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Abstract

Small-conductance calcium-activated potassium (SK) channels, being
voltage-independent, are activated solely by elevation of intracellular calcium.
Use of apamin, a bee venom peptide toxin which blocks SK channels potently
and specifically, has led to characterization of SK roles and activity in numerous
central nervous system and peripheral organ physiologies. Activation of SK
channels is coupled to varied sources of calcium: voltage-dependent calcium
channels, 1,4,5 inositol trisphosphate receptors, or ionotropic neurotransmitter
receptors among others; but irrespective of the source of calcium, activation of
SK channels exerts a hyperpolarizing influence, thereby modulating excitability.

Three genes encoding SK channel subunits have been found in
mammalian organisms and cDNAs representing each of these loci, SK1, SK2,
and SK3, have been cloned and functionally characterized from mouse, rat and
human. In situ hybridization experiments demonstrated that the three genes are
expressed in distinct yet overlapping patterns throughout the brain.
Heterologous expression of the cloned cDNAs resulted in potassium currents
that were activated by elevation of intracellular calcium from human SK1, rat,
mouse or human SK2, and rat, mouse or human SK3. The calcium sensitivity
and kinetics of activation and deactivation were virtually identical for all these
channels. The pharmacological profile of the expressed currents showed that

SK2 was most sensitive to block by apamin and d-tubocurarine, SK3 has
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intermediate sensitivities and SK1 is least sensitive to these blockers of calcium-
activated currents; the 1.C, 5, for apamin block of SK currents spanning from 60
pM to greater than 12 nM. Structure-function studies have shown that
calmodulin associates with the SK pore-forming subunits and that binding of
calcium to calmodulin mediates channel opening.

In order to allow discrimination of individual SK channel gene contribution
to apamin-mediated effects, and to allow separation of SK channel roles in
different brain regions and organ systems, transgenic mice have been created by
homologous recombination that allow separate regulation of each of three SK
genes. Studies of these mice have shown the important role of SK3 in control of
vascular tone and bladder continence, and a role for SK3 in regulation of
respiratory rhythm. Resolution of longstanding questions regarding the
molecular identity of channel subunits mediating kinetically distinct
afterhyperpolarizing currents in principle neurons of the hippocampus has been
attained by study of these SK transgenic mice: SK2 gene products are necessary
for the channel underlying the medium component of the AHP: SK1, SK2 and
SK3 do not form channels underlying the slow AHP.

Future studies of mice derived from these conditional allele mutants
through cross breedings with region-specific Cre transgenic mice will play a
major role in our growing understanding of the many roles served by SK

channels and the specific subunits serving those roles.
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CHAPTER I. Introduction

1. Small-conductance calcium-activated potassium (SK) channels
Potassium and calcium

Many atomic and molecular ions serve diverse functions in living
organisms, as signaling molecules, co-factors, modulators, regulators of
osmolarity, and mediators of excitability. Arguably the most important of all the
biological ions is calcium (Ca*). Ca® ions are the central player in many signal
transduction cascades, mediating responses from fertilization to cell death (1].
The intracellular concentration of calcium ([Ca®],) is under tight control; free ions
are rapidly chelated by a host of calcium-binding proteins. Sources for calcium
and the molecules that mediate flux of calcium into the cytoplasm from those
sources are highly regulated. In response to incoming signals, Ca®* ions flow into
the cytoplasm from the extracellular space and/or from intracellular stores, which
include at least the endoplasmic reticulum, mitochondria, and sarcoplasmic
reticulum (muscle cells). Membrane-spanning proteins, including voltage-
dependent calcium channels and ionotropic neurotransmitter receptors on
plasma membranes, inositol 1,4,5-tris phosphate (IP3) receptors and ryanodine
receptors on intracellular membranes, mediate influx of calcium to the cytoplasm,
where elevation of [Ca*'], in @ microdomain surrounding the entry site initiates a
signaling cascade. Calcium influx can be stimulated by diverse signals, including

membrane depolarization, stretch, noxious stimuli, and a multitude of



extracellular ligands. Different calcium signaling pathways can interact to control
the source and characteristics of the cytosolic Ca* signal.

In excitable cells, three other major ions, Na*, K*, and Cl', contribute to the
bulk ion concentration that results in a voltage gradient across the plasma
membrane. Through the action of pumps and exchangers, the intracellular
concentration of Na* is kept low while the K* concentration is maintained higher
inside the cell than out. Because the cell is somewhat leaky for K* through
numerous potassium or cation permeant “leak” channels, K* ions escape through
the plasma membrane down the potassium concentration gradient. The negative
ions that cannot permeate the leak channels are left as a negative charge cloud
along the intracellular face of the plasma membrane. The net result of the
distribution of these ions is that the inside of the plasma membrane is more
negative than the outside by a range of 45 to 90 millivolts (mV). Membrane-
spanning proteins containing pores permeant to specific ions respond to changes
in the potential gradient by opening and allowing flux of ions across the
membrane. When an input signal depolarizes a region of membrane by as little
as 10 mV, voltage-dependent sodium channels open and the rapid influx of Na*
ions, which constitute the primary component of an action potential (AP), results
in a bulk depolarization of the cell plasma membrane. Voltage-dependent
potassium channels open in response to the depolarizing wave of the action
potential and potassium ions flood out of the cell, repolarizing the membrane and

causing voltage-dependent channels to close. Opening of voltage-dependent



calcium channels (VDCC) in response to the depolarization yields an influx of
Ca® ions. Possible responses to the influx of calcium ions include activation of
Ca-sensitive channels on intracellular stores resulting in further elevation of
cytosolic calcium, activation of signaling cascades such as through
calcium/calmodulin dependent kinases, or opening of calcium-activated
potassium channels that hyperpolarize the cell and thereby blunt the influx of
calcium through the VDCC.

Of all the membrane proteins controlling the flux of ions, potassium
channels are the most abundant and diverse. There are over seventy genes
encoding potassium channel pore-forming subunits in the mammalian genome.
Within the potassium channel super family are the “leak” channels that set up the
polarity of the plasma membrane and contribute the resting membrane potential,
voltage-dependent potassium channels that rapidly repolarize the membrane
following an action potential, and other potassium channels that are gated or

modulated by intracellular ligands such as ATP and calcium.

Calcium-activated potassium channels

In 1958, Gardos made the first observation that intracellular Ca®* could
exert control on the permeability of the cell membrane to K* ions by measuring
efflux from red blood cells [2]. In the early 1970’s, Meech and Strumwasser
observed that micro-injection of calcium into anAplysia neuron resulted in
hyperpolarization of the cell membrane [3]. The observed response was

accompanied by an increase in membrane conductance that had a reversal



potential consistent with a potassium conductance. With the advent of the patch
clamp technique [4] the prevalence and diversity of calcium-sensitive potassium
currents (lyc, ) began to be appreciated. lkca) CUrrents have been observed in
virtually all tissues examined. Characteristics of these currents are quite diverse:
conductances range from a few to several hundred picosiemens (pS); calcium,
voltage and pharmacological sensitivities vary broadly. I, channels came to be
loosely classified into three categories, large-conductance, intermediate-
conductance and small-conductance families. Large conductance (BK) lica
channels have unitary conductances ranging from 180-240 pS, are gated by both
calcium and voltage, and most are blocked by charybdotoxin. Intermediate-
conductance (IK) channels exhibit unitary conductances between 40-60 pS, are
voltage independent and are resistant to blockers of the other subgroups. Small-
conductance (SK) (4-20 pS) Ix, channels are more sensitive to calcium than BK
channels, are voltage-independent and are selectively blocked by the bee venom
peptide toxin, apamin, and by d-tubocurarine [5]. By carefui use of this
differential pharmacology, functional roles for the calcium-dependent potassium

channels in a wide array of physiological systems have been postulated.

SK channels in physiology: excitability.

The potency and selectivity of apamin for blocking SK channels has
allowed characterization SK channel activity in a wide array of cell types. Apamin
binding or apamin block of an Iy, have been demonstrated in neurons and glia

from the central nervous system [6-8], in smooth muscle of the gut [9], bladder

4



(A) 2 mm Ca2* (B) 0.2 mM Ca2* (C) SPIKE TRAINS

i Jiny % i I - T

Fast AHP &k
I} 1 LLLLLL
50 ms 50 ms 250 ms

(D) SPIKE FREQUENCY ADAPTATION

! ”“ Slow AHP | 20mV
(E) BLOCK BY 5 mM Cd2*

lil[ :
o JJMJ/UL a J20my
W e L—_—_,]lnA

e ibg Celpgels - -
0.2

=5 s

Figure 1.

Current clamp recording of a frog spinal motor neuron. A. Following
an action potential which goes far above the edge of the figure, there
is a multi-component AHP. B. The AHP is dependent on extracellular
calcium. C. The amplitude and duration of the slow AHP grows with
each additional action potential. D. A vagal motoneuron shows spike
frequency adaptation and a large slow AHP during and following a long
duration depolarizing current pulse. E. Addition of 5 mM Cd2+ to the
medium eliminates spike frequency adaptation and most of the slow
AHP.

Hille: lon Channels of Excitable Membranes, Third addition, 2001



[10, 11], and vasculature [12, 13], in the adrenal [14] and pituitary [15, 16]
glands, in hepatocytes [17] and in cultured skeletal muscle cells [18].

The high calcium-sensitivity of SK channels, coupled with voltage-
independence, gives these channels an important role in controlling membrane
excitability near the resting membrane potential. In excitable cells, SK channels
are activated by calcium ions flowing into the cell through VDCCs [19] during the
depolarized phase of the AP, causing an afterhyperpolarization (AHP). The
hyperpolarizing current mediated by SK channels decays slowly, following the
decline in calcium concentration. The effect of the AHP is to regulate the
interspike interval and may also contribute to setting bursting patterns, thereby
exerting control on the basic excitability of neurons. An apamin-sensitive
component of the AHP has been characterized in cortical pyramidal cells [20]
and in hippocampal pyramidal cells by whole cell voltage clamp experiments [21].

Apamin has been shown to affect learning and memory [22-24]. In
hippocampal-dependent learning tests, intraperitoneal injection of apamin prior to
training resulted in accelerated acquisition of relevant memory compared to
perfomance of animals not receiving apamin. Neither retention nor consolidation
of memories was affected by apamin injection. Field recordings from the CA1
region of the hippocampus in brain slice preparations revealed that apamin
shifted the threshold for synaptic plasticity, both for long term depression (LTD)
and longterm potentiation (LTP) to lower stimulus frequencies [24]. Thus SK

channels modulate cellular responses to synaptic transmission as well as to APs



In addition to activation by influx of calcium through VDCCs, SK channel
activation is coupled to neurotransmitter and neuromodulator activation of
ionotropic and metabatropic receptors that result in elevation of intracellular
calcium concentration. Coupling of muscarinic acetylcholine receptors to SK
channel activity has been demonstrated in ventral midbrain dopamine neurons
[25] and in pyramidal neurons in layers 2/3 of the visual cortex [26]. In dopamine
neurons, activation of the muscarinic receptor stimulates production of iP3,
activating IP3 receptors on intracellular membranes and releasing calcium from
stores that then activates SK channels, hyperpolarizing the cell. The activation of
SK channels happens with brief activation of mACh receptors, longer activation
or higher concentrations of agonist results in activation of a depolarizing
conductance. Thus the SK channels are dynamically regulated by acetylcholine,
being phasically activated during periods of relatively low cholinergic activity, but
tonically closed during periods of sustained cholinergic input [25]. Inthe
neocortical neurons, SK channels were activated by calcium entry through
VDCCs in response to a 5 ms depolarization. SK channel activity was elevated
and prolonged by activation of the mACh receptor by carbachol in conjunction
with the depolarization. The carbachol effect was mediated by IP3-assisted
calcium induced calcium release (CICR) [26].

SK channels are coupled to nicotinic ACh receptors in neonatal inner hair
cells. Calcium influx through nAChRs containing a9 subunits activates SK

channels. The inner hair cells are transiently synaptically innervated by ACh



fibers in mice, during the period between birth and the onset of hearing. The
ACh innervation is not detected in inner hair cells of older animals [27]. The
developmental consequences or function of this transient ACh innervation of
inner hair cells is not known.

ACh innervation of outer hair cells (OHC) in mature mice is also coupled
to activation of SK channels. Activation of SK channels in cochclear outer hair
cells in response to Ca* influx through nicotinic acetylcholine receptors resuits in
a fast inhibitory post synaptic current (IPSC) [28]. This is an example of fast
inhibitory synaptic transmission that is not due to activation of ionotropic GABA or
glycine receptors, but rather relies on the rapid coupling of excitatory and
inhibitory ion channels. Again, although the functional significance of this
coupling is not completely understood, calcium-dependent processes
downstream of AChR activation play a role in regulating electromotility of the
OHC; electromotility being part of the amplification and motor output process of
the OHC [29].

A number of ionotropic neurotransmitter receptors are permeable to
calcium, and SK channels are widely distributed throughout the CNS: co-
localization of the receptors and SK channels in microdomains may vield a
general mechanism for generating inhibitory synaptic transmission from

activation of otherwise excitatory neurotransmitters [28].



SK channel function in oscillating systems.

In rat pituitary gonadotrophs, application of gonadotropin-releasing
hormone (GnRH) resulted in IP3-dependent oscillatory release of Ca? from
intracellular stores. The resulting increase in [Ca*], activated an apamin-
sensitive potassium channel, causing periodic hyperpolarization of the plasrﬁa
membrane. The oscillatory behavior was independent of extracellular calcium,
élthough rundown occurred ultimately, probably due to depletion of calcium in
stores, Relief of inactivation of voltage-dependent Na* and Ca®* channels by the
period of hyperpolarized potential resulted in firing of one to three action
potentials. Calcium entry during the APs served to replenish stores, allowing
oscillations to continue as long as GnRH was present. Although gonadotropin
release was not concurrently measured, it is likely that the oscillatory response to
GnRH is an important element of the stimulation-secretion coupling in these
cells. The authors also postulate this oscillatory behavior may be important for
the calcium economy of the cell, allowing for release of calcium from stores for
signaling but coupled to influx of extracellular calcium to replenish stores [16]. A
possible role for SK channels in other types of oscillatory systems have been
described and may define a function for SK channels in pattern generating
pacemaker cells [30] or in intracellular calcium dynamics [31]. Some types of
amacrine cells of the retina show oscillatory membrane potentials (OMPs) in
response to light. These OMPs result from intrinsic properties of the cell and are

dependent on coupling of calcium channels to SK channels [32].



SK channel function has been implicated in a brain-wide oscillation
between non-REM and REM sleep. REM sleep propensity is accumulated during
non-REM sleep, rather than during waking [33]. One hypothesis for the role of
REM sleep is that REM sleep may occur to permit replenishment of neuronal
intracellular K*, following destabilization of the Na*/K* balance due to the
increased somal and dendritic potassium flux [34] during non-REM sleep.
Intracerebroventricular injection of small doses of apamin in rats produced a
dose-dependent reduction of REM sleep without an increase in the frequency of
attempts to enter REM sleep, suggesting that accumulation of REM sleep

propensity is suppressed in response to block of SK channels [35].

SK function in skeletal muscle.

In the dominantly inherited human disease, myotonic muscular dystrophy
(DM, Dystrophia Myotonica 1, OMIM #160900), skeletal muscles show stiffness
and difficulty in relaxing after voluntary contractions. Electrophysiological
analysis of myotonic muscles shows an increased excitability with a tendency to
fire repetitive action potentials in response to stimulation (myotonia). 1'** apamin
bound to muscle cells from DM patients [36]. This binding of apamin was absent
in normal human muscle tissue. These results implicate up-regulation of
expression of an SK channel in DM. Injection of apamin into the muscles of DM
patients eliminated the myotonic run; myotonia induced in muscles of patients

suffering from Myotonia Congenita (OMIM # 160800), a disorder due to defects



in a chloride channel, was unaffected by apamin injection [37]. Although
expression of hyperpolarizing currents in muscle cells might be expected to
reduce excitability rather than increase it, the special architecture of the t-tubules
of muscle may result in sequestration of extruded K* ions in the tubule
extracellular space, resulting in a localized depolarization that could lead to a
lowered threshold for AP generation. Denervation of normal skeletal muscle also
results in hyperexcitability and appearance of apamin binding sites [38]. The
relationship between up-regulation of SK expression in denervation and that in
DM is still under investigation. Although the genetic lesion responsible for DM is
not in any of the SK loci, up-regulation of SK expression is central to the major
symptom of DM, and pharmacology directed at control of SK channel activity

may be a valuable therapeutic approach for this disorder.

SK current details, as characterized in adrenal chromaffin cells.

SK channel activity was studied in detail in I/0 patches from cultured rat
adrenal chromaffin cells. The [Ca **] necessary for half-maximal activation was
0.69 uM, and was independent of membrane potential. SK currents were
blocked by external application of apamin with a K, of 4.4 nM, tubocurarine ( Ky
20 uM), and tetraethylammonium (TEA) (K, 5.4 mM). SK channel activation in
these cells is postulated to regulate muscarine-evoked release of catecholamines
[39]. SK channels control some of the electrical activity of bovine chromaffin cells

and modulate stimulated secretion of catecholamines [40].
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Summary

In summary, SK channel activation is coupled to calcium entry through
VDCCs [41, 42], ionotropic glutamate [43] and acetylcholine receptors [44];
activation of SK channels in response to calcium elevation results in
hyperpolarization of the membrane and a dampening of excitability. Activation of
NAChRs may be directly coupled to SK channels leading to a fast inhibitory
response to the normally excitatory neurotransmitter, ACh [28]. SK channels are
activated in response to calcium released from stores in response to activation of
IP3 receptors [15, 16, 26]. Activation of SK from stores is coupled to
metabotropic receptor (MAChR or mGIuR) activation. SK activity, which depends
on magnitude and duration of the metabotropic receptor activation, exerts a
modulatory influence on the membrane potential, tuning the cell’s excitability [25,
26, 45]. SK channels participate in intrinsic cell properties of rhythmically firing
cells or oscillatory systems. Furthermore, SK channels may have an important
role in calcium dynamics and the refilling of intracellular calcium stores in these
oscillating systems [16, 32]. Most likely, the different sources of calcium and SK
channels are discretely assembled into macromolecular complexes, or
microdomains, that provide specificity of calcium signaling to particular pathways.
Thus SK channels are poised to participate in regulation of membrane excitability

and stimulus-secretion coupling in divergent systems throughout the organism.
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2. Potassium channel clones
Historical perspective

The Drosophila mutant Shaker, named for the behavior of the flies when
recovering from anesthesia [46], expresses an aberrant voltage-dependent
potassium channel [47]. In an elegant combination of genetics and
electrophysiology, the first cDNA clones encoding a potassium channel were
isolated from Shaker flies [48]. Subsequent to this initial cloning success, the
floodgates were opened, and cDNAs encoding potassium channel subunits of
many different types were cloned. Homology screens, using Shaker cDNA in low-
stringency hybridization on mammalian cDNA libraries, or probes consisting of
degenerate oligonucleotide pools encoding amino acids conserved across
different clones, led to isolation of mammalian potassium channel cDNAs [49-51].
Functional analysis by heterologous expression in Xenopus oocytes allowed
correlation of individual cDNAs with channel types previously distinguished only
by kinetic or pharmacological profiles [52-54]

In another Drosophila mutant, slowpoke (slo), a fast, calcium-activated
potassium conductance that contributes to repolarization of the flight muscle
membrane following APs is missing. Genetic analysis of multiple independent
sfo flies resulted in identification of the locus and ultimately to the cloning of the
channel coding sequence [55]. Molecular analysis and functional expression in

Xenopus oocytes of cDNAs derived from this locus revealed that the channel
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Figure 2.

Dendrogram of 71 mammalian potassium channel a-subunit genes. The largest
subfamily is comprised of genes encoding subunits of voltage-dependent
channels, having the classic membrane topology of 6 TMs (purple). Another
large subfamily is comprised of the inward rectifiers with 2 TMs (aqua). The
subfamily of two-pore, 4TM (yellow) subunits form background or leak channels.
SK and /K genes comprise a small, distinct subfamily; BK and related genes
form yet another small subfamily (tan).

Pharmacol Rev (2003) 55 (4):583-586



encoded by the slo gene is a multiply alternatively spliced, large-conductance,
calcium- and voltage-activated potassium channel (58, §7].

All of the potassium channel cDNAs cloned using homology to voltage-
dependent channels shared a predicted membrane topology of six membrane-
spanning regions, with the N- and C-terminal sequences predicted to lie
intracellular. Further, the most highly conserved region, betweens TMs 5 and 6,
contained the amino acid sequence GYGD, residues which were postulated and
later shown to line the permeation pathway, or pore, and to confer selectivity for
potassium ions [58]. Functional potassium channels were comprised of a
tetrameric assembly of pore forming sununits [59, 60]. Sequence comparison of
cloned subunits and co-expression studies defined subfamilies within the
potassium channel superfamily [61-63]. Subfamily delineations for these early
clones followed the pattern in Drosophila that has four major loci encoding
voltage-dependent potassium channels: Shaker, Shab, Shal, and Shaw. Even
with the plethora of cloned potassium channel cDNAs, functional analysis
revealed that several types of potassium channels known from studies of a
variety of cells were not represented by the known sequences. Among those not
yet cloned were the inward rectifier (IR) potassium channels: channels that are
not gated by voltage, which allow K*influx but very little K* efflux. These
channels had been characterized in multiple cell types, including skeletal and

cardiac muscle cells [64], neurons [65] and endothelial cells [66] and were known
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to be important in maintaining the resting membrane potential near the
equilibrium potential for potassium.

Two groups [67, 68] isolated cDNAs encoding inward rectifier potassium
channels by expression cloning. Size-fractionated A* RNA from tissues enriched
in inward rectifier currents was injected in to Xenopus oocytes that were than
tested for the presence of the potassium current. RNA fractions positive for the
activity were converted to cDNA, and functional analysis of cDNA pools led to
isolation of inward rectifier (IR) coding sequences. Subsequent cDNA library
screening with degenerate oligo pools designed against consensus pore
seqguences led to cloning of five more highly related subunits [69] indicating that
the IR channels comprise a large subfamily of related potassium channels. All of
the IR potassium channel clones shared a unique membrane topology consisting
of only two TMs flanking the pore sequence. Functional characterization
revealed, within the IR subfamily, ATP-sensitive channels [67, 70, 71], G-protein
coupled channels [72-74] and subunits sensitive to pH [75]. However, none of
the cloned sequences expressed channels with the character<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>