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Functions of SK channelsin central neurons

E.S. Louise Faber and Pankaj Sah
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Summary only share significant homology with okage-gated
_ potassium channels in the poregioe® (Figure 1b). SK
1 SK channels are small conductance calciungpannels lack an obvious calcium-binding domain and their
activated potassium channels that are widelpressed in c5cium sensitity is conferred by calmodulin, which is
neurons. The traditional weof the functional role of SK constitutizely bound to the C terminus of the channel and
channels is in mediating one component of thgyses channel opening upon binding of caldu.
aftertyperpolarisation that follows action potentials. In situ hybridisatior1213 and
Calcium influx via voltage-gated calcium channels acti immunohistochemistd 5 have sown that SK channels
during action potentials opens SK channels and thge widely expressed throughout the central @esv
res_ultant hyperpqlarisation lowers the firing frequent system. SK1 and SK2 suhits are expressed at their
action potentials in mgmeurons. _ N highest density in the hippocampus and cortex, whereas
2. Recent advances Y& siown that in addition to gk 3 syminits are expressed at their highestlein regions
controlling action potential firing frequeyicSK channels  ¢,,ch as the hypothalamus, thalamus and midbnaihen
are also important in gelating dendritic xcitability, exyressed as homomultimérsSK channel subunits form
synaptic transmission and synaptic plasticity. _ion channels that ke functional characteristics typical of
3. In accordance with their role in mOdU|a“”gapamin-sensMa arrents in neurons. Thus, theespond

synaptic plasticity SK channels are also important inanigly to calcium and areoltage-independerf While SK
regulating seeral learning and memory tasks, and may alsghannels can assemble as heteromultimersxjession

play a role in a number of neurological disorders. systemd/-18 immunoprecipitation studies suggest that
4. The present rgew will discuss recent findings on \5tive channels are homomultimet19.20
the role of SK channels in central neurons. Several types of calcium-astited potassium

channels are kmn to be present in neurddsand SK
channels were initially distinguished by their potent block
SK channels are calcium-agied potassium by the bee enom apamif:?22*The measured |G of SK
channels that ha been termed as such due to theiehannels for apamin is 63 pM for SR2 nM for SK324
relatively small single channel conductance ofand between 3.3 nM and 12 nM for SK1 charftéfs
approximately 10 p$?2 Three types of SK channelsvea (Table 1). SK channels are also bledkby the scorpion
been cloned from mammalian systems: SK1, SK2, af@xin sgllatoxin2”? tubocurarine, quaternary salts of
SK3, encoded for by KCNN1, KCNN2 and KCNNB3,bicuculline3®3! dequalinium, UCL1848 and a large set of
respectiely3 (Figure 1). Each of these genes has splid€lated bis-quinoliniumyclophane®3234(See Table 1 for
variants. 20 SK1 splice ariants hae been detected in IC.,Vvalues). Recenth5K2 channels he been found to be
mouse brainé. Two isoforms of SK2 protein e keen selectvely blocked by the scorpion toxin tamaptrand by
described in the mouse brain, a short isoform and a lohgi-Dab® (Table 1). Cowersely SK channel-mediated
isoform with an extended N termintiSK3 is reported to currents can be enhanced by lye@rbenzimidazolinone
have wo slice variants in human brain, with the truncatedEBIO), which enhances their calcium sensitivity and open
SK3 channel protein betiag as a dominant getive o K probability?”4%and by NS304 (Table 2).
channel$. However, other than the truncated form of SK3, .
the functional roles and locations of the other SK chann%ﬂOdUIatlon of SK channels

splice variants are unknown. _ Marny ion  channels contain  consensus
SK channels are insensiti o changes in membrane phosphorylation ~ sites  for protein  kinases  and

potential but are astted by rises inytosolic calcium with phosphorylation of some of these has been found to

a half maximal actiation in the 300-800 nM rand€. moqylate function or trafficking of channel$o date there
These channels are structurally similar éitage-dependent 56 een fev demonstrations of modulation of SK
potassium channels with six putai ransmembrane cpannels. Despite  containing veml  potential

spanning regions and cytoplasmic carboxy and amingogphorylation sites for protein kinase A and protein

terminals (Figure 1a), and are thought to assemble @&ase C, biopysical evidence for modulation of SK

tetramers. Their primary structure sk approximately channels by these kinases has been lacking. Interestingly
60% sequence homology with each other 8K channels gko channels he keen shan to co-assemble with casein

I ntroduction
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ing domain resides in the C terminuB: Alignment of human amino acid sequences of SK1-3 (shown KCNN1-3 on right).
The homologousegons ae autlined in boxes. Sequence accession nusniaere QGGKR10 for KCNN1, QOVFZ4 for

Figure 1. SK channel structure. A: Shematic digram of the structw of me SK channel suwinit. Thecalmodulin-bind-
KCNN2 and Q5VT74 for KCNN3 (NCBI).
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Table 1. Pharmacology of SK channel blockers. IC., values ae shown for eab SK dannel subunit.

SK1 SK2 SK3
Apamin 3.3-12 nM>26 63 pM® 2 nM24
Tubocurarine 24-350 pkp42526  2-17 puMp2426 210 pM®
Bicuculline methiodide  1-16 pfi44 1-25 puMpe44 7 pm48
Scyllatoxin 80-330 npP-36 0.3 n\p8 1-8 n\Mpe47
Dequalinium 400-500 nkk-26 100-400 nM%48 30 pm*s
uCL1848 1 nm? 0.1 nM847 2 NM*47
Tamapin 42 nM® 0.02 nM® 1.7 nMP®
Lei-dab7 6 M 36 24 n\VEs 2.5 pMpe

Table 2. Pharmacology of SK channel enhancers. EC,, values ae shown for eab SK dannel subunit.

SK1 SK2 SK3
1-EBIO Not tested 400-600 L4t Not tested
NS309 Not tested 0.62 1 Not tested

kinase 2, actition of which phosphorylates calmodulin, transient:*58.66-69The slav AHP, which has a slower rise
reducing the calcium sensitivity of SK chanr®lsMore time than the medium AHRan last seeral secondd
recently direct phosphorylation of the C terminus of SK(Figure 2a, b). This current is ¢mly responsible for
channels by protein kinase A has been demonsttatedyenerating spi frequenyg adaptatior?"but the channels
When expressed in COS cells, phosphorylation of Skithderlying the sl AHP are still unknan. Initially SK1
channels by protein kinase A led to a reduction in theghannels were speculated to underlie thev #A1P due to
surface a&pression, suggesting that dikaher \ltage- their insensitivity to apamin in somamression systents.
dependent potassium channels, SK channels may MHewever, in addition to other inconsistencies thavbhdeen
regulated by traffickin§:°-51 previously discussedt the finding that the slo AHP is still
present following knoakut of all known SK channéels’2is
in strong agreement with the suggestion that SK channels
The role of SK channels in controlling neuronaFannOt.un.derlie the slo AHP in most neurons. Despite
excitability through rgulation of action potential dischupe thesg findings, hmev_er, X channelg hee l:ee_n shown to_
has been réewed etensiely elsavhere?L5252 Thus the mediate a sl@ AHP in gonadotrophin-releasing neurons in
present reiew will give an overview of this role but will the hypothalamg@ . .
focus more on the recent disedes shaving a role for SK The functional role of the ap§m|n-sen&1_t|wrr§nt
channels in modulating dendriticxatability, synaptic has been proposed to control action potential digehar

o .- : frequeng. This has been shown to be the case in
transmission and plasticity and learning and memory. . . X L
P y ¢ 4 hippocampal neurong;387475 midbrain dopaminejic

Regulation of firing patterns neurons>’678 dorsal \agal neurong’®? sympathetic
neurons® nucleus reticularis thalamic neurofisinferior
In neurons, trains of action potentials are followed bylive reurons® spinal and #poglossal motoneurofé2!
an afterhyperpolarisation (AHP) that can lastves# mitral cells in the oHictory b8 and cortical neurorf$.In
seconds. This AHP typically has three components;asie f|ateral amygdala neurons, wever, despite the presence of
AHP, the medium AHP and the slbAHP. These are a prominent medium AHPapamin-sensitie channels do
primarily ~mediated by calcium-agited potassium not significantly rgulate the firing frequeycof neurons
channels. The are actvated following calcium influx (Figure 2c), unless SK channel aetion is enhanced either
through wltage-gted calcium channels, which open duringgharmacologically with EBIO or by increasing calcium
the action potentiat>® The fast AHP which actvates influx by slowing action potential repolarisatith.
rapidly and typically lasts 1-10 ms, is mediated by BK-type
calcium-actvated potassium channels as well as som@egulation of dendritic excitability

voltage-gated potassium conductances, and is responsible . __
for action potential repolarisatidh*® The medium AHP _As discussed abe, activation of SK channels by
;;Imum influx during action potentials modulates the

Role of SK chann€élsin neuronal function

which also actiates rapidly has a decay time constant o . . . .
equeng of action potential dischge in most neurons.

approximately 100 ms, is predominately mediated by SK-™ g S .
channel&-63 (Figure 2a, b), although in hippocampal CAlWhlIe the location of the channels that underlie this effect is

neurons the M current and BK channelsehalso been not known, it is generally presumed to be somatic, near the
shavn to contribute to the medium AHE5465The time initiation site for action potentials. Maver, it is now dear

course of the medium AHP is dependent on the amountt t gpamln-sensvte dhannels are also pre;ent N the
calcium influx and the kinetics of the calcium endritic tree where tlyecan be actiated by calcium rises

Proceedings of the Australian Physiological Society (2@87) 27
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Regulation of synaptic transmission and plasticity

A role for SK channels in synaptic transmissioasw
control 2£ 0PA first shown in dopaminergic neurons in theniral
tegmental area and the substantia nigra, where SK channels
were shown to contribute to an inhibitory postsynaptic

o|-aeamin potential. Actvation of SK channels follwed release of
calcium from intracellular stores, triggered by glutamate

c acting at metabotropic glutamate recepfdiSubsequent to
control apamin this, SK channels were also shown to mediate an inhibitory

postsynaptic conductance in auditory outer hair cells
__|eomv following actization by calcium influx through calcium-
100ms permeable nicotinic acetylcholine recept$ts.More

recently SK channels ti@ keen shown to shuntast

/ excitatory synaptic transmission in lateral amygdala and
hippocampal pyramidal neurdfi$* (Figure 2d). In these
neurons, calcium influx through NMDreceptors during
basal synaptic transmission aetes SK channels, which
are co-localised in the spines of hippocampal and amygdala
pyramidal neurong’ The resultant hyperpolarisation shunts
the EPSP and enhances magnesium block of NMD
receptors. Application of apamin veeses this déct,
control apamin increasing the NMB receptormediated calcium transient
in the spine heatt

Figure 2. Physiological roles of SK channelsin neurons, In lateral amygdala ysamidal neurons, shunting of
illustrated using the selective blocker apamin. A: An AHP excitatory synaptic transmission by SK channels reduces
evoked by curent injection. The medium AHP is selectively’® @mount of depolarisation during repeétidimulation
blocked by apamin, leaving the slow AHP intad: The of cortical a_fer_ents, and thus reduces 'Fhe_ exter_1t of long-
current underlying the AHP isveked by a voltge sep te_rm potentiation at these synap¥tsSimilarly in the
from a holding potential of -50 mVhe current underlying hippocampus, blockade of SK channels enhanced long-term
the medium AHP is bocked by gamin. C: Apamin potentiation following lav frequeng tetanic stimulation of
AHP' e
has no significant &dct on action potential firing équency Schafer colI_at:_eraI?_ and lwvered t_he thresrz)%lg‘lfor long-
in a pyramidal neuron in the latar amygdala. Action €M potentiation in CAL pyramidal neurofs.” These
potential firing was eoked by a curent injection, shown effects were attributed to depression of the medium AHP
below the taces.D: In lateral amygdala neurons, SHian- and the consequent increase in action potential digehar

nels shunt xcitatory synaptic transmission, demonsed OWEver it has since become clear that thesieat$ are
by an enhancement of the EPSP by apamin. most likely due to the SK channel-mediated shunt on

excitatory synaptic transmission rather than the nedigti
_ minor regulation of firing frequenc® In agreement with a
from sources other thanolage-gted calcium channels. role of SK channels in limiting long-term potentiation,

For example, in dopaminingic®® and cortical gramidal over-expression of SK2 channels in the hippocampus
neurong’*® calcium released from intracellular storeseduced long-term potentiation in CA1 neur8hs.

activates an apamin-sensii conductance and a resultant
hyperpolarising potential. In CA1 hippocampal neurondRegulation of learning and memory
exogenous application of NM® to dendrites generates a
plateau potential that is terminated by \ation of SK

channel$® In Lampre spinal motoneurons, SK channels
can also be actited following dendritic actiation of

NMDA receptors, where tlgeaso act to terminate the

resulting dendritic plateau potentfdl.In these neurons lul bstrate for | : q . "
dendritc SK  channels also  conute  to cellular substrate for learning and memory is synaptic

1~ity97-99 i 0-102
aftertyperpolarisation, which shunts excitatory inputs iPlaSt'C'ty' All but three studie® have found that the

. . - . effects of apamin are on the acquisition but not
triggered during the afterhyperpolarisation. wéger this - .
sh%gnt requires gaction poter):tpi)al-rr)nediated \atitn of SK consolidation of the learning task. Blockade of SK channels
channels since blockade of SK channels alone hadext ef by systemic adminlistration of -qpamin in rats enhanced
on single EPSPs or trains of EPSPEinally, dendritic SK leamning in an -object recognition tajéﬁ Furthermore
channels can also be aetied following NMDA receptor apamin reersed a spatial negation deficit induced by

activation in mitral cells in the olfactory bulb, where yhe med{al se-tptum and h|tpp|ocampus tg?k'l%gls :jn. m|cee‘|jn the
regulate dendritic excitabili}? orris water maze spatial memory and impre

the performance of intact mice in this t48%> In

Blockade of SK channels with apamin has been
shavn to facilitate learning in a number of befaural
paradigm$® Since SK channels are woknown to
modulate both basalxeitatory synaptic transmission and
plasticity, this result is consistent with the wiethat the

28 Proceedings of the Australian Physiological Society (2@87)
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accordance with these studies, apamin also induceduronal cell types, recent findings indicate that in limbic
expression of the immediate early genes c-fos and c-juntiiegions, such as the amygdala and the hippocampus, the
the hippocampus, genes that are thought to be the initimedominant role of SK channels is moreelikto be in
markers  for memory formatioH® Corversely, regulating dendritic xcitability, excitatory synaptic
overexpression of SK2 channels led to an impairment in theansmission and synaptic plasticityTo date the
performance of rats in the Morrisater maze, conttual stoichiometry of SK sulmits underlying the medium AHP
fear conditioning and amygdala-dependent cued fehas not been resad in may neuronsi® with the
conditioning®® In addition, apamin also enhanced learningxception of CA1l hippocampal neurons, where SK2
in an appetite-motated bar pressing response in MEé® homomultimers mediate the medium AWPL% and in

and in an olfactory discrimination learning task fallog midbrain dopaminergic neurons and dorsadgé neurons,
intracerebreentricular application of apamif? Finally, which express SK3 homomultiméf2® The finding that
elevations in SK3 @&pression hae dso been shown to SK2 overexpression impairs learning in cued fear
underlie an age-related deficit in hippocampal-mediatemnditioning suggests that, as in CA1 hippocampal neurons,
learning task3$%” Together these results sho that SK SK2 may also be the subunit located synaptically in the
channels play ady mle in ngatively regulating learning lateral amygdal& However it is possible that in neurons
and memory formation in the mammalian brain. where SK channels control both synaptic transmission and
action potential firing frequeyc SK channels underlying
these functions may ta dffering subunit compositions, in
addition to being actated by calcium from diérent

learning and memory Thus modulators of SK channelsSources. Further immmungtochemical studies are required

that imprave performance in learning tasks could be usefdP resole hese issues, along with wéiopment of more

i i 8

therapeutic agents to treat memory disorders and Cwnmselecu/e S channel subunit blockefs! . o .

dysfunction. Havever at mesent agents that block SK Many neuronal processes are associated with rises in
channels, such as apamin,vlaa rarron therapeutic cytosolic calcium. The exquisite sensitivity of SK channels

window 'i'hus nev agents are, required that offer less risl{? rises in intracellular calcium and the resultant

for therapeutic treatmem®® In fact, high doses of apamin ype.rpol_ar|sat|on . .has a muIUtuQe of effegts, from
can @oke @ileptic-like activity, and agents that enh‘,jlm:etermmatmg dendritic plateau potentials, shuntirgitatory

the activity of SK channels, such as EBIO or NS309, m stsynaptic potentials and limiting synaptic plasticityis

be useful for the treatment of epilepsySimilarly, yriad of actions endes a neuron with the ability to self

potentiators of SK channels could also be useful to treﬁ@UIate its activity and to curbfeessve excitability. I_t_|s .
clear that SK channels in neurons are critical in

emotional disorders such as phobias and depression, sii@y © . S . .
enhancing SK channel atiy could raise the threshold for regulating both incoming information, through modulation

fear conditioning> and apamin impnees performance in of synaptic Fransmissio.n, anq outgoing information, through
the forced swimming test, which is a measure gieting action . potential  dischyer patterns. Thusi S.K
antidepressant aulty, % Interestingly s<vaal channels provide an gant _mechanlsm of intrinsic
antidepressants, including Prozacyéa figh affinity for feedback control. Understandlng whether andv Hbese
SK channels (for revie see Stockeet all%). channels ‘are modulated will open up awnkevd of

As noted abee, SK channels are present in midbraincomple('ty in terms of rgulation of neuronal eitability,

dopaminegic neurons where tlrecontrol firing patterns. synaptic plas_ticity and the computational abilities of
Burst firing in these neurons causes the release Qﬁuronal circuits.

dopamine, which is depleted inafRinsons dsease. SK Acknowledgements

channel blockade causesirt firing in these neuror,

suggesting that treatment of midbrain dopangiter Supported by the NHMRC.

neurons with SK channel bloeks may alleviate some of

the symptoms of dkinsons dseasé® Finally, SK3 References

channels hee dso been implicated in schizophrenia. Thel_ Blatz AL, Magleby KL. Single apamin-blogd
gene for SK3 channels (hSKCa3 or KCNN3) contains a Ca2+-a£:tivated K* channels of small conductance in
sequence of trinucleotide @A repeats that has been cultured rat skletal muscle.Nature 1986: 323:
associated with schizophrenia and bipolar illness, 718-720. '
suggestie d a link between SK channel function and thes% Hirschbeg B, Maylie J, Adelman JPMarrion NV.
disorderst%13|n addition, in one schizophrenic patient a Gating r;roperties of single SK channels  in
mutated version of the SK3 channedsfound to behe & hippocampal CA1 yramidal neuronsBiophys. J

a dominant-ngative o SK3, suggesting that reduction of 1999:77: 1905-13

SK3 function may be associated with schizophréata. 3. Kohler M Hischbeg B Bond CT Kinzie JM. Marrion

Conclusions and future directions NV, Maylie J, et al. Small-conductance, calcium-
activated potassium channels from mammalian
Although SK channels play an important role in brain.Sciencel996;273: 1709-1714.
setting action potential disclggr frequeng in many 4. ShmuklerBE, Bond CT Wilhelm S, Bruening-Wright

Rolein neurological disorders

As described ab®, SK dhannels play a role in

Proceedings of the Australian Physiological Society (2@87) 29



10.

11.

12.

13.

14.

15.

16.

17.

30

SK channels in neurons

A, Maylie J, Adelman JPet al. Structure and
comple transcription pattern of the mouse SK1
K(Ca) channel gene, KCNNI1Biochem. Biophys.

Acta2001;1518: 36-46. 18.

Strassmaiel, Bond CT, Sailer CA, Knaus HG, Maylie
J, Adelman JPA novel isoform of SK2 assembles
with other SK subnits in mouse brainJ. Bol.
Chem.2005;280: 21231-6.

Tomita H, Shakkottai &, Gutman GA, Sun G, Bunpe 19.

WE, Cahalan MDet al. Novel truncated isoform of
SK3 potassium channel is a potent dominant-
negdive requlator of SK currents: implications in
schizophreniaMol. Psychiatry2003;8: 524-35.

Park Y-B. lon selectivity and gating of small20.

conductance CGaactivated K" channels in cultured
rat adrenal chromff cells.J. Physiol. 1994; 481.
555-570.

\Vegaa C, Latorre R, Marrion NV Adelman JP 21.

Calcium-actvated potassium channel€urr. Opin.
Neurobiol.1998;8: 321-329.

Xia X-M, Falker B, Rvard A, Wayman G, Johnsora® 22.

T, Keen JEet al. Mechanism of calcium gating in
small-conductance calcium-agied potassium
channelsNature1998;395: 503-507.

Keen JE, Khaded R, Farrens DL, Neelands, Rivard  23.

A, Bond CT et al. Domains responsible for
constitutve and  C&*-dependent interactions
between calmodulin and small conductance

Ca&*-activated potassium channels). Neurosci. 24.

1999;19: 8830-8.
SchumacheMA, Rivard AF, Bachinger HPAdelman

JP  Structure of the gting domain of a 25.

Ca&*-actvated K' channel compbed with
Ca**/calmodulin.Nature2001;410: 1120-1124.

Stocker M, Krause M, Pedarzani. FAn gpamin- 26.

sensitve Ca*-activated K* current in hippocampal
pyramidal neurons. PN.A.S. USA 1999; 96:
4662-4667.

Stocler M, Pedarzani .PDifferential distributions of

three C&™-activated K" channel subunits, SK1, SK2 27.

and SK3 in the adult rat central nervous system.
Mol. Cell. Neurosci2000;15: 476-493.
Bavden SE, Fletcher S, Loane DJ, Marrion .NV

Somatic co-localization of rat SK1 and D clas®8.

(Ca(v)1.2) L-type calcium channels in rat CAl
hippocampal pyramidal neuronk. Neurosci. 2001;
21: RC175.

SailerCA, Hu H, Kaufmann WA, fieb M, Schvarzer

C, Storm JF et al. Regyional differences in 29.

distribution and functional >gression of small-
conductance Ca-activated K channels in rat brain.
J. Neurosci.2002;22: 9698-707.

Hirschbeg B, Maylie J, Adelman JPMarrion NV

Gating of recombinant  small-conductance3O.

Ca&*-activated K channels by calciumJ. Gen.
Physiol.1998;111: 565-581.

MonaghanAS, Benton DC, Bahia PK, Hosseini R,
Shah YA, Haylett DGet al. The SK3 subunit of

small conductance Ghaactvated K' channels 31.

interacts with both SK1 and SK2 arits in a
heterologous expression system. Bol. Chem.
2004;279: 1003-9.

BentonDC, Monaghan AS, Hosseini R, Bahia PK,
Haylett DG, Moss GW Small conductance
Ca&*-activated K* channels formed by thexgression
of rat SK1 and SK2 genes in HEK 293 cells.
Physiol.2003;553: 13-9.

Wolfart J, NeuhdfH, Franz O, Roeper J. Dérential
expression of the small-conductance, calcium-
activated potassium channel SK3 is critical for
pacemakr control in dopamingic midbrain
neuronsJ. Neurosci.2001;21: 3443-56.

PedarzanP, Kulik A, Muller M, Ballanyi K, Stocler
M. Molecular determinants of &adependent K
channel function in rat dorsalagal neurones.J.
Physiol.2000;527: 283-290.

Sah P, Faber ESL. Channels underlying neuronal
calcium-actvated  potassium  currents. Prog.
Neurobiol.2002;66: 345-53.

Bugess GM, Claret M, Jenkinson DH. Effects of
quinine and apamin on the calcium-dependent
potassium permeability of mammalian hepgtes
and red cells]. Physiol.1981;317: 67-90.

Romg G, Hugues M, Schmid-Antomarchi H,
Lazdunski M. Apamin: a specific toxin to study a
class of C#&-dependent K+ channels. Physiol.
1984;79: 259-64.

Ishii TM, Maylie J, Adelman JPDeterminants of
apamin and d-tubocurarine block in SK potassium
channelsJ. Bol. Chem. 1997;272: 23195-23200.

ShahM, Haylett DG. The pharmacology of hSK1
Ca&*-activated K channels expressed in mammalian
cell lines. Br. J. Pharmacol 2000;129: 627-630.

StrobaekD, Jogensen TD, Christophersen &hring
PK, Olesen S-P Pharmacological characterization
of small-conductance Chaactvated K' channels
stably epressed in HEK 293 cells.Br. J
Pharmacol.2000;129: 991-999.

CastleNA, Strong PN. Identification of tav toxins
from scorpion (Leiurus quinquestriatus)enom
which block distinct classes of calcium-aeted
potassium channdrEBS Lett1986;209: 117-21.

ChicchiGG, Gimenez-Galgo G, Ber E, Garcia ML,
Winquist R, Cascieri MA. Purification and
characterization of a unique, potent inhibitor of
apamin binding from Leiurus quinquestriatus
hebraeusenom.J. Bol. Chem.1988;263: 10192-7.

AugusteP, Hugues M, Gree B, Gesquiere JC, Maes P
Tartar A, et al. Leiurotoxin | (scyllatoxin), a peptide
ligand for C&*-actvated K" channels. Chemical
synthesis, radiolabeling, and receptor
characterization]. Bol. Chem.1990;265: 4753-9.

Johnson SW, Seutin V. Bicuculline methiodide
potentiates NMDA-dependentuist firing in rat
dopamine neurons by blocking apamin-sewnsiti
Ca*-activated K currents. Neuosci. Lett. 1997;
231: 13-16.

Seutin V, Johnson SW Recent advances in the

Poceedings of the Australian Physiological Society (2387)



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

E.S.L. Faber & PSah

pharmacology of quaternary salts of bicuculline.
Trends Pharmacol. Scl1999;20: 268-70.

CamposRosa J, Galanakis D, Pgamtili A, Bhandari
K, Ganellin CR, Dunn PM,et al. Synthesis,
molecular modeling, and pharmacological testing of

bis-quinolinium cyclophanes: potent, non-peptidici4.

blockers of the apamin-sensiéi C2*-activated K
channelJ. Med. Chem2000;43: 420-431.

Chen J-Q, Galanakis D, Ganellin CR, Dunn PM,
Jenkinson DH.
8,14-diaza-1,7(1,4)-diquinolinacyclotetradecaphane
(UCL 1848), a highly potent and seleeti
nonpeptidic blocker of the apamin-sengti
Ca’*-activated K* channel.J. Med. Chem2000;43:
3478-3481.

DunnPM. Dequalinium, a seleet Hocker of the slav

aftertyperpolarization in rat sympathetic neurones id6.

culture.Eur. J. Pharmacol.1994;252: 189-194.
PedarzanP, DHoedt D, Doorty KB, Wdsworth JD,
Joseph JS, yaseelan Ket al. Tamapin, a enom

peptide from the Indian red scorpion (Mestitus 47.

tamulus) that targets small conductance
Ca*-activated K channels and
aftertyperpolarization currents in central neurohs.
Biol. Chem.2002;277: 46101-9.

Shakbkttai VG, Rgaya |, WuIff H, Fajloun Z, Dmita 48.

H, Fathallah Mgt al. Design and characterization of
a hghly selectve peptide inhibitor of the small
conductance calcium-aesied K' channel, SKCa2.
J. Bol. Chem.2001;276: 43145-51.

OlesenSE Munch E, Moldt P Drejer J. Selecie
activation of C&*-dependent K channels by neel
benzimidazolone.Eur. J. Pharmacol. 1994; 251.
53-9.

PedarzanP, Mosbacher J, Rard A, Cingolani LA,
Oliver D, Stocker M, et al. Control of electrical

activity in central neurons by modulating theting 51.

of small conductance €aactivated K" channels.J.
Biol. Chem.2001;276: 9762-9769.
Syme CA, Gerlach A&, Singh AK, Deor DC.

Pharmacological aetition of cloned intermediate- 52.

and small-conductance €eactivated K* channels.
Am. J Physiol. 2000;278: C570-581.

Faber ESL, Sah .PPhysiological role of calcium- 53.

activated potassium currents in the rat lateral

amygdalaJ. Neurosci. 2002;22: 1618-28.

PedarzanP, McCutcheon JE, Rogge G, Jensen B34.

Christophersen ,PHougaard C, et al. Specific
enhancement of SK channel aifi selectvely

potentiates the afteyperpolarizing current,|,, and 55.

modulates the firing properties of hippocampal
pyramidal neurons.J. Bol. Chem. 2005; 280:
41404-11.

Bildl W, Srassmaier ;TThurm H, Andersen J, Eble S,
Oliver D, et al. Protein kinase CK2 is coassembled

with small conductance €aactivated K channels 57.

and regulates channelating. Neuron 2004; 43:
847-58.
Ren Y, Barnwell

Proceedings of the Australian Physiological Society (2387)

bis-Quinolinium Cyclophanes:45.

49,

50.

56.

LF Alexander JC, Lubin FD, 58.

Adelman JP Pfaffinger PJ,et al. Regulation of
surface localization of the small conductance
Ca&*-activated potassium channel, SK2, through
direct phosphorylation by cAMP-dependent protein
kinaseJ. Bol. Chem.2006;281: 11769-79.

Khavaled R, Bruening-Wright A, Adelman JW®laylie
J. Bicuculline block of small-conductance calcium-
activated potassium channel$fligess Arch. 1999;
438: 314-21.

Terstappen GC, Pula G, Carignani C, Chen MX,
Roncarati R. Pharmacological characterisation of
the human small conductance calciumatéid
potassium channel hSK3 veals sensitivity to
tricyclic  antidepressants and  antipsychotic
phenothiazines. Neuropharmacology 2001; 40:
772-83.

GrunnetM, Jespersen,TAngelo K, Frokjaer-Jensen C,
Klaerke DA, Olesen SPet al. Pharmacological
modulation of SK3 channelsNeuropharmacology
2001;40: 879-87.

HosseiniR, Benton DCH, Dunn PM, Jenkinson DH,
Moss GWJ. SK3 is an important component 6f K
channels mediating the aftggerpolarization in
cultured rat SCG neuroned. Physiol. 2001; 535:
323-34.

DreixlerJC, Bian J, Cao ,YRoberts MT Roizen JD,
Houamed KM. Block of rat brain recombinant SK
channels by trigclic antidepressants and related
compoundsEur. J. Pharmacol.2000;401: 1-7.

HeusselK, Schwappach B. rafficking of potassium
channelsCurr. Opin. Neurobiol.2005;15: 364-9.

LicatalL, Haase W Eckhardt-Strelau L, Parcej DN.
Over-pression of a mammalian small conductance
calcium-actvated K" channel in Pichia pastoris:
effects of trafficking signals and suit fusions.
Protein Expr Purif. 2006;47: 171-8.

Misonou H, Trimmer JS. Determinants ofokage-
gaed potassium channel sack expression and
localization in Mammalian neuronsCrit. Rev.
Biochem. Mol. Biol2004;39: 125-45.

Faber ESL, Sah .P Calcium-actvated potassium
channels: multiple contriiions to neuronal
function.Neuroscientis003;9: 181-94.

Bond CT, Maylie J, Adelman JPSK channels in
excitability, pacemaking and synaptic igt@tion.
Curr. Opin. Neurobiol. 2005;15: 305-11.

LancasteB, Nicoll RA. Properties of te calcium-
activated hyperpolarizations in rat hippocampal
neuronesJ. Physiol. 1987;389: 187-204.

StormJE Action potential repolarization and ast
after-typerpolarization in rat hippocampajnamidal
cells.J. Physiol.1987;385: 733-759.

Storm JE Potassium currents in hippocampal
pyramidal cells. Prog. Brain Res 1990; 83:
161-187.

SahP. G#*-activated K" currents in neurones: types,
physiological roles and modulation.Trends in
Neurosci.1996;19: 150-154.

Marrion NV, Tawalin SJ. Selecte eativation of

31



59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

32

SK channels in neurons

Ca&*-activated K channels by co-localised €a
channels in hippocampal neurohkature 1998;395:
900-905.

Adams PR, Constanti A, Bwn DA, Clark RB.
Intracellular C&* activates a fast eltage-sensitie
K* current in vertebrate sensory neurondsature
1982;296: 746-749.

Pennefther P Lancaster B, Adams PR, Nicoll RA.
Two distinct C&*-dependent K currents in hllfrog
sympathetic ganglionic cellf2N.A.S. USA1985;
82: 3040-3044.

SahP, McLachlan EM. C#-actvated K' currents

underlying the afteyperpolarization in guinea pig 75.

vagd neurons: A role for C&"-actvated C&*
releaseNeuron1991;7: 257-264.

SahP, McLachlan EM. Potassium currents conttibg
to action potential repolarization and
aftertyperpolarization in rat agal motoneuronsJ.
Neurophysiol1992;68: 1834-1841.

SchwindtPC, Spain WJ, Foehring RC, Stafstrom CE,
Chubb MC, Cril WE.
conductances and their functions in neurons from cat
sensorimotor cortein vitro. J. Neurophysiol. 1988;

59: 424-449.

the

Storm JE An dfter-hyperpolarization of medium 78.

duration in rat hippocampal ymmidal cells. J.
Physiol.1989;409: 171-190.
Wlliamson A, Alger BE. Characterization of an early

aftertyperpolarization after a brief train of action79.

potentials in rat hippocampal neurons in vitt.
Neurophysiol1990;63: 72-81.
Sah P. Dfferent calcium channels are coupled to

potassium channels with distinctysiological roles 80.

in vagal neuronsProceed. Royaboc. Londori995;
260: 105-111.
Mana F Bayliss DA, Beger AJ. Multiple potassium

conductances and their role in action potentiédl.

repolarization and repetie firing behavior of
neonatal rat hypoglossal motoneuronsd.
Neurophysiol1993;69: 2150-2163.

Davies PJ, Ireland DR, McLachlan EM. Sources of
Ca&* for different C&*-activated K* conductances in
neurones of the rat superior cervicanglion. J.
Physiol. 1996;495: 353-66.

Tanabe M, Gahwiler BH, Gerber U. L-type a
channels mediate the wlo Ca&*-dependent
aftertyperpolarisation current in rat CA3/amidal
cells in vitro.J. Neurophysiol. 1998;80: 2268-2273.

Faber ESL, Sah.Rndependent roles of calcium and
voltage-dependent potassium currents in controlling
spike frequeng adaptation in lateral amygdala
pyramidal neurons.Eur. J. Neurosci. 2005; 22:
1627-35.

Bond CT, Herson PS, Strassmaier, Hammond R,

Stackman R, Maylie Jet al. Small conductance 86.

Ca*-activated K" channel knock-out mice veal the
identity of calcium-dependent aftgyherpolarization
currents.J. Neurosci.2004;24: 5301-6.

Mllalobos C, Shakkottai VG,

73.

74.

76.

Multiple potassium 77.

82.

83.

84.

85.

Chandy KG, 87.

Michelhaugh SK, Andrade R. SK channels
mediate the medium but not the wlocalcium-
activated afterlyperpolarization in cortical neurons.
J. Neurosci.2004;24: 3537-42.

KatoM, Tanaka N, Usui S, Sakuma ¥he SK channel
blocker apamin inhibits sle afterhyperpolarization
currents in rat gonadotropin-releasing hormone
neuronesJ. Physiol.2006;574: 431-42.

Osmaneic SS, Shefner SA, Brodie MS. Functional
significance of the apamin-sengiticonductance in
rat locus coeruleus neuronBrain Res.1990; 530:
283-9.

StackmarRW, Hammond RS, Linardatos E, Gerlach
A, Maylie J, Adelman JRet al. Small conductance
Ca&*-actvated K" channels modulate synaptic
plasticity and memory encodind. Neurosci.2002;
22:10163-71.

SeutinV, Johnson SWNorth RA. Apamin increases
NMDA-induced burst-firing of rat mesencephalic
dopamine neurongrain Res.1993;630: 341-4.

ShepardPD, Bunng BS. Repetitie firing properties of
putatve dpamine-containing neurons in vitro:
regulation by an apamin-sensii C2*-activated K
conductanceExp. Brain Re4.991;86: 141-50.

Waroux O, Massotte L, Alla L, Graulich A, Thomas
E, Liegeois Jfet al. SK channels control the firing
pattern of midbrain dopamirgic neurons in wio.
Eur. J. Neurosci.2005;22: 3111-21.

Bal T, McCormick DA. Mechanisms of oscillatory
activity in guinea-pig nucleus reticularis thalami in
vitro: a mammalian pacemek J. Physiol. 1993;
468: 669-91.

Bal T, McCormick DA. Synchronized oscillations in
the inferior olve ae controlled by the
hyperpolarization-actated cation current I(h).J.
Neurophysiol1997;77: 3145-56.

Zhang., Krnjevic K. Apamin depresses seledy the
after-typerpolarization of cat spinal motoneurons.
Neurosci. Lett.1987;74: 58-62.

MaherBJ, Westbrook GL. SK channelg@ation of
dendritic ecitability and dendrodendritic inhibition
in the olfactory hilb. J. Neurophysiol.2005; 94:
3743-50.

Fiorillo CD, Williams JT Glutamate mediates an
inhibitory  postsynaptic potential in dopamine
neuronsNature1998;394: 78-82.

Yamada S, dkechi H, Kanchiku I, Kita T Kato N.
Small-conductance €adependent K channels are
the target of spiinduced C# release in a
feedback regulation of pyramidal celcitability. J.
Neurophysiol.2004;91: 2322-9.

Gulledge AT, Stuart GJ. Cholinergic inhibition of
neocortical pyramidal neurons. Neurosci. 2005;
25: 10308-20.

CaiX, Liang CW Muralidharan S, Kao JHang CM,
Thompson SM. Unique roles of SK and Kv4.2
potassium channels in dendritic igtation. Neuron
2004;44: 351-64.

GrillnerS, Wallen PHill R, Cangiano L, El Manira A.

Poceedings of the Australian Physiological Society (2387)



88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100. MessielC, Mourre C, Bontempi B, Sif J, Lazdunskill4.

E.S.L. Faber & PSah

lon channels of importance for the locomotor pattern
generation in the lampyebrainstem-spinal cordl.
Physiol.2001;533: 23-30.

CangianoL, Wallen R Grillner S. Role of apamin-
sensitve K., channels for reticulospinal synaptic

transmission to motoneuron and for the
afterhyperpolarization.J. Neurophysiol. 2002; 88:
289-99. 103.

Olver D, Klocker N, Schuck J, Baukrowitz ,T
Ruppersbey JP, Fakler B. Gating of CH-actvated
K* channels controls fast
transmission at auditory outer hair cellMeuron
2000;26: 595-601.

Faber ESL, DelaneAJ, Sah PSK channels rgulate 105.

excitatory synaptic transmission and plasticity in the
lateral amygdalaNat. Neuosci.2005;8; 635-41.

Ngo-Anh TJ, Bloodgood BL, Lin M, Sabatini BL, 106.

Maylie J, Adelman JPSK channels and NMB
receptors form a CGamediated feedback loop in
dendritic spinesNat. Neurosci2005;8: 642-9.

Norris CM, halpain S, Foster TC. Rasal of age-
related alterations in synaptic plasticity by blockade
of L-type C&" channels.J. Neurosci 1998; 18:
3171-3179.

BehnischT, Reymann KG. Inhibition of apamin- 108.

sensitve alcium dependent potassium channels
facilitate the induction of long-term potentiation in
the CAl region of rat hippocampum Vvitro.
Neurosci. Lett1998;253: 91-4.

KramarEA, Lin B, Lin CY, Arai AC, Gall CM, lynch  109.
G. A novel mechanism for the facilitation of theta-
induced long-term potentiation by brain-ded
neurotrophic &ctor.J. Neurosci. 2004;24: 5151-61.

HammondRS, Bond CT Strassmaier TNgo-Anh TJ, 110.

Adelman JP Maylie J, et al. Small-conductance
Ca&*-activated K" channel type 2 (SK2) modulates
hippocampal learning,
plasticity.J. Neurosci.2006;26: 1844-53.

\an der Staay FJaRelli RJ, Blokland A, Schmidt BH.
Behavioral effects of apamin, a selaaiinhibitor of
the SK.-channel, in mice and ratsNeurosci.
BiobehavRev 1999;23: 1087-110.

Moser El,
Impaired spatial learning after saturation of long-
term potentiationSciencel 998;281: 2038-42.

Rastallova E, Srrano P Pinkhaswa D, Wallace E,
Fenton AA, Sacktor TC. Storage of spatial
information by the maintenance mechanism ©PL
Science006;313: 1141-4.

Whitlock JR, Heynen AJ, Shuler MG, Bear MF
Learning induces long-term potentiation in the
hippocampusScience2006;313: 1093-7.

M, Destrade C. Effect of apamin, a toxin that
inhibits C&*-dependent K channels, on learning
and memory processerain Res1991;551: 322-6.

101. Belcadi-Abbass\W, Destrade C. Post-test apamin

injection suppresses a Kamindildfect following a
learning session in miceNeuroreport 1995; 6:

Proceedings of the Australian Physiological Society (2387)

102.

inhibitory  synaptic104.

107.

memgQryand synaptic 111.

Krobert KA, Moser MB, Morris RG. 112.

113.

1293-6.

Fournier C, Kourrich S, Soumireu-Mourat B, Mourre
C. Apamin imprees reference memory ub not
procedural memory in rats by blocking small
conductance Caactvated K' channels in an
olfactory discrimination taskBehav Brain Res.
2001;121: 81-93.

Deschau0, Bizot JC, Ggffon M. Apamin imprees
learning in an object recognition task in rats.
Neurosci. Lett1997;222: 159-62.

llonen S, Schmidt B, Riekkinen, Rr. Apamin
improves atial naigation in medial septal-lesioned
mice.Eur. J. Pharmacol. 1998;347: 13-21.

llonen S, Riekkinen ,PX. Effects of apamin on
memory processing of hippocampal-lesioned mice.
Eur. J. Pharmacol. 1999;382: 151-6.

HeurteauwxC, Messier C, Destrade C, Lazdunski M.
Memory processing and apamin induce immediate
early gene xpression in mouse braiBrain Res.
Mol. Brain Res1993;18: 17-22.

Blank T, Nijholt I, Kye MJ, Raduleic J, Spiess J.
Small-conductance, €aactivated K* channel SK3
generates age-related memory and LTP defidis.
Neurosci. 2003;6: 911-2.

Liegeois JFMercier F Graulich A, Graulich-Lorge F
Scuwe-Moreau J, Seutin.\Wodulation of small
conductance calcium-aetted potassium (SK)
channels: a e challenge in medicinal chemistry
Curr. Med. Chem2003;10: 625-47.

Stockr M, Hirzel K, D'Hoedt D, Pedarzani.P
Matching molecules to function: neuronal
Ca*-activated K channels and
afterhyperpolarizationg.oxicon2004;43: 933-49.
Gagus JJ, Fantino E, Gutman GA. A piece in the
puzzle: an ion channel candidate gene for
schizophreniaMol. Med. Todayl998;4: 518-24.
ChandyKG, Fantino E, Wttekindt O, Kalman K,
Tong LL, Ho TH, et al. Isolation of a nuel
potassium channel gene hSKCa3 containing a
polymorphic CAS repeat: a candidate for
schizophrenia and bipolar disordev®l. Psytiatry
1998;3: 32-7.

DrorV, Shamir E, Ghanshani S, Kimhi R, Swartz M,
Barak Y et al. hLKCa3/KCNN3 potassium channel
gene: association of longer GA repeats with
schizophrenia in Israeli Askkazi Jews,>@ression

in human tissues and localization to chromosome
1g21.Mol. Psychiatryl999;4: 254-60.

RitsnerM, Modai I, Ziv H, Amir S, Halperin T
Weizman A, et al. An association of C@ repeats at
the KCNN3 locus with symptom dimensions of
schizophreniaBiol. Psychiatry2002;51; 788-94.

Miller MJ, Rauer H, Tomita H, Rauer H, @Gas JJ,
Gutman GA, et al. Nuclear localization and
dominant-ngdive suppression by a mutant SKCa3
N-terminal channel fragment identified in a patient
with schizophrenia.J. Bol. Chem. 2001; 276:
27753-6.

33



SK channels in neurons

Receved 26 Anuary 2007, in revised form 10 April 2007.

Accepted 12 April 2007.
© E.S.L. Faber 2007

Author for correspondence:

Louise Faber

Queensland Brain Institute
University of Queensland
St Lucia

QLD 4072

Australia

Tel: +61 7 3346 7834
Fax: +61 7 3346 8836

E-mail: |.faber@uqg.edu.au

34

Poceedings of the Australian Physiological Society (2387)



