with hypobaric hypoxia-induced learning and
memory impairment (Kushwah, Jain et al. 2018).

Apamin sensitive SK channels have also been implicated in reward seeking and drug abuses.
For instance, reduced SK3-mediated current and increased neuronal excitability in the
nucleus accumbens core represent critical mechanisms that facilitate motivation to seek
alcohol after abstinence (Hopf, Bowers et al. 2010), while in hippocampal pyramidal
neurons, decreased synaptic SK2 channel levels appear to be critical for alcohol-associated
plasticity (Mulholland, Becker et al. 2011). It has recently been reported that chronic
intermittent ethanol exposure increases synaptic excitability in the ventral, but not the dorsal,
domain of the hippocampus, which is associated with ventral hippocampal alterations in
synaptosomal expression of SK2 and GIuA2 subunits (Ewin, Morgan et al. 2019). Likewise,
in ventral tegmental area (VTA) dopaminergic neurons, reduced SK channel activity appears
to be responsible for increased probability of burst firing induced by withdrawal from
intermittent ethanol exposure (Hopf, Martin et al. 2007). On the other hand, apamin
treatment rescues striatal plasticity and behavioral alterations in cannabinoid tolerance,
suggesting that an increased SK2 activity is involved in drug tolerance (Nazzaro, Greco et al.
2012). Increased SK2 channel-mediated negative feedback of NMDAR has also been
proposed to participate in context-dependent sensitization to morphine (Fakira, Portugal et
al. 2014). Additionally, SK2-mediated neuronal plasticity in nucleus accumbens neurons is
abolished by cocaine withdrawal (Ishikawa, Mu et al. 2009). These results indicate that SK
channel activity is altered by drug-induced plasticity and may play important roles in
reward-seeking behaviors.

Conclusions

Ca?*-activated SK channels play important roles in synaptic transmission and plasticity
through their interactions with multiple membrane Ca2* channels, including NMDAR.
Emerging evidence has indicated that diverse signals regulate SK channels activity by
altering their Ca2* sensitivity. Recent research has emphasized the regulation of the synaptic
localization of SK channels by multiple protein complexes, including the scaffolding protein
MPP2, the protein kinase PKA, and the ubiquitination E3 ligase UBE3A. Activity-
dependent regulation of SK channel function and synaptic distribution has been shown to be
critically involved in learning and memory, spike duration and frequency, and rhythmic
activity. However, the roles of SKs in neurological diseases are often controversial due to
insufficient research. Thus, further investigation of the protein complexes orchestrating the
dynamic regulation of synaptic SK channel trafficking and distribution would undoubtedly
benefit not only our understanding of CNS function but also of various brain disorders.
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Highlights

. Ca?*-activated small conductance K* (SK) channels are widely expressed in
the CNS.

. Protein levels and functions of SK channels are regulated by phosphorylation
and ubiquitination.

. SK channels play important roles in synaptic plasticity and brain rhythmic
activity.

. Dysfunction of SK channels has been implicated in several brain disorders.
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Figure 1. Ca?*-activated potassium channels.
A. Phylogenetic tree for CaZ* activated K channels. Modified from Aldrich R, Chandy KG,

Grissmer S, Gutman GA, Kaczmarek LK, Wei AD, Wulff H. Calcium- and sodium-activated
potassium channels, introduction. Last modified on 22/01/2015. Accessed on 16/08/2019.
IUPHAR/BPS Guide to PHARMACOLOGY, http://www.guidetopharmacology.org/GRAC/
FamilyIntroductionForward?familyld=69 (Aldrich, Chandy et al. 2019)

B. Functional domains, topography, and C-terminal sequence of SK2 channels.
Cylinders represent a-helical transmembrane segments (S1-S6) with green (S5,S6)
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indicating the pore-lining segments. The C-terminal calmodulin binding domain (CaMBD)
is shown in orange and shaded in detailed sequence (lower right panel). Major sites of PKA
phosphorylation (P) and Ube3a ubiquitination sites (U) are indicated by green and red
respectively in the detailed sequence (lower right panel). Phosphorylation and
dephosphorylation of CaM by CK2 and PP2A are also indicated in the lower left panel.

C. Open and closed versions of the SK2 channel. PP2A and CK2 alter the Ca2* sensitivity of
the SK channels by dephosphorylating or phosphorylating SK-associated CaM. 1-EBIO and
NS309 act by enhancing the Ca2* sensitivity of SK channels.
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Figure 2. Regulation of synaptic SK2 levels and function in synaptic transmission and plasticity.
A. Synaptic SK2 channels are regulated by PKA phosphorylation and Ube3a ubiquitination;

both modifications target SK2 channel for endocytosis. Some of the endocytosed SK2
channels could recycle back to synaptic membranes, while enhanced ubiquitination and
phosphorylation target them for degradation in proteasomes, and possibly lysosomes as well.
EE, early endosomes; RE, recycling endosomes; LY, lysosomes; Pro, proteasomes. Modified
from Sun et al. 2020 (Sun, Liu et al. 2020).

B. SK2 channel-mediated hyperpolarization shunts AMPAR (GluA)-induced depolarization,
thereby inhibiting NMDAR (GIuN) activation. Removal of SK2 channels by
phosphorylation or ubiquitination and inhibition of SK2 channel activity by metabotropic
receptors (MGIuR1 or M1R) facilitate NMDAR opening and LTP induction. LTP-induced
endocytosis of synaptic SK2 channels occurs in parallel with and depends on exocytosis of
GluAl-containing AMPARs. The synaptic scaffold protein, MPP2 (membrane palmitoylated
protein 2), is crucial for SK2 synaptic localization and function in synaptic plasticity.
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Figure 3. TBS-induced LTP but not HFS-induced LTP is impaired in hippocampal CA1 region of
AS mice.

Acute hippocampal slices from wildtype (WT) and Ube3a deficienct (AS) mice were first
recorded for 10 min with a stable baseline; the slices were then stimulated with either TBS
(20 bursts of 4 pulses at 100 Hz delivered at 5 Hz) or HFS (100 Hz, 1 s) and fEPSP were
further recorded for another 40 min.
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Potentially involved in:

Alzheimer’s disease

Ataxia

Autism spectrum disorders
Epilepsy

Ischemic injury

Parkinson'’s disease
Schizophrenia

Potentially involved in:

Alzheimer’s disease

Angelman syndrome

Learning and memory disability
Parkinson’s disease

Figure 4. Changes in levels and activity of SK channels lead to alterations in neuronal firing
frequency/patterns and synaptic transmission, which are potentially involved in several

neurological disorders.
See text for details.
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