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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
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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

13



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 characteristics of SK

channel.

SK Channel clones

In the mid 1990’s, the laboratory of John Adelman at the Vollum Institute
in Portland, Oregon began efforts to isolate cDNAs encoding SK subunits. Two
strategies were launched; screening single-stranded cDNA from brain with

degenerate oligonucleotide primers (a strategy that had already yielded five
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unknown IR sequences), and a virtual screen of the ever-growing public
database with a loose consensus amino acid sequence representing the
potassium channel pore and flanking regions |
(FXSIPXXXWWAXVTMTTVGYGDMXP). Among the many known potassium
channel sequences found was one intriguing, new and significantly different
partial sequence from a human hippocampal cDNA library. One translation
frame of this sequence had the potential to be a unique potassium pore;
LGAMWLISITFLSI?YGDMVPHTYCGKGVCLLTGIMRAGFTALVVAVVA?.
Although the homology to the cohsensus pore sequence was weak, the presence
of a stretch of hydrophobic amino acids that might form a transmembrane
domain C-terminal to the partial pore sequence piqued interest. Oligonucleotide
primers were designed and use to isolate a fragment from human cDNA. This
fragment, which when sequenced verified the presence of the GYGD codons,
was subsequently used to probe human hippocampal and rat brain cDNA
libraries. Three distinct but highly related cDNAs, SK1, SK2 and SK3, were
isolated that, when expressed heterologously, yielded calcium-dependent
potassium currents with all the hallmarks of classic SK channels [76].

The three SK cDNAs predict proteins of 561, 580 and 732 amino acids (for
hSK1, rSK2 and rSK3 respectively) that are highly related to one another, with
six TMs and a potassium-selective pore, analogous to the structure of the
voltage-dependent class of subunits. This was surprising in the face of

predictions that the SK subunits might be members of the IR family because of
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their voltage-independence and slightly inward-rectifying currents. However,
except for the conserved pore sequence and 6 TM topology, the SK subunits
show very little homology to the voltage-dependent or IR subunits. Dendrogram
analysis placed the SK and subsequently cloned IK subunits in a new potassium
channel subfamily.

Biophysical and biochemical studies of the SK channels clones revealed
that calmodulin, the most abundant calcium-binding protein in the brain, serves
as a beta subunit to the channel. Calmodulin is bound with high affinity to the
membrane proximal portion of the intracellular C-terminus, the calmodulin
binding domain (CaM-BD); binding of calcium to calmodulin mediates channel
gating [77, 78]. Structural determination by X-ray diffraction of crystals formed of
the CaM-BD and Ca*-calmodulin [79] correlates well with functional data
indicating that the two N-terminal EF hands of calmodulin bind calcium while the
two C-terminal EF hands do not. Again this was a surprising result because the
C-terminal EF hands of calmodulin bind calcium at higher affinity that the N-
terminal domains. The Cam-BD/calmodulin co-crystal showed that interaction
with the CaM-BD forces a conformation on the C-terminal EF hands that is
unique, and does not allow calcium binding. Further, the crystal structure
visualizes a dimer formed of two CaM-BD/calmodulin complexes. Whether this is
an artifact of crystallization with the CaM-BD unconstrained by its relation to the
rest of the channel, or whether a dimer of dimers actually mediates gating of the

channel upon binding of calcium is currently under investigation. All three of the
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Figure 3.

Representation of the six transmembrane topology predicted for SK subunits

and tetramers of subunits in a membrane with calmodulin (dumbell shape)

associated with intracellular domains.
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Schematic showing high degree of amino acid conservation between mammalian
SK1,5K2 and SK3 in the core domain from proximal to TM1 through the CaM-BD.

Some small islands of identity are found in the otherwise unsimilar termini.
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Figure 5. Calcium gating of SK channels

a. Calcium dose response relationships for hSK1, rSK2, and rSK3 channels.
Relative amplitude of steady-state currents at -100 mV is plotted as a function
of calcium concentration.

b-d. Fast piezo-driven application of Ca2+ (10 uM) to inside out patches
expressing b. hSK1, ¢. rSK2, and d. rSK3 channels. The holding potential was
-80 mV; current and time calibrations are 0.5 nA and 100 ms. Inset for hSK1
shows a current increase within 1 ms after Ca2+ application.

Nature (1998) 395:503-507



SK channel subtypes share the same calcium sensitivity, gating by calcium
binding to associated calmodulin, and kinetics of activation and deactivation.
Only in the sensitivities to pharmacological blockers did the SK subunits differ
from one another. The K, values for blocking of heterologously expressed SK
channels by apamin, d-tubocurarine and dequalinium depend on the cell type in
which the study is performed, with results from SK1 expression varying most
widely (see Chapter IV). When expressed in Xenopus oocytes, SK2 has an IC,,
of 60 pM for apamin, SK3; 1 nM, hSK1; >100 nM [76]. When expressed in
HEK293 cells, the IC;, of hSK1 for apamin was found to be 8nM; 12 nM when
expressed in COS cells [80]. When SK2 was expressed alone in HEK293 cells,
the IC5, was found to be 94 pM, when co-expressed with SK1 the Ics, dropped to
1.4 nM [81]. Thus pharmacology of SK channel activity in endogenous
expression sites cannot serve to identify the channel subtype.

In situ hybridization on rat brain sections for the three SK mRNAs showed
that each gene is expressed in a wide array of central neurons [76, 82]. Although
the expression pattern for each gene is distinct, there are multiple structures in
which expression of two SK genes overlap, and even some structures where all
three mRNAs are detected. High levels of all three mRNas were detected in
entorhinal cortex, the subiculum, and some thalamic nuclei. SK1 and SK2
mRNAs are both expressed at high levels in layer V of the cortex and in CA1-3
neurons of the hippocampus, both regions in which the principle neurons express

both apamin-sensitive and apamin-insensitive AHP currents. In the amygdala,
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only SK2 mRNAs were detected in the anterior amygdaloid area, SK2 and SK1
were found in the anterior cortical amygdaloid nucleus and all three SK mRNAs
were expressed in the amygdalohippocampal area and the medial and basal
amygdaloid nuclei. Only apamin-insensitive AHPs have been characterized in

these neurons [82].

3. Polassium channel transgenic mice
Non-SK potassium channel transgenic mice

As with the SK channels subunits, clones for other potassium channel
subtypes could be catalogued into potassium channel subfamilies by amino acid
homology and basic functional characteristics. However, direct correlatiron of
individual clones with endogenous channel functions was complicated by
overlapping expression patterns and inexact recapitulation of function in
heterologous systems. Co-expression with cloned beta subunits, the first of
which was cloned by amino acid sequencing of peptide fragments from purified
potassiunﬁ channel complexes from bovine brain [83], resolved some differences
between in vivo and invitro channel function [84, 85]. In some instances, co-
expression of related pore-forming subunits resulted in functional channels with
characteristics not seen with either subunit alone, but that closely paralleled in
vivo channel features [86]. Thus the entire potassium channel field was faced
with a plethora of cloned subunits, many of which could not be correlated with jn

vivo functions. In order to resolve this dilemma, many researchers turned to
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genetic strategies. A few examples of the variety of approaches taken, the results
obtained and a discussion of the interpretation or conflicting results are
presented.

| The large-conductance calcium- and voltage-activated potassium channel,
BK, or slo, as t‘he Drosophila gene and its products are named, was first cloned
from Drosophila, and the alternative splicing of transcripts from the locus were
subsequently characterized. The various splice forms yield channels that differ in
functional characteristics such as calcium sensitivity, conductance and kinetics of
activation and deactivation [56]. Null mutations of the s/o locus exhibit multiple
behavioral abnormalities. Brenner et al created transgenic flies by expressing
one slo splice form on the background of the null allele. Their results show that
this one splice form corrects some but not all of the dysfunction seen in the null
flies, supporting the hypothesis that each splice form has characteristics
necessary to specific function in particular cell types [87].

Dominant negative or overexpression transgene strategies have been
employed for a number of potassium channel clones to test their invivo function.
A beta-cell K, subunit, (a member of the inward-rectifier family, Kir6.2), mutated
to reduce its sensitivity to ATP, was over-expressed in transgenic mice under
control of the insulin promoter. In normal mice, elevation of cytoplasmic
ATP/ADP in response to glucose metabolism closes Kare channels, causes cell
depolarization, calcium entry and insulin release. The transgenic mice, however,

developed severe hyperglycemia and hypoinsulinemea within five days of birth,
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without gross morphological changes in the pancreas or islet cells [88]. These
results supported the hypothesis that activity of an ATP-sensitive potassium
channel is important in regulation of insulin release in glucose metabolism, and
identified the cloned subunit as the likely gene product serving that function.

In the heart, inwardly rectifying potassium channels of the Kir 2 family
contribute to repolarization of the action potential and to regulation of the heart
rhythm. In mice, knock out of the Kir 2.1 subunit, the one of four members of this
subfamily that most closely matches the functional characteristics of the native
heart channels, causes severe health problems and early death, complicating
study of heart function in the knockout animals [89]. To circumvent this difficulty,
a dominant negative non-conducting mutant of Kir 2.1 was expressed in
transgenic mouse heart under control of the a-myosin heavy chain promoter. In a
manner not yet completely understood, this dominant negative channel causes a
slower heartbeat in the transgenic animals [90]. These mice and isolated
myocytes from them will serve as valuable tools for future study of Kir function in
the heart.

Single amino acid mutations in the Kv1.1 delayed rectifier channel
subunits have been found to underlie the human inherited disease Episodic
Ataxia Type | (EA, OMIM #160120) [91], symptoms of which include stress-
induced myotonia and ataxia. Heterologous expression studies of channel
subunits containing point mutants found in human EA patients revealed a

dominant negative affect of the mutant subunits on channel function [92]. Mice in
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which the Kv1.1 gene has been knocked out are viable as homozygotes, suffer
increased susceptibility to seizures and decreased analgesia, but do not exhibit
the symptoms of EA [93]. In contrast, knock-in mice that express Kv1.1 channels
containing an EA point mutant are not viable as homozygotes; embryos die
sometime between embryonic days 4 and 9. Heterozygous mice show
decreased motor coordination in response to stress that is ameliorated by
acetazolamide, the only therapeutic agent available for treatment of human EA
sufferers [94]. Thus the knock-in and knock-out mice give very different results
and serve as an example of the care that must be exerted in interpretation of the

study of genetically engineered animals.

SK transgenic mice

SK channels are expressed in a wide array of cell types. In neurons and
smooth muscles, SK activity regulates and tunes excitability, coordinating
responses to AP firing and neuromodulatory action that cause elevations if
intracellular calcium. In neuroendocrine and gland cells, SK channels participate
in stimulus-secretion coupling. Cloned SK subunits form homomeric or
heteromeric channels with virtually identical kinetics of activation, calcium
sensitivity and unit conductance. The pharmacology of heterologously
expressed SK channels ranges widely and depends on the cell type in which the
channels are expressed. In situ hybridization shows extensive overlap of sites of

expression ion the brain. Thus, ultimately, determination of which SK gene
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underlies an apamin-mediated effect in any particular neuron or system requires
animal models wherein separate control of SK gene expression can be exerted.
This is the goal of the work described in this dissertation. Herein | detail the
production and characterization (Chapter I1) and initial physiological assays
(Chapter llI) of mice created by homologous recombination in which the genes
expressing SK1, SK2, and SK3 can separately be regulated or ablated. These

mice will serve as valuable tools for many future studies of SK function.
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CHAPTER II. SK Transgenic Mice

1. Introduction
Homologous recombination

Development of technology for homologous recombination in mice, used
to produce gene-specific knockout or knock-in animals, has led to an explosion in
our understanding of the functions of many gene products. Homologous
recombination has been routinely achievable in mice since the discovery that
embryonic stem (ES) cells isolated from blastocysts of the 129 strain can be
manipulated in culture and yet remain diploid and maintain pluripotency [95-98]
(i.e. the ability to differentiate into all the structures of a viable mouse, including
germ cells). A targeting vector, comprised of cloned genomic DNA with the
genetic modification to be introduced and a selectable marker, is electroporated
into ES cells. The cells are then cultured in the presence of the selection agent.
During cell division in culture, the exogenous DNA is inserted into the genome,
either integrating randomly or by homologous recombination; in which case one
allele of the endogenous gene is replaced by the targeting vector. DNA from
G418 resistant ES cell colonies are analyzed for correct integration at the gene of
interest by molecular techniques such as genomic Southern blot analysis or
polymerase chain reaction (PCR). ES cells containing the desired genetic
change are injected into blastocysts that are then implanted in pseudopregnant

female mice. The resulting chimeric offspring, containing structures differentiated
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from both endogenous and injected ES cells, are bred and the offspring analyzed
for the presence of the genetic change. To assist in tracking the success of
contribution from implanted ES cells, the host blastocysts are usually chosen
from a strain having either black or white coat color. Contribution from the ES
cells (from the agouti 129 line) is then readily detected in the coat color of the
chimeric pups. Although greater percentage of agouti hair on the chimeras
implies greater contribution from implanted ES cells, the only true measure of
success is transmission of the genetic change to the germ cells of the chimera.
Offspring of the chimeric mouse having agouti coat color indicate that the ES
cells contributed to the population of germ cells. Because the ES cells are
diploid, only 50 % of the agouti offspring are expected to carry the genetic
modification, and those animals will be heterozygous. These heterozygous
founders can then be crossed to obtain animals that are homozygous for the
transgenic allele.

This technology of homologous recombination in ES cells has been used
to generate many different mouse lines that are lacking (knocked out, KO, null)
different gene products by replacing the endogenous sequence with a targeting
construct lacking essential exons. In many cases, studies of these KO animals
have led to greater understanding of the function of the gene [99, 100].
However, in some instances, little can be learned, due to an embryonic lethal
phenotype, or to compensation by a related gene, or due to canalization, a

genetic buffering whereby developmental pathways are stabilized by overlapping
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functions of many genes, thus obscuring the loss of function of the ablated gene
[101-103]. In order to avoid these potential pitfalls of gene ablation, we chose to

construct conditional KO alleles at the SK loci.

Conditional alleles

Two basic strategies are available for the production of a conditional
allele; insertion of a regulatable element to control expression from the gene, or
insertion of sequences recognized by recombinases, allowing deletion of
intervening sequences following exposure to the recombinase [104, 105). This
dissertation describes the construction and study of SK alleles using both of
these basic approaches; a tetracycline-sensitive gene switch was inserted into
the SK2 and SK3 genes, recombinase recognition sites flanking coding exons
were inserted into the SK7 and SK2 genes.
Tetracycline-sensitive gene switch

Regulatory elements that control tetracycline resistance inEscherichi coli,
and a viral transcription element were combined to produce a highly specific
transcription regulation system that functions in eukaryotic cells [106, 107).
Specifically, the DNA binding domain of the E. coli tet-repressor protein was
fused to the C-terminal portion of the Herpes Simplex Virus transcription factor,
VP-16, to yield the fusion protein tTA. The tTA protein binds specifically to the
operator sequence from the E. coli tet operon, which, when fused to a minimal

promoter such as that from the human cytomegalovirus (CMV), mediates
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transactivation of transcription from that minimal promoter. Binding of the tet-
repressor protein to the tet operator is blocked in the presence of tetracycline and
its analogs, due to the interaction of the drug with the DNA binding domain of the
repressor. In like manner, the binding of the tTA protein to the tet operator is
blocked by tetracycline, and transcriptional transactivation by the tTA protein is
prevented.

The tTA coding sequence and the tet operator were combined in a
cassette [108] which also contains the selectable marker neo™ ,for selection of
ES cells, and the yeast URA3 gene for selection of recombinants in yeast, a tool
for use in constructing the targeting vector [109]. These two selectable markers
are flanked by lox P sites, allowing their excision by the Cre recombinase (see
below) after proper integration into the targeted gene. This cassette does not
- supply a promoter to drive transcription of the mRNA encoding the tTA protein.
Instead, insertion of the cassette into the 5'UTR of a gene of interest results in a
chimeric transcript, driven by the targeted gene promoter elements, initiated at
the endogenous CAP site and containing some 5'UTR fused to the tTA coding
sequence. The cassette provides a 3' UTR and poly-adenylation signal to this
transcript for efficient translation of the tTA protein.

Located at the 3' end of the cassette are concatenated (five copies) tet
operator (tetys) repeats fused to the CMV minimal promoter. When the cassette
is inserted into the 5'UTR of a gene, the tet,s CMV,,, are in position to, when

transactivated by the tTA protein, drive transcription of an mRNA that encodes
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the protein product of the targeted gene. In the absence of transactivation by tTA,
(such as in the presence of tetracycline or a potent analog, doxycycline (dox))
the tet,; CMV,,, is silent and the gene is off, yielding, in the homozygote, a null
for the targeted gene. A minimum of two transcription stop signals reside
between the gene promoter which drives expression of the tTA mRNA and the
tetos CMV,,,, preventing RNA polymerase read-through and unregulated
transcription of the targeted gene. Thus, in the homozygous mouse, the targeted
gene's promoter is unaltered, with the developmental and cell-specific expression
profiles intact. In the absence of tetracycline, the expression of the protein of
interest should parallel that of wild type animals. However, when dox is
administered to the animal, the gene's transcription is blocked and subsequent to
protein turnover, the animal must function in the absence of the targeted gene
product (Figure 1).
Recombinases

Two DNA recombinases, one from bacteriophage P1 (Cre) [1 10], the other
from Saccharomyces cerevisiae (FLP) [111], have been shown to function in
mammalian cells [112, 113]. Each recognizes sequence specific palindromes,
recombining the DNA at those sites and excising the intervening sequences.
When the recombinase recognition sequences (loxP sites for Cre recombinase,
frt sites for FLP recombinase) are present in an allele with essential coding exons
in the intervening sequence, exposure to recombinase activity results in deletion

of those coding exons. If recombinase activity is present very early in
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development, the excision event will occur in all cell types, including germ cells,
so the deleted allele is passed to offspring. However, tissue and developmental
stage-specific promoters can be used to drive expression of the recombinase,
resulting in excision in only a subset of tissues or cells at some later time in
development. This conditional KO of gene expression can be used to avoid
embryonic-lethal phenotypes that may result from KO of gene activity early in
development. This also allows characterization of gene function in specific

systems without the pleiotropic effects of whole organism KO.

SK3 tTA mice

The tetracycline-sensitive gene switch has been previously introduced into
the 5" UTR of the SK3 gene. [114]. These mice were the first example of
application of the tetracycline gene switch in which the targeted gene’s promoter
elements were undisturbed, so that in transgenic animals timing and cell-specific
‘expression of the targeted gene parallels that of wild type animals.
Administration of doxycycline, either via the drinking water or food pellets,
blocked transcription, with SK3 transcripts undetectable after three days
administration of 100 ug/ ml dox in the drinking water. However, western
analysis revealed that SK3 protein was still detectable unless transcription was
blocked for > three weeks. Whether the lingering presence of SK3 protein

reflects basal protein turnover rate for SK3 or the retention of SK3 in a subset of
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A. The tTA protein is a fusion of the DNA binding domain from the

E. coli tet represser protein and the C-terminal domain of Herpes Simplex
Virus transcription factor VP-16. In the absence of tetracycline, tTA binds the
tet operator repeats from the E. coli tet operon, promoting transcription.
Tetracycline interacts with the tTA protein, preventing binding to the operator,
resulting in no transcription.

B. The tTA protein coding sequence, selectable markers and tet operator
repeats were assembled into a cassette which can be inserted into the 5' UTR
of the targeted gene in a single step. Transcription from the gene promoter yields
a transcript encoding tTA which then transactivates transcription at the tet
operator-CMV minimal promotor, producing an mRNA encoding the targeted
gene product only where the gene promoter is normally active The tetracycline
analog doxycycline (dox) potently binds to the tTA protein, preventing
transcription.



cell types was not determined, due to the lack of an antibody that functions in
immunohistochemical techniques.

In the absence of dox, SK3 tTA homozygotes overexpress the SK3
transcript three to five fold. This overexpression of transcript is paralleled by
overexpression of protein by approximately five fold. The overexpression in
these animals may result from disruption of control sequences due to the
presence of the tet cassette in the 5’'UTR of the gene, but more likely is simply
due to the potency of transactivation of transcription by the tTA protein. When
the neo and URA selectable markers were removed from the SK3 allele by
crossing the SK3 tTA mice with a Cre-deleter mouse, which expresses thé Cre
recombinase very early in development [1 15], SK3 expression increasedveven
further, with transcripts at 5-10 fold higher than wild type. This increase in
expression is consistent with the observation that the presence of the neo coding
sequence in the genome reduces expression from neighboring loci [116, 117].
These higher levels of SK3 expression resulted in reduced viability and
reproductive success in the SK3 thAneomice, so the line is maintained with neo
and URA still present in the allele. All results obtained by us and by collaborators
have used mice retaining these selectable markers in the allele.

Knockout of SK3 expression by longterm administration of dox did not
present any overt phenotype. However, in the absence of dox, SK3
overexpression resulted in comprimised parturition. Because animals lacking

oxytocin deliver pups successfully, this effect of SK3 overexpression is likely not
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due to altered hormone secretion. SK3 protein is expressed in the uterus;
overexpression of the hyperpolarizing current through SK3 channels may be
sufficient to inhibit the development of a train of action potentials necessary to
drive uterine contractions. This interpretation is supported by the observation that
knock-down of SK3 expression by low concentration (5ug/mi) dox in the drinking
water for only two days relieved the complications at parturition. Overexpression
of SK3 also resulted in abnormal respiratory responses to hypoxia, introducing
the possibility that regulation of SK3 channel activity may have a therapeutic
potential in treatment or prevention of neonatal apnea, a potential contributing
cause of Sudden Infant Death Syndrome [118].

More subtle roles for SK3 have been revealed by further studies of these
mice in collaboration of by other investigators. SK3 is expressed in endothelial
cells of the vasculature, and plays a role in regulating blood pressure [12]. Blood
pressure is influenced by hormones such as estrogen [119]. SK3 expression is
regulated by estrogen [120], and thus hormonal control of SK3 expression may
have an integral role in the cardiovascular effects of estrogen. Consistent with
this role of SK3 in smooth muscle function, SK3 channels are also expressed in
both smooth muscle and urethelium of the bladder. Suppression of SK3
expression resulted in a marked increase in non-voiding contractions in
conscious, freely moving mice, indicating that activation of SK channels may be a
therapeutic approach for management of non-voiding contractions in urinary

dysfunctions such as incontinence [11]. The suppression of SK3 expression by
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dox administration also revealed a persisting apamin-sensitive conductance in
the bladder, implying an additional role for SK2 channels.

SK2 and SK3 are both expressed in pancreatic islet cells, where they play
arole in regulating intracellular calcium oscillations and insulin secretion in
response to elevated glucose [121]. Once again, the ability to acutely regulate
expression of SK3 revealed the expression and possibly overlapping function of
SK2. More recently, SK3 channel function has been characterized in neurons of
the vomeronasal organ (VNO). The VNO is an accessory olfactory system that
mediates behavioral responses to pheromones. In the VNO, binding of
pheromones to V1 and V2 receptors results in a signaling cascade of elevated
IP3 and intracellular calcium that activates TRP2 and SK3 channels. The
activation of these channels changes the basal firing rate of the VNO neurons,
initiating transduction of the pheromone signal to higher brain structures (Yu,
personal communication).

These results clearly demonstrate the efficacy of the SK3 tTA mice in a
wide variety of studies and paradigms. The conditional regulation of SK3
expression has allowed demonstration of SK3 functions, as well as revealing
overlapping roles for other SK channels in some systems. Future studies of
these mice, as well as the other conditional SK alleles described in this
dissertation will lead to greater understanding of the diverse and important roles

served by SK channel function.
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2. SK2 tTA mice
Introduction

SK2 and SK3 channel subunits share a high degree of amino acid
homology (75% identity), greater than either compared to SK1 (67% identity). In
addition, SK2 and SK3 are each virtually identical across mammalian species
(>96% identity between mouse, rat and human). Sequencing of genomic
fragments in preparation for constructing targeting vectors revealed that both
SK2 and SK3 genes contain an extehded, contiguous open reading frame (ORF)
N-terminal to the initiator methionine (Met) characterized in the original cloned
CDNAs used in heterologous expression studies. The putative amino acid
sequences in tvhe extended ORFs have domains of identity, consistent with the
high degree of relatedness of SK2 and SK3. 5’ RACE (Rapid Amplification of
cDNA Ends), RT-PCR and northern analysis were applied to each gene to
determine if the extended ORF is expressed. In the case of SK3, the
transcription CAP site was mapped to ~840 nucleotides (nt) 5’ of the
heterologous expression Met. This extended transcript includes all of the
contiguous ORF predicted from genomic DNA sequence, with the most N-
terminal Met preceded by multiple stop codons in the ~300 bases of 5’
untransiated region (UTR). Subsequent studies with an antibody generated
against a peptide sequence from this extended N-terminus (Alomone) verified

that this sequence is expressed in the SK3 protein.
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In contrast to SK3, mapping of the CAP site of the SK?2 gene found that
the SK2 transcript initiates within the putative ORF ~520 nt 5’ of the Met used in
heterologous expression experiments. This transcript does not contain additional
methionines, indicating that the expression Met is the likely start of the native

protein.

Materials and methods

Recombination in yeast: Oligonucleotide primers were designed and used
in PCR to amplify 250 bp fragments of the SK2 gene flanking the site of cassette
insertion. These gene fragments, the 5’ and 3’ recombinagenic arms (RAs),
were cloned into unique restriction sites at the termini of the Cassette, using sites
provided by the primers. A donor fragment, consisting of the cassette with
flanking RAs, was isolated and co-transformed with the yeast/bacteria shuttle
vector containing a 7 kbp SK2 gene fragment spanning the N-terminal exons into
yeast made competent in lithium acetate. Transformants were selected on
URA/TRP dropout media. Only those yeast harboring plasmids (TRP selection)
that had undergone recombination and now carried the cassette and its URA
gene were able to grow. Sequence analysis verified correct insertion of the
cassette.

ES cell culture: Embryonic stem cells (gift of Richard Axel) were
maintained in culture on mitomycin C inactivated mouse embryonic fibroblasts

(mEF). 10x10° cells were electroporated with 0.7 mg of linearized DNA and
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plated onto gelatin coated plates without mEFs. Cells were grown for 10 days in
the presence of 175 mg/ml G418. Surviving colonies were picked into 0.5X
trypsin, half the trypsinized cells were plated onto mEFs in 96 well format, half
were pooled for DNA isolation and PCR analysis. Clones from positive pools
were trypsinized, plated onto 24 well plates on mEFs and a portion of cells
prepared as DNA for further analysis. Positive clones were further expanded on
mEFs for frozen stocks and on gelatin plates for large scale DNA preparation for
genomic Southern analysis.

Genotype PCRs: Genomic DNA from ES cell clones or mouse tail snips
was prepared by protéinase K digestion followed by isopropanol precipitation.
PCRs were performed in standard or nested format.

B-Gal staining: Animals were anesthetized by IP injection of 1 ml /1 00mg
body weight 2% tribromoethanol, and transcardially perfused with 4%
paraformaldehyde. Brains and other organs were removed and either stained
directly or cryo-protected by incubation in 20% sucrose at 4°C overnight. Brains
were sectioned by cryostat and thaw mounted onto glass slides. Slides or whole
organs were then incubated in a solution comprised of 5 mM K,Fe(CN),, 5 mM
K,Fe(CN)s, 20 mM MgCl,, 0.1 M PBS, 1 mg/ml X-Gal at 37°C for 10 minutes to 2
hours.

5" RACE: RNA-ligase mediated 5' RACE was performed using the

GeneRacer kit (Invitrogen) according to manufacturers instructions.
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RT-PCR: Total RNA was isolated using Tri-reagent (Sigma) according to
manufacturer’s recommendations. 10 ug total RNA was reverse-transcribed by
40 units MMLV in the presence of 40 mM KCI, 6 mM MgCl, 50 mM tris pH 8.3,
400 uM dNTPs, and 1 ug random hexamers at 37 °C. 0.5-1% of the resulting
cDNA was used as substrate for the PCR.

Northern blot: 10-20 mg total RNA was electrophoresed through 1%
agarose/ 6% formaldehyde gels and passively transferred to nylon membranes in
20XSSC. Blots were probed at 42°C in 50% formamide/5% SDS/50 mM NaPQ,
with *P-labeled random-primed DNA probes. Following high stringency washes

in 0.1XSSC/ 0.1% SDS at 60 °C, signals were detected by radiography.

Results

The Cap and 5’ UTR of the SK2 transcript from brain were mapped by 5’
RACE, RT-PCR and Northern blot (Figure 2). Sequences of eight independently
derived 5’ RACE products, from nested PCR using primers specific to exon 2 in
conjunction with the RACE oligo, all extended to within 10 nt ~ 520 nt 5 of the
initiator Met. This region was concluded to comprise the CAP site for
transcription of the SK2gene. RT-PCR on brain cDNA using primers
successively further 5’ of the Met, in combination with primers specific for exon 2,
corroborated the RACE results, with primers 3’ of the putative CAP site yielding
products, primers 5’ of the putative CAP site not yielding products. Northern

blots of brain RNA, probed with sequences from within the CAP site showed

35



A 1 2 3 4 5
— — — — Met —_—
ORF
S <
B 6
C. RT-PCR
Primer Pair Result
5-6 +
4-6 +
3-6 +
2-6 -
1-6 -
A-6 -
Figure 2.

Mapping the 5’ extent of the SK2 transcript from brain.

A. Schematic showing the first two exons. Exon 1 is defined by a putative
open reading frame (ORF) containing 2 methionines 5’ of the Met defined by
original cDNA clones and used for heterologous expression studies. Vertical
dashed lines clustered near the middle of this exon indicate termini of 5' race
products. Arrows above and below the exons indicate oligonucleotide primers
used in RT-PCR and in generating DNA fragments used to make probes for
Northern blots.

B. Mouse whole brain total RNA was probed with 5’ fragments designated by
primer pairs below the lanes. 20 ng RNA was loaded per lane, 2 lanes are
shown probed with each fragment. Molecular weight in kilobases on right.

C. Results of RT-PCR was performed on random-primed cDNA derived from

mouse whole brain total RNA with indicated primer pairs.



positive hybridization to RNAs ~2.2 and 2.4 kb in length. No signal was detected
with probes derived from 5’ of the putative ORF.

A site 37 nt 5’ of the initiator Met was chosen for insertion of the tet
cassette (Figure 3.). The regulatory cassette was inserted by recombination in
yeast. Sequence analysis verified exact insertion of the cassette into the gene
fragment. This construct was linearized at unique flanking Not [ site and
electroporated into ES cells. One ES celiclone was found to have undergone
homologous recombination into the SK2 gene wifh no other insertions of cassette
sequences into the genome. These ES cells were injected into blastocysts
(University of Cincinatti Escore) and yielded chimeric males that subsequently
transmitted the transgenic allele to their offspring, the heterozygote founders for
the SK2 tTA line.

Heterozygotes were crossed and SK2 expression in homozygous
offspring on or off dox was assessed by RT-PCR. SK2 transcripts were found in
~three fold excess of wild type levels, similar to the overexpression seen in SK3
tTA mice. However, in contrast to what had been found for SK3 {TA
homozygotes, SK2 transcripts could still be detected by RT-PCR in SK2 tTA
homozygote brain RNA following two weeks or more of dox
administration. 5’ RACE was performed on this RNA: the dox insensitive SK2
transcripts were found to have initiated from within the cassette, 5’ of the tTA
binding site. The unregulated transcripts are present at ~ 50% of the levels of

SK2 transcripts in wild type animals. The source of promoter elements
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Figure 3.

Schematic of the mSK2 locus. Boxes represent exons, the size of each in base
pairs is shown inside the box. The domains encoded by each exon are noted
above. The size of introns, where known, is shown below in paretheses. The
site of insertion and the structure of the tet cassette following Cre-mediated

removal of neo and URA sequences is shown below exon 1.



responsible for expression of these anamolous transcripts is unknown. In an
effort to remove possible read through or promotion from non-essential cassette
elements, the SK2 tTA mice were crossed with the Cre-deleter mouse to excise
the neo and URA coding sequences flanked by loxP sites. Consistent with what
had been found in SK3 tTA mice, excision of neo resulted in even greater
overexpression of SK2; transcript levels in heterozygotes were 5-6 fold higher
than wild type levels. Heterozygote SK2 tTA,,. females give litters of only one or
two pups, making breeding for homozygotes untenable. Assay of SK2
transcription from the cassette in SK2 {TA +/T animals treated with dox for three
weeks still found a low level of anamolous transcripts. Thus it was determined
that the SK2 tTA,,..mice could be used in models of overexpression, but would
not serve as SK2 null animals. Currently, this line is maintained by crosses
between heterozygous SK2 tTAAneomalles and wild type females and has been
backcrossed into the C57BI6/J background.

Characterization of the expression pattern from the SK2 promoter can be
achieved by crossing the SK2 {TA mice with a reporter mouse containing a
transgene consisting of the /acZ gene driven by the tetos CMV ;. promoter [108].
In mice harboring both alleles, the tTA protein, expressed in cells where the SK2
promoter is active, drives transcription of the /acZ gene. Resulting B-
galactosidase activity can be detected by incubating tissues or sections in the
presence of the chromogenic substrate, X-gal. X-Gal staining of brain slices

recapitulated /n situ hybridization results [82], indicating that cassette driven
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Figure 4.
B-Galactosidase staining of whole mount tissues from SK2 tTA/tetoB-gal
and SK3 {TA/tetoB-Gal mice.
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overexpression of SK2 did not occur at ectopic sites. In addition, X-Gal staining
of peripheral structures revealed previously unknown expression sites for SK2in

the bladder, ovary (not shown), intestine and testis (Figure 4),

Discussion

The SK2 tTA mice are only the second known application of the tet
cassette insertion in a gene, leaving the gene’s promoter intact to preserve
temporal and site -specific expression. As seen with the SK3 tTA mice, the
strong transactivation by the tTA fusion protein results in overexpression of SK2
transcripts that is paralleled by overexpression of the SK2 protein. B-Gal staining
confirmed that the tTA driven SK2 expression recapitulated the expression
pattern revealed by in situ hybridization. Sites of expression of the anomalous
transcript initiated from within the cassette were not investigated in detail.
Further evidence of appropriate localization of overexpressed SK2 protein is
provided by the increase of amplitude of the IMAHP in hippocampal Cat neurons
(see chapter 3).

The inability to completely block SK2 transcription with dox rendered the
SK2 tTA mice unusable for the study of SK2 KO. The unregulated initiation of
transcripts from within the cassette would not appear to be a problem of the
cassette itself, but perhaps reflects a specific characteristic of the SK2 locus. If
this is true, it is possible that even the anomalous transcripts are only expressed

where the SK2 promoter is active.
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The cause of reduced fecundity of SK2 overexpressing females has not
been investigated. SK2 is expressed in central nuclei that may participate in
hormone cycling and in peripheral sites such as the pituitary and uterus. It is
unlikely that the small litter size is due to decreased viability of the pups. SK2
expression in homozygous tTA mice was approximately the same as that from
one allele in the SK2 tTA,,., mice. SK2 tTA homozygous pups were born in
Mendelian ratios. SK2 tTA,,.,+/T pups are born in the expected numbers from

crosses between SK2 tTA, ., +/T males and wild type females.

3. Floxed alleles
Introduction

The Cre/lox system, where loxP sites that are recognized by the DNA
recombinase Cre, are inserted into the targeted allele, offers a second strategy
for producing conditional transgenic alleles. Commonly, loxP sites are used to
allow excision of selectable markers, such as neo, from alleles that have been
made into constitutive KOs by replacement of the endogenous gene by a
targeting vector lacking essential exons. However, inserting loxP sites so that
they flank essential exons allows for conditional KO of the allele following
exposure to the recombinase. This exposure can be controlled by regulation of
the expression of the recombinase. Many transgenic mice, in which Cre
expression is driven by tissue- or developmental time-specific promoters, are

now well characterized and available [122].
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To obtain conditional floxed alleles at the SK7 and SK2loci, a triple loxP
site strategy was employed. For SK2, a single loxP site was inserted into the
5'UTR ~300 nt 5’ of the initiator Met. A cassette, consisting of the coding
sequence of the neomycin resistance gene flanked by two loxP sites in
conjunction with the coding sequence for enhanced Green Fluorescent Protein
(eGFP)(Clontech), was inserted into intron 2, approximately 2.3 kbp 3’ of the end
of exon 2. Following recombination by Cre, most of exon1 and all of exon 2,
encompassing the Met through TM 2 of the SK2 protein, are excised, and the
coding sequence of eGFP is transcribed as a chimeric transcript initiated by the
SK2 promoter. In the floxed allele, no promoter is provided for expression of
eGFP so floxed animals should be negative for this fluorescence. Expression of
GFP following Cre recombination should provide a clear marker for cells deleted
for SK2 which is detectable in live cells of brain slice preparations, as well as in
fixed tissues used for immunohistochemical experiments.

For SK1, the single loxP site was inserted ~40 nt 5’ of the initiator Met, the
neo/GFP cassette was inserted into the intron between exons five and six. Cre
recombination results in excision of exons three through five, encompassing the
coding sequence from the Met through TM5, and, analogous to the SK2 allele,
puts eGFP expression under control of the SK7 promoter. In addition, a
hemaglutanin (HA) epitope tag was inserted in frame with the SK1 coding

sequence in the loop between TMs one and two. In the absence of antibodies to
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SK1 protein, this epitope tag may serve in immunohistochemical experiments to
examine sites of SK1 protein expression.

Before the triple flox alleles can be used in region-specific KO
experiments, the neo coding sequence must be removed. This is accomplished
by partial Cre recombination, and is currently in progress through breedings
between SK flox and meuCre40 animals [123].

Breedings between SK7 or SK2 flox and Cre-deleter animals results in
total recombination of the loxP sites, yielding heterozygotes with one null SK
(+/4) allele which is transmitted through the germline. Crossing these

heterozygotes yields SK7 or SK2 null (A/A) animals.

Materials and methods

Targeting vectors: SK1 flox and SK2 flox targeting vectors were
constructed by standard molecular techniques.

ES cells: ES cell transfections and culturing were performed by the
University of Cincinatti Escore. Genomic DNA prepared from clones was
analyzed by nested PCR using standard methods described for the SK2 TA
mouse. Southern analysis of genomic DNA from ES cell clones or animals was
performed by standard techniques.

EEQG recordings: Field EEG activity was recorded (Robert Stackman) one
week following sterotaxic placement of 125 mm silver wires in the CA1 region of

the hippocampus. Activity was filtered at 0.1 Hz high pass and 100 Hz low pass
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and amplified 5000x. Recordings were conducted on freely moving mice, traces
presented are from relatively quiet periods, wild type and SK null activity during

recording were comparable.

Results
Transgenic mice

ES cells found by PCR and genomic southern analysis to harbor
hormologous recombination of the triple loxP vector were injected into blastocysts
(UC Escore), chimeric offspring were bred, and their offspring were analyzed for
presence of the floxed allele. Mice heterozygous for the floxed allele were bred to
the Cre-deleter mouse, yielding heterozygous deleted animals that were then
crossed to yield homozygous KO animals for SK1 and SK2. Genomic Southern
analysis (Figure 5) or PCR on genomic DNA (Figure 6) show the presence of the
floxed or deleted alleles and the absence of the wild type allele in homozygous
animals.

Neither homozygous floxed (f/f) SK1 nor SK2 f/f animals exhibited any
overt behavioral phenotype. RT-PCR analysis of transcripts from these animals
was performed. In SK1 f/fbrain RNA, PCR products of predicted size could be
detected when primers for exon 3 and exon5 of SK1 were used. However, when
primers specific for exons 6 through 10, those 3’ of the neo/GFP cassette, were
used, no appropriately sized product was amplified (Figure 7). The implication of

this result is that the presence of the neo/GFP cassette disrupts splicing of the
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Figure 7.

RT-PCR on whole brain ¢cDNA from an SK7 +/ mouse.

A. Schematic representation of the locus showing the sites of insertion of the

5' loxP site and the HA epitope tag in exon 3, and the floxed neo/ GFP cassette
into the intron between exons 5 and 6. Sense primers that recognize either wild
type (WT) or inserted epitope (HA) sequences are indicated above, antisense
primers specific to each exon are shown below.

B. Ethidium-stained gel showing amplification products with designated primer
pairs. Top panel shows amplifications using the HA primer. Only in combination
with the primer to exon 5 is the expected product seen. Lower panel shows

amplification with the WT primer, giving the expected product in all pairs.



SK1 hnRNA, a hypothesis consistent with the high degree of alternative splicing
observed at this locus (see Chapter 1V). Following partial Cre recombination to
eliminate the neo coding sequences, SK1 /1,00 @nimals will be retested for
appropriate splicing of all transcripts. The lack of full length SK1 transcripts also
implied that the SK'1 f/f animals ére essentially SK7 KOs. Consistent with this,
the SK1 A/A animals also show no overt behavioral phenotype. Western analysis
of crude brain membranes from SK1 f/f animals using the HA antibody did not
detect protein of the predicted molecular weight, again consistent with the |lack of
appropriately spliced mRNAs.

Analysis of SK2 transcripts from SK2 f/ animals revealed appropriate
sized products that were expressed at ~ 20 % of the level in wild type animals.
The reduction of expression is likely due to the presence of the neo coding
sequences. These message levels will be re-evaluated following partial
recombination to produce SK2 f#,,.,animals.

In contrast to SK71, SK2 A/A animals showed a complex, overt behavioral
phenotype resulting from the loss of expression of SK2. Starting at postnatal day
7 (Pn7), SK2 KOs were hyperactive and suffered a severe tremor. They are
generally smaller than littermates at this age. There may be consequences for
regulation of growth factors stemming from the loss of SK2, but it is also possible
that the small size of the KO pups is due to poor competition with littermates for
nutrition. This observation has not been quantified, but when litters are reduced

in number by removing non-phenotypic WT and +/A pups, the KO pups rapidly
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recover to normal size and weight. Adult SK2 KO mice are not different in size
from WT. During the period from Pn7 to Pn21, SK2 KO pups also exhibit an odd
gait or ataxia. The gait is characterized by “flipper foot”, a flinging of the hind foot
up and out following each step. The combination of the ataxia and the tremor
rendered young SK2 KOs incapable of motor behavior assays such as the rotor
rod or balance beam. As the SK2 KOs grow older, severity of the ataxia declines
and the overt phenotype is reduced to mild hyperactivity and whole body tremor.
SK2 A/A females are capable of reproducing and nurture their pups
appropriately. However, SK2 A/A males did not beget offspring, whether this is a
problem of motor coordination or a deficit within the reproductive system has not
been determined.
EEGs

Field electroencephalographic (EEG) activity was recorded from freely
moving mice one week after stereotaxic placement of 125 um silver wires
bilaterally in the CA1 region of the hippocampus. SK2 A/A mice showed a
marked increase in high frequency discharges compared to wild type animals, as
well as an increase in the amplitude of the EEG signall. However, no evidence of
behavioral seizures were observed during the recording, nor was any ictal

activity, indicative of seizure [124], seen in the EEG of the SK2 null mice (Figure

8).
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Figure 8. Hippocampal field electroencephalogram (EEG) recordings

Three representative ~10 second duration traces are shown for wildtype

(left) and SK2 null (right). Field EEG activity was recorded one week after
strereotaxic placement of bilateral pairs of silver wires into the CA1. Activity
was filtered at 0.1 Hz high pass and 100 Hz low pass, amplification is 5000X.
All recordings were conducted while the mice were freely moving; traces
shown are from episodes when the mice relatively quiet, so the behavior of
the two animals was comparable. The scale bars are the same for both mice.
The SK2 null mouse shows a marked increase in high frequency discharges
and the amplitude of the EEG signal is greater than in the wild type mouse.

No evidence of ictal activity was seen in any of the EEGs.



GFP

Freshly prepared brain slices, used for electrophysiological
characterization of neuronal function in SK KO animals, (see Chapter Ill), were
examined for cell-specific fluorescence from the eGFP protein expressed under
control of the SK promoter by excitation at 488nm, detecting emission at >495
nm. No GFP fluorescence signal was detected in fresh brain slices from SK7
A/A or SK2 A/A animals. Furthermore, no GFP signal was detected from six
week old SK2 f/f CreR4 [125] mice, animals in which recombination at the SK2
locus should have occurred in CA1 pyramidal cells by this age. This inability to
detect GFP likely reflects the low basal activity of the SK promoters. A similar
difficulty is encountered in detecting SK protein by immunohistochemistry, due to

the low abundance of channels expressed.

Discussion

Triple loxP allele mice have been created for SK1 and SK2. At the SK1
locus, the presence of the neo and GFP coding sequences in an intron disrupts
splicing of the mRNA, yielding mice that are likely SK1 null in /f genotype.
Future experiments will determine if removal of neo sequence repairs the defect
in the floxed allele.

The absence of a phenotype in the SK1 ffand A/A animals offers nothing
to our understanding of the function of SK1 in the rodent. However, as with the

SK3 tTA mice, more detailed characterization of various central and peripheral
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physiologies may reveal differences between SK7 null and wild type animals that
will lead to new hypotheses and understanding of SK1 (see Chapter V).

SK2 f/f mice exhibit no overt phenotype; SK2 expression in these
homozygotes is normal in form but reduced in levels. Removal of neo coding
sequences will likely result in near wild type levels of expression from the floxed
allele, making these animals appropriate for studies of region-specific deletion of
SK2 expression.

The overt behavioral phenotype of the SK2 A/A mice is consistent with in
situ hybridization results that demonstrate expression of SK2 in principle neurons
in many brain regions [82]. More detailed characterization of SK2 function in
principle neurons of the hippocampus is presented in Chapter Ill. Predictions of
phenotypic consequences for SK2 null mice, based on known functions and
expression sites, included the likelihood of seizure activity, due to the important
role for SK channels in control of excitability. No seizures have been observed in
the SK2 A/A mice, nor was ictal activity observed in hippocampal EEGs from
freely moving SK2 null animals. SK2 mRNA is also expressed in inhibitory
interneurons of the hippocampus. It is possible that loss of SK2 hyperpolarizing
currents in both excitatory pyramidal cells and inhibitory interneurons results in a
new balance of excitation and inhibition that precludes spontaneous excitatory
cycling that characterizes seizures. Alternatively, overlapping functions of the
other SK channels, or other potassium conductances, serve to protect against

the uncontrolled excitatory feedback. Future experiments on animals lacking
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SK2 in only principle neurons of the hippocampus [125] may reveal roles served
by SK2 in interneurons.

Apamin has been shown to affect acquisition of memory[22, 24, 126]. At
this time, which of the apamin-sensitive SK channels underlie this effect is not
known. Future behavior assays on all the SK KO mice will determine the
contributions of each of the three genes. Due to the highly specific effect of SK2
KO in the hippocampus (see Chapter I, it is likely that the learning affect of
apamin is due purely to block of SK2 channels. Thus it is possible that future
experiments on region-specific SK2 nulls may shed light on the role of the
hippocampus relative to the cortex in memory acquisition and retention.

The appearance and subsidence of an apparent’motor control deficit
exhibited as an ataxic gait in the SK2 A/A mice parallels the developmentally
regulated expression of SK2 in the purkinje neurons of the cerebellum [127].
Thus it is tempting to conclude that the ataxia is a result of no cerebellar SK2
channels. However, the change in motor control could also result from loss of
SK2 function in cortical motor nuclei. However, at this time it is not clear what
role is served by the limited temporal expression of SK2 in the purkinje neurons.
Purkinje neurons exhibit complex spontaneous firing patterns of at least three
different modes that are thought to reflect intrinsic properties of the neurons [128]
. Switching between modes of firing is effected by apamin application [129]. The
mechanism underlying apamin-induced firing-mode switch in the cerebellum is

not known; elucidation of the mechanism is complicated by the expression of all
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three SK subunits in the structure. In situ hybridization studies show that all three
SK mRNAs are expressed in the cerebellum [82]. SK2 protein has been immuno-
detected in purkinje neurons. B-gal staining of SK3 tTA/tet,B-gal mice revealed
SK3 promoter activity in the Bergmann glia. Bergmann glia are astrocytes that
are closely apposed to purkinje neurons and play an important role in purkinje
cell firing through their uptake of glutamate [130]. Creating animals deleted for
SK2in only the cerebellum by crossing floxed animals with pcp-Cre mice [131],
which express the recombinase only in the cerebellar purkinje cells, will provide a
model in which to test the role of SK2 in cortical versus cerebellar motor control.
Ultimately, the ability to regulate or ablate multiple SK isoforms may be
necessary to dissect the complex relationship between purkinje cell firing

properties and motor control.

4. Summary

We now have in hand a rich set of tools with which we can examine the
function of each SK channel isoform. SK3 tTA mice give a range of expression
of SK3 protein from ~5 fold more than wildtype to SK3 KO. SK2 tTA mice show
overexpression of SK2 protein of ~15 fold greater than wild type mice. SK1 and
SK2 floxed mice offer substrates for generating SK1 or SK2 null animals and for
dissection of function by creating SK1 or SK2 region-specific KOs. New
specificity in sites and timing for the expression of Cre are being developed using

tissue-specific promoter and inducible systems [132], opening new possibilities
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for study of SK function in discrete cell types or physiological systems. Finally,

crossing SK conditional mice will yield animals in which we can test combined

functions of the SK genes.
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1. Abstract

Action potentials in many central neurons are followed by a prolonged
afterhyperpolarization (AHP) that influences firing frequency and affects neuronal
integration. In hippocampal CA1 pyramidal neurons, the current ascribed to the
AHP, IAHP, has three kinetic components. The IlfastAHP (IfAHP) is due to
volitage-dependent K* channels while Ca*-dependent and voltage-independent
K™ channels contribute to the ImediumAHP (ImAHP) and IslowAHP (IsSAHP).
Apamin, which selectively suppresses a component of the mMAHP, increases
neuronal excitability and facilitates the induction of synaptic plasticity at Shaffer
collateral synapses and hippocampal-dependent learning. The Ca*-dependent
components of the AHP have been attributed to the activity of small conductance
Ca* activated K* channels (SK channels). Examination of transgenic mice each
lacking one of the three SK channel genes expressed in the central nervous
system reveals that mice without the SK2 subunit completely lack the apamin-
sensitive component of the INAHP in CA1 neurons while the ISAHP is not
different in any of the SK transgenic mice. In each of the transgenic lines the
expression levels of the remaining SK genes are not changed. The resulits
demonstrate that only SK2 channels are necessary for the IMAHP, and none of

the SK channels underlie the IsAHP.

Key words: SK channels, apamin, CA1 neurons, IMAHP
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2. Introduction

A principal determinant of neuronal excitability is the AHP that follows an
action potential. In hippocampal CA1 pyramidal cells, and many other neurons,
three overlapping kinetic components of the AHP, frequently recorded as the
IAHP in voltage clamp, have been distinguished. Reports using pharmacological
agents to examine the underlying channels have suggested that BK channels
(large conductance voltage- and Ca-dependent K- channels) contribute to the
IfAHP with time constants on the order of 50 ms [133-135]. The ImAHP is largely
if not completely eliminated by apamin, a selective blocker of SK channels, and
the apamin-sensitive current decays with time constants of ~200 ms [21] [136].
BK channels, KCNQ (I,,) and HCN (1), channels have also been reported to
contribute to the medium component [137] although many of these studies were
performed prior to the relatively recent discovery of the apamin-sensitive
component [138] [21]. The channels underlying the slow component, ISAHP, are
also K* selective, voltage-independent, and require Ca** influx through voltage-
dependent Ca* channels for activation [133]. These characteristics have
suggested that SK channels are responsible for the sAHP, although the IsAHP is
not blocked by apamin [21, 136, 139].

Application of apamin to CA1 neurons increases excitability which can be
seen as a shortened interspike interval, especially early in a burst of action
potentials, and increases the number of action potentials for a given current

injection. The action potential duration and the resting membrane potential do not
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exchange in the slice is not optimal, the data support a major contribution of SK2
to the ImAHP [21]. To determine the contribution of each of the SK channels to
the IAHP in CA1 neurons, transgenic mouse lines were constructed, each lacking

one of the SK channel genes and brain slice recordings were conducted.

3. Methods
Transgenic mice

SK1 A/A mice A 6.6 kilobase genomic DNA fragment encompassing exon
1 (5" UTR) to the intron between exons 6 (pore) and 7was isolated from a 129/Sv
mouse genomic library. A single loxP site was inserted into the 5'UTR 40
nuclthides S' of the initiator methionine codon. A cassette consisting of the
neomycin resistance gene flanked by loxP sites and the coding sequence for
enhanced GFP was inserted into a unique Hpa1 site in the intron between exons
5 and 6. Recombination across loxP sites results in the loss of exons 3, 4, and 5
(encoding initiation of translation through TMS). The targeting construct was
¢electroporated into ES cells (University of Cinncinati ES Core) and G418-
resistant colonies were analyzed for homologous recombination by PCR and
genomic Southern blot. One positive clone, when injected into C57Bl/6
blastocysts, yielded two chimeras that transmitted the targeted allele via the
germline. Animals heterozygous for the floxed allele were bred to the Cre deleter

mouse that expresses Cre recombinase ubiquitously from the two-cell stage
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[115]. Offspring heterozygous for the recombined allele (+/A) were bred to yield
homozygous deleted SK7 animals (A/A).

SK2 A/A mice A single loxP site was introduced into the 5'UTR 300
nucleotides 5' of the initiator methionine and a cassette consisting of the
neomycin-resistance gene flanked by loxP sites, and the coding sequence for
enhanced GFP was inserted into an EcoRV site in intron 2, ~2.3 kilobases from
the end of exon 2. Recombination at the loxP sites yields an allele that is deleted
for SK2 exons 1 and 2. The targeting construct was electroporated into ES cells
and several properly recombined ES cell clones were injected into C57Bl/6
blastocysts. One chimera gave germline transmission of the targeted allele.
Crosses between heterozygous floxed SK2 and the Cre deleter mouse yielded
offspring that are heterozygous for the SK2 deleted allele (+/A). Crosses of SK2
+/4 mice yielded SK2 A/A mice.

SK3 tTA mice The SK3 mice used in this study have previously been
reported [147]. The SK3 gene was altered by homologous recombination,
inserting a doxycycline (dox) sensitive gene switch into the exon encoding the
5'UTR. Using this strategy, temporal and spatial expression patterns are
preserved while gene expression is controlled by dietary dox. The SK3 tTA mice
have ~3-fold basal overexpression of SK3, and SK3 expression is effectively
eliminated by dietary dox from conception.

Western blotting
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Mouse brains were homogenized in 320 mM sucrose, 10 mM HEPES,
1mM EGTA, pH 7.4 (HS), supplemented with a protease inhibitor cocktail.
Nuclear material was removed centrifugation at 900Xg. Crude synaptosomal
membranes were recovered in the pellet after centrifugation at 10,000Xg,
washed once, and lysed in hypotonic solution 10 mM Hepes, 1ImM EGTA, pH 7.4
(HE). The lysed synaptotoméal membranes were collected by centrifugation at
25,000Xg, resuspended in HS and layered onto a sucrose step-gradient (1.2M,
1.0M, 0.8 M sucrose in 10 mM Hepes, 1 mM EGTA). After centrifugation at
150,000Xg for 90 minutes, membranes banding at the 1.0/1.2 M sucrose
interface were recovered, diluted in HE and collected by centrifugation for 30
minutes at 150,000Xg. These membranes were stored in aliquots in HS at
—80°C. Thirty micrograms of membrane protein were separated on 8%
acrylamide-SDS gels and transferred to nitrocellulose. Primary antibody dilutions
were: affinity purified rabbit anti-SK2, 2pg/ml; anti-SK3 1:1,000 (raised against
DTSGHFHDSGVGDLDEDPKCP in the N-terminal domain; Alomone Labs,
Jerusalem, Israel); anti-Na"K*ATPase 1:25,000 (courtesy of Dr. Svetlana
Lutsenko). Protein-antibody complexes were visualized using Picosignal ECL
reagents (Pierce, Rockford, IL). The polyclonal anti-SK2 antiserum was raised in
rabbits against a sequence (ETQMENYDKHVTYNAE) in the C-terminal domain
(Global Peptide Service, Fort Collins, CO). Anti-SK2 antibodies were purified

using the peptide antigen immobilized on Sulfo-Link resin (Pierce, Rockford, IL).
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Real-time PCR

Whole brain total RNA or total hippocampal RNA was isolated using Tri-
reagent according to manufacturer's protocol. Total RNA was reverse-
transcribed by MMLYV reverse transcriptase (Invitrogen, Carlsbad, CA) in the
presence of random hexamers but without dithiothriotol. Real-time PCRs were
performed in triplicate for each SK transcript in each genotype, and expression
levels were determined by comparison to 18S rRNA. The amplicon for 18S was
76 bp (primers: CCGCAGCTAGGAATAATGGA, CCCTCTTAATCATGGCCTCA);
for SK1,
118 bp (primers: GCTCTTTTGCTCTGAAATGCC,
CAGTCGTCGGCACCATTGTCC); for SK2, 151 bp (primers:
GTCGCTGTATTCTTTAGCTCTG, ACGCTCATAAGTCATGGC); for SK3, 148 bp
(primers: GCTCTGATTTTTGGGATGTTTG, CGATGATCAAACCAAGCAGG
ATGA). All SK amplicons span an intron. The efficiencies of the primer pairs
were tested in a validation experiment using serial dilutions of a wild type cDNA
(slope of ACt (SK-18S,,) <0.1; not shown). Ct, the threshold cycle, indicates the
fractional cycle number at which the amount of amplified target reaches a fixed
threshold. The reaction master mix, consisting of 10X buffer, Mg (C= 4mM),
dNTPs (C=200 mM), Platinum taq polymerase (Invitrogen, Carlsbad, CA) (0.6
units/ 20 ml reaction) and SYBR Green (Molecular Probes, Eugene, OR) (0.5X
manufacturer's recommended concentration), was aliquoted, the cDNA

substrates added, and then further aliquoted and primers added (C=200 nM).
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Reactions were then split into triplicates for amplification in an MJ Research
Opticon DNA Engine with cycling parameters 95°C, 2 minutes 1X; 95°C, 30
seconds/ 64°C, 45 seconds, with fluorescence read at 78°C for 40 cycles. A
melting curve and gel electrophoresis analysis verified that a single product was
amplified in all reactions.

Analysis For each run, the relative mRNA level was determined by the
expression 2 (ACt (SK,-18S.,) within each genotype, AACt (ACts ransgone-
ACiaype) (ABO Prism 7700 Sequence Detection System, user bulletin 2). The
mean and standard error of the value 2°°'for each SK mRNA in each
genotype, across all runs, were plotted. Statistical significance was determined
by 1-way ANOVA of ACt values across all genotypes followed by Bonferroni t-
test.

Preparation of hippocampal sections and Staining

Adult mice were transcardially perfused with PBS followed by 4%
paraformadehyde, brains removed, then post-fixed in 4% paraformadehyde
overnight. Brains were cryoprotected by soaking in 20% sucrose/PBS overnight
at 4°C. 25 mm thick sections were cut on a cryostat and thaw mounted onto
glass slides. Sections were delipidated by passage through ascending alcohol
concentrations, followed by 10 min. incubation in Xylene. After re-hydrating
through descending alcohol concentrations, the sections were briefly stained in a
0.25% thionin solution, dehydrated and mounted with Cytoseal 60.

Preparation of hippocampal slices

L)



Mice (16-20 days old) were used for all studies in accordance with
guidelines approved by the department of animal care at Oregon Health and
Science University. Mice were first sedated by i.p. injection of a
ketamine/xylazine mixture, then perfused through the left ventricle with ice-cold
oxygenated ACSF solution described below. Following decapitation, the
hippocampus was removed and transverse slices (350 pM thick) were cut with a
vibratome (Leica VT 1000S) in ACSF. Slices were subsequently incubated at
35°C for 30 min in ACSF and allowed to recover at room temperature for 30 min
prior to recording. All recordings were performed at room temperature. The
ACSF solution contained (in mM): 119 NaCl, 2.5 KCI, 2.5 CaCl,, 1 MgCl,, 1
NaH,PQ,, 26.2 NaHCO, and 11 glucose, saturated with 95% 0,/5% CO,, pH
7856
Electrophysiology

CA1 neurons were visualized with a microscope equipped with IR/DIC
optics (Leica DMLFS). Whole-cell recording pipettes were fabricated from thin
wall borosilicate glass having resistances of 1.5-3 MW. Pipettes were filled with
an intracellular solution containing (in mM): 140 KMeSO,, 8 NaCl, 1 MagCl,, 10
HEPES, 2 Mg-ATP, 0.4 Na,- GTP, 20 yM EGTA. (pH 7.3, 290 mOsm), and slices
were continuously superfused with ACSF saturated with 95% O,/5% CO,. Whole-
cell patch-clamp currents were recorded with a Multiclamp 700A amplifier (Axon
Instruments, Foster City, CA), digitized using an ITC-16 A/D converter (Instrutech

Corp., Greatneck, NY), and acquired onto computer using Pulse software (HEKA
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Electronics, Lambrecht, Germany).

For measurement of the IAHP, CA1 neurons were held at -55 mV and IAHP
currents were evoked by depolarizing voltage commands to 20 mV for 100 msec
followed by a return to -55 mV for 10 sec. All cells had a resting membrane
potential more hyperpolarized than -55 mV and input resistances of 150-350
MW. Access resistance was stable at <20 MW and was 80% compensated. |IAHP
recordings were filtered at 1 kHz and digitized at a sampling frequency of 1 kHz;
the records were further filtered offline with a 300 Hz Gaussian filter (for 1 pass).
Data were analyzed in Igor Pro (Wavemetrics, Lake Oswego, OR). Data are
expressed as mean + SEM. Statistical significance was tested using ANOVA
where appropriate, and a P<0.01 was considered significant. Apamin was

obtained from Calbiochem.

4. Results
SK transgenic mice

Three SK channel genes, SK1, SK2, and SK3 are expressed in the central
nervous system and each gene shows a distinct tissue and cell type expression
profile [76, 82]. The mRNAs for each of the SK genes have been detected in CA1
neurons by in situ hybridization [21]. To determine the contributions of each of
the genés to the IAHP in CA1 neurons, conditional knockout alleles were
constructed by homologous recombination (Fig. 1A). For SK1 and SK2, flanking

coding exons with loxP sites (floxing) created conditional alleles. For SK1, loxP
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Figure 1. SK transgenic mice

A) Schematic representations of the SK7 and SK2 transgene loci; SK1 flox (top)
and SK2 flox (bottom) alleles. The sizes of the exons (bps) and the channel
domains they encode are presented and the sizes of the introns (kbps) are given
for those that have been determined. The inserted elements (triangles represent
loxP sites), their sizes and positions in the targeting constructs are shown below
the exon-intron mosaic.

B) rt-PCR analysis using total brain cDNA shows the loss of each SK mRNA in
the respective knockout mice. p-actin was amplified to approximate the relative
amounts of cDNA from the different genotypes.

C) Western blots of brain proteins for SK2 and SK3. The same samples (30 ug)
were loaded in each lane for each of the blots. The top blot was probed with an
affinity-purified polyclonal SK2 antiserum and shows the loss of SK2 in SK2 A/A
mice. The middle blot was probed with a polyclonal SK3 antiserum and shows
the loss of SK3 protein in SK3 T/T mice that had been administered dietary
doxycycline. The bottom blot was probed with a polyclonal Na*-K* ATPase

antiserum and shows the relative sample loading across all lanes.
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sites were inserted within exon 3 and after exon 5, encompassing the sequences
that encode the initiator methionine through transmembrane (TM) domain five.
For SK2, loxP sites flanked exons encoding the intracellular N-terminal domain
and TMs one and two. Excision of the SK coding exons in all cell types including
germ cells was accomplished by crossing animals harboring the floxed allele with
a Cre-deleter mouse [115] that ubiquitously expresses Cre recombinase very
early following conception. Crossing heterozygous animals yielded homozygous-
null offspring for either the SK1 or SK2 genes. SK3 knockout mice have been
previously reported and were achieved by insertion of a tetracycline-regulated
gene switch into the exon encoding the 5’ UTR. SK3 expression is abolished by
dietary dox [114]; see below). Homozygous female transgenic mice lacking any
one of the SK genes were viable and reproductively competent.

Analysis by r-PCR and Western blotting verified effective genetic
manipulations for each SK subunit. Brain cDNAs from SK1 A/A, SK2 A/A, and
SK3 T/T(dox) mice or wild type controls were used for PCRs specific for each of
the SK mRNAs (Fig 1B, left). The results showed the loss of SK1, SK2, or SK3
MRNA expression in the respective mice. Western blotting was performed with
brain membrane proteins using SK2- or SK3-specific polyclonal antibodies. The

results showed an absence of the respective SK protein.

SK2 channels underlie the apamin-sensitive current in CA1 neurons

To determine the contributions of each of the SK subunits to the IAHP in
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CA1 neurons, whole cell voltage clamp recordings were performed in
hippocampal slices from the different SK transgenic mice. Anatomically, there
were no obvious abnormalities in the hippocampi of any of the SK transgenic
mice, and the CA1 region was not different than wild type (Fig. 2A). The IAHP
was measured at -55 mV following a 100 msec depolarization to 20 mv (Fig. 2B).
In slices from wild type mice, apamin blocked an early component of the IAHP
and the apamin sensitive component of the ImAHP, obtained as the difference
between the IAHP in control and after apamin application, decayed with a time
constant of 192 + 11 msec (n=15; inset Fig. 2B, Table 1). Apamin also blocked
an initial component in each genotype except SK2 A/A in which the difference
trace was essentially flat. To quantify the apamin-sensitive component of the
IMAHP and the IsAHP in each of the transgenic mice, the amplitude of the
apamin-sensitive current was measured at 100 ms following the depolarizing
pulse while the ISAHP was measured at 1 sec in the presence of apamin. The
results show that in CA1 neurons the amplitude of the apamin-sensitive
component was not significantly different in mice lacking SK1 or SK3. In contrast,
SK2 A/A mice completely lacked the apamin-sensitive component of the ImAHP
(Fig. 3). The time constant of decay of the apamin-sensitive component of the
ImAHP was not different from wild type in SK1 A/A or SK3 T/T (dox) mice.
Although the amplitude of the IsAHP was more variable, the IsAHP amplitude in
any of the transgenic lines was not different from wild type, showing that no

member of the SK channel family is required for the ISAHP (Fig. 3). The time
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Figure 2. Voltage clamp analysis of the IAHP

A. Thionin-stained hippocampal sections from SK knockout mice. No obvious
anatomical abnormalities were observed in any of the genotypes.

B. Voltage clamp recordings of mouse CA1 neurons following a 100 ms
depolarizing pulse to +20 mV. Apamin blocks an initial component of the IAHP in
all of the genotypes except SK2 A/Amice, which lack the apamin-sensitive
current. Subtraction of the traces before and after apamin application yielded the
ImAHP (shown for wild type and SK2 A/A). Scale bars for full traces correspond
to those for SK3 T/T (dox); those for the insets correspond to the values shown

for SK2 A/A.
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constants for the decay of the apamin-sensitive component of the ImMAHP, and
ISAHP, as well as the half-rise time of the ISAHP are summarized in Table 1 and
show that except for SK2 A/A mice that lack the apamin-sensitive component of
the IMAHP, these kinetic parameters, as well as membrane capacitance, were
not different in any of the transgenic mice compared to wild type mice.

To evaluate whether there are changes in the expression levels of the
remaining two SK channel genes in each of the null mice, mouse brain cDNA
was used for quantitative real-time rtPCR (see methods). The values for each of
the SK amplicons were normalized to those obtained from wild type animals; 18S
RNA was used as the internal reference. As shown in Fig. 4, mRNA levels for the
two remaining intact SK genes were not significantly altered in any of the
knockout animals.

While not significant, there was a clear trend to lower apamin-sensitive
component IMAHP amplitudes in the SK71 A/A mice (Table2). Recent reports
show that heterologous co-expression of SK1 with either SK2 or SK3 results in
heteromeric channels, and suggest that rodent SK1 subunits, themselves
incapable of forming functional homomeric channels, may contribute to the levels
of channels containing SK2 or SK3. To investigate the potential contribution of
SK1, the levels of SK1 and SK3 mRNAs, normalized to SK2 mRNA levels, were
determined from wild type whole brain or hippocampus. The results show that

SK1 mRNA levels are ~20% of SK2 levels in either whole brain or hippocampus.
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ImAHP (pA)

100 —

ISAHP (pA)

WT SK2A/A SK1A/A SK3T/T(dox)

Figure 3. SK2 channels underlie the apamin-sensitive component of the ImAHP
while the SK channels do not contribute to the ISAHP.

Top: The average amplitudes of the apamin-sensitive component of the ImAHP
from the different genotypes, measured 100 ms after the pulse, are shown in the
bar graph. Mice lacking SK2 channels do not express an apamin sensitive
ImAHP. Statistical differences were determined by analysis of variance, yielding
p-values < 0.001 for SK2 A/A, 0.23 for SK1 A/4, and 0.92 for SK3 T/T (dox) mice
compared to wild type. Statistical significances at 1% level are indicated by *.
Bottom: The IsAHP was measured, in the presence of apamin, as the current
amplitude at 1s after the end of the pulse. Statistical differences were determined
by analysis of variance, yielding p-values of 0.26 for SK2 A/A,1.00 for SK'1
A/A,and 0.90 for SK3 T/T (dox) mice compared to wild type. There were no
significant differences between groups (n>7), showing that none of the SK
channels contribute to the I[SAHP.

For both plots, = SEM; n, are as indicated.



Figure 4. Quantitative analysis of SK mRNA levels in SK transgenic mice

Top panel: Real-time PCR performed with whole brain RNA from the different
SK transgenic mice was used to evaluate the levels of each of the SK mRNAs,
normalized to the levels determined for wild type (n=5 for each genotype; see
methods). 18S ribosomal RNA was used as the internal reference. Relative
expression compared to wild type was calculated as the mean of 2°*°+/-SEM
and shows that mRNA levels derived from the unmodified SK genes are not
significantly altered in any of the transgenic mice. Statistically significant
differences (P<0.05) in expression levels compared to wild type are indicated

by *.

Bottom panel: Comparison of levels of SK1 and SK3 mRNAs to SK2 mRNA in
whole brain and hippocampus of wild type mice by real-time PCR. 18S rRNA was

used as the internal reference. (n=5)
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Table 1. Cell parameters for different transgenic mice.

genotype Cap Rinp T ImAHP T1/2 IsAHP T ISAHP

pF+SEM (n) MQ:+SEM (n)  ms+SEM (n) ms+SEM (n) s+SEM (n)

wt 120.1£15.4 (15) 257.6+21.7 (15) 192.4+10.9 (15) 183.0:12.4 (3) 2.9:0.2 (7)
SK2A/A 130.5:14.0 (15) 270.0:25.5 (15) 244.2:98.9 (3) 3.2:0.2 (9)
SK1A/A 123.0+20.7 (8) 219.5:18.1(8) 200.2+26.0 (7) 163.7:52.9 (2) 3.3:0.3 (5)
SK3 T/T 137.5: 8.5 (12) 232.5+12.6 (13) 197.0615.7 (11) 135.2:11.9 (2) 2.740.1 ()

(dox)

Data presented as mean+SEM, Cap represents cell capacitahce, Rinp
represents cell input resistance, T ImMAHP represents decay time constant of
apamin sensitive component of IAHP, T1/2 IsAHP represent time to half peak of

ISAHP, t IsAHP represents time constant of decay of ISAHP in presence of

apamin.



Table 2. AHP current amplitudes

Genotype IMAHP (pA)
WT 116.7+68.2 (15)
SK2 A/A 0.9+8.4 (16)
SK1A/4 63.0+38.5 (8)

SK3 T/Tdox  98.4+31.9 (12)

Data presented as mean+SD (n)

p-value

<0.01
0.23

0.92

ISAHP (pA)
46.6+46.8 (15)
22.6+19.0 (16)
45.0£44.8 (8)

35.4+253 (12)

p-value

0.26
1.00

0.90

, p-value determined from analysis of variance

(Tukey HSD) on current amplitudes between WT and each genotype.



SK3 levels are ~20% in whole brain, but reduced to ~10% relative to SK2 mRNA

levels in hippocampus (Fig. 4).

5. Discussion

The results show that SK2 subunits are necessary for the apamin-
sensitive component of the INAHP. In SK71 A/A or SK3 T/T(dox) mice, the
apamin-sensitive component of the IMAHP was not significantly different from
control, there were no significant changes in the levels of SK2 MRNA, and SK2
protein levels were not obviously up-regulated, suggesting that only SK2 is
necessary for the apamin-sensitive component of the ImMAHP. This is consistent
with earlier suggestions that were based on the pharmaco'logical profile of the
current and on the high specificity of apamin [21, 145].

In heterologous expression studies mouse and rat SK1 subunits, different
from human SK1 subunits, do not form functional homomeric channels in the
plasma membrane but they are incorporated into heteromeric channels with SK2
or SK3 subunits [81, 146]. These data suggest that SK1 subunits may contribute
to the number of functional SK2-containing channels, although the stoichiometry
of SK1/SK2 heteromeric channels is not known. Quantitative PCR showed that in
hippocampus SK1 mRNA is present at levels that are ~20% of SK2. Also, the
SK1 mRNA population contains multiple splice variants [148]. Only two of these,
co-assemble with SK2 into plasma membrane channels and only one of those

two splice forms, comprising ~40% of the SK1 transcripts, is expressed in the
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brain (unpublished). The native levels of the different SK subunit mRNAs are in
contrast to heterologous expression studies where both subunit types are
robustly co-expressed. Therefore, it is probable that in native neurons only a
small percentage of heteromeric SK1/SK2 channels would form. If all of these
heteromeric channels were absent in the SK71 A/A mice, it is unlikely that more
than a 10% reduction of the apamin-sensitive ImAHP would be seen.
Nevertheless, we cannot unequivocally exclude a contribution of SK1 subunits.

In situ hybridization results show that in CA1 neurons SK2 mRNA is the
most highly expressed of the SK channel mRNAs, SK1 is also abundant while
SK3 is lower but detectable [21, 82]. The relative transcript levels detected by
insitu hybridization are consistent with the quantitative PCR results presented
here. Immunohistochemical studies showed SK1 and SK2 immunoreactivity in
CAS neurons, only SK2 immunoreactivity was prominent in CA1 neurons; SK3
was excluded from the pyramidal and granule cell layers of the hippocampus
[145, 149]. Interestingly, SK3 immunoreactivity was found predominantly in the
terminal field of the mossy fibers and in fine varicose fibers, and in hippocampal
cultures SK3 was co-localized with presynaptic markers [149].

Indeed, the biophysical properties of the heterologously expressed SK
channels are quite comparable, exhibiting essentially identical E.C.,, values for
Ca* gating, and similar gating kinetics. It is likely that different functional roles for-
the channels are endowed by distinct subcellular localizations and interactions

with different microdomain components. It is interesting that SK2 channels,
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required for the apamin-sensitive ImMAHP, may also be responsible for the effects
of apamin on the induction of synaptic plasticity in CA1 neurons. These dual
roles may reflect spatially and functionally distinct subpopulations of SK2
channels within the same CA1 neuron.

Like the SK channels that contribute to the ImMAHP, the channels
underlying the IsAHP are voltage-independent and K* selective, and they require
Ca* influx for activation [133][41]. Indeed, SK channels have been suggested to
underlie the sAHP [139]. However, the results show that the cloned SK channels
are not necessary for the IsAHP that is responsible for spike-frequency
adaptation. In particular the IsAHP in mice lacking the least apamin-sensitive SK
subunit, SK1, is similar to wild type and is not apamin-sensitive. In addition, the
Ca**-dependence of the channels underlying the ISAHP may not be mediated by
the same calmodulin-dependent gating mechanism that is the molecular halimark
of SK channels [77, 136, 150-153]. Based upon the present results it seems
likely that the ISAHP channels have not yet been molecularly identified and that

the channels underlying the sAHP are distinct from SK channels.
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CHAPTER IV: SK1; the enigma

1. Introduction
Cross-species comparisons from cloned cDNAs

The first full length SK1 cDNA clone was isolated from a human
hippocampal cDNA library [76]. Inside-out (1/0) patches pulled from Xenopus
cocytes injected with in vitro transcribed hSK1 mRNA displayed calcium-
activated potassium currents, indicating that the hSK1 cDNA encodes subunits
that form functional channels in the plasma membrane. These SK1 channels
had the same calcium sensitivity and kinetics of channel activation as seen with
expression of rat SK2 and SK3 cDNAs. However, the pharmacology of the SK1
channels appeared to differ from SK2 and SK3. Calcium-dependent currents in
inside-out patches pulled from oocytes expressing SK2 were blocked by
picomolar concentrations of extracellular apamin. In contrast, the currents from
oocytes expressing hSK1 were resistant to block by 100 nM apamin. This result
led to the hypothesis that SK1 subunits form the channel underlying the apamin-
insensitive, calcium-dependent potassium current of the slow AHP described in
Chapter 3. However, subsequent expression studies in transiently transfected
cells showed that the channels formed by hSK1 subunits were blocked by 8 nM
apamin when expressed in HEK293 cells or 12 nM apamin in COS cells [80].
These differences in sensitivity in different cell types suggest that there may be

components supplied by the cell that contribute to the formation of hSK1

68



channels that influence the conformation of the channel, and thereby its
pharmacological profile.

Even more striking results were observed when ¢cDNAs for SK1 were
isolated from rat and mouse. Neither the rat nor the mouse cDNA yields calcium-
activated currents when expressed in oocytes or transfected cells. When the
rSK2 cDNA with a triple myc epitope tag in the putative extracellular loop
between TMs 3 and 4 is transfected into COS or HEK293 cells, live cell staining
with the anti-myc antibody demonstrates the presence of the tagged SK2
channels on the plasma membrane [154]. Similar experiments performed on
cells transfected with the analogously tagged rat or mouse SK1 showed that,
although the protein was abundant within the cell, no extracellulaf epitope was
detected, indicating that the SK1 channels do not reside in the plasma
membrane. The myc tagged hSK1 could be detected in live cell staining,
implying that the lack of staining of rat or mouse SK1 was not a function of
epitope masking. Very recent results have shown that chimeric rSK1 channels,
containing the intracellular C-terminus of either hSK1 or rSK2, express currents
in transfected cells, and that these currents are apamin insensitive [155]. Co-
expression of the chimeric rSK1 with rSK2 led to calcium-activated currents with
reduced sensitivity to apamin, indicating that these two subunits can co-
assemble, raising the possibility that SK1 subunits function as auxillary subunits

in SK2 channels.
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The amino acid sequences of the three mammalian SK subunits are highly
homologous, being 67-75% identical. The sequences for SK2 and SK3 are nearly
(96-98%) identical when compared between rat, mouse and human. In contrast,
the human SK1 protein differs from either rodent form substantially, sharing only
84% identity. These differences raise the questions: do the rodent and human
clones for SK1 truly represent orthologs? Does SK1 serve functions in the
human that are different than served by this protein in rodents? What is the
function of the rodent SK1? Interest in these questions was further piqued by the
discovery of alternative splicing at the SK1 locus that could result in expression

of as many as eight different protein forms [148](appendix paper #).

Alternative Splicing

The gene for the large-conductance calcium-modulated potassium
channel, BK, has a complex array of alternative exons encoding the intracellular
C-terminus of the protein [56]. Channel kinetics and conduction properties
depend on the assembly of exons composing each subunit. These differences in
functional characteristics contribute to tuning frequency responses in the inner
hair cells [156]. Many of the variable exons represent one choice of two or three
possibilities. Other exons are represented in an IN or OUT choice, i.e. the exon
is included or excluded, but no alternative exon exists at that position. The
alternative splicing characterized at the SK7 locus includes alternative 5'UTR

regions (Figure 1A), but also occurs at exons encoding the C-terminal portion of
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Figure 1.

Schematic representations of the alternative splicing at the SK1 locus.

A. The 5 UTR consists of either exon A, C-B1-B2, or C-B1 spliced to exon 3.2
which contains the initiator methionine. 3.1 is most likely intronic and is found
only in rare, partially spliced transcripts.

B. The C-terminal splice variants are formed by exclusion of exon 7, exon 8a,
exon 9, or all possible combinations. Exon 8a is 25 bps of the C-terminal end

of exon 8. Deletion of 8a causes a frame shift that results in truncation of the

C-terminus.



the protein (Figure 1B). No evidence was found for alternative N-termini, pores,
or TM domains (exceptin the case of deletion of exon 7, see below). All
alternative splices in SK1 are of the inclusion/exclusion form. Mapping of the
intron/exon mosaic of mouse and human SK7 loci verified that all but one
variable splice site occurred at canonical intron/exon boundaries. The one
exception joins a noncanonical site within exon 8 to the splice acceptor site at the
5" end of either exon 9 or exon 10.

The variously spliced SK1 mRNAs have the potential to encode eight
different proteins. All share the same N-terminus, TMs 1-5, pore and N-terminal
half of TM 6. The smallest variation from the high homology shared by all three
SK subunits is the inclusion of a nine nucleotide exon which encodes the amino
acids AQK (alanine, glutamine, lysine) within the CaM-BD, residues not found in
SK2 or SK3. In experiments where immobilized C-termini of SK1 (with AQK) and
SK2 were exposed to cytoplasmic proteins from rat brain extracts, calmodulin
was bound much more tightly to the C-terminus of SK2 than to SK1. Most of the
calmodulin bound to SK1 was eluted in 2 M urea, while the calmodulin bound to
SK2 remained bound in 2 M urea, but was eluted in 8 M urea (Tim Strassmeier,
unpublished observation). These results demonstrate that the presence of the
AQK exon in the Cam-BD weakens the interaction of CaM with SK1, and that
CaM may not be present as a constitutive beta subunit, as predicted for SK2 and

SKa.
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The other SK1 splice variants result in more extreme changes in the SK1
protein. Exclusion of exon seven (A7) results in a putative translation product
that lacks the C-terminal half of TM 6. The newly adjoined amino acids do not
have the hydrophobic character normally found in membrane-spanning regions,
raising the question of the topology of this form of SK1. Although the pore amino
acids are still present, the absence of TM 6 may result in a completely novel
conformation that does not participate as a pore-forming subunit. Splicing at the
noncanonical site in exon 8 (A8a) results in a frame shift (this does not occur with
any of the other exon exclusions) and the ORF terminates after only three
(ABaA9) or six (A8a) residues. This truncated protein lacks the C-terminal portion
of the CaM-BD:; instead terminating in residues known in other proteins to
interact with PDZ domains [157]. In vitro binding of calmodulin to these truncated
forms is markedly diminished [158] (Figure 2).

These alternative SK1 transcripts, characterized here in the mouse, are
also found in human (Lazdunsky, personal communication, [158]) and rat
(unpublished observation). This conservation across species implies a functional
basis for the multiple SK1 forms. Results described here include characterization
of the mouse SK7 locus, quantitative PCR assay of relative levels of the alternate
transcripts in various tissues, tests of translation and trafficking of alternate SK1
proteins in vitro, and the development of monoclonal antibodies to recognize the

long and the truncated C-termini. It is my hope that future experiments using
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Figure 2.

Schematic represantation of an SK1 subunit sitting in a membrane bilayer. Each
circle represents an amino acid. The postition of the pore loop is indicated.
Calmodulin is represented by a dumbell lying within the CaM-BD, the limits
resolved in the CaM:CaM-BD co-crystal indicated by yellow. The SK1alternate
splice exons are indicated: exon 7 in blue, exon 8a in green, exon nine in red.
The alternative C-terminus of the A8a splice form is shown in pink and orange;
ABaA9 would end with the pink residues. Charcoal residues indicate amino
acids that are different between human and mouse SK1. Clearly, each of the

alternatively spliced exons inpacts the structrue of the CaM-BD.



SK1 specific antibodies and the SK7 conditional mice will contribute to our

understanding of the functions served by SK1.

2. Materials and methods
5'RACE

Total RNA was reverse transcribed by MMLV (Invitrogen) in the presence
of random hexamers. A poly-adenosine tail of 15-30 nucleotides was added to
the single-stranded ¢cDNA by incubation with terminal deoxy-transferase (BRL) in
the presence of 250 uM dATP in a suboptimal transferase buffer consisting of 25
mM tris (pH 8.3), 3 mM MgCl,, 20 mM KCI, and 5 mM DTT. The tailed cDNA
was then added as substrate for PCR for one cycle of 96°Q for 30 sec. /50 °C for
2 min. / 72°C for 2 min. in the presence of dTH3 primer (gacaccaagcttt,;) to
render the cDNA double-stranded. The gene-specific primer was added to the
reaction and cycling continued at 95°C for 30 sec. / 52-60°C for 30 sec. / 72°C for
1 min. X25 cycles. 0.5-5% of the outer reaction was used as substrate in a
nested reaction with a second gene-specific primer in conjunction with the H3
primer (gacaccaagctttttt) for 25 cycles at 95°C for 30 sec / 55-60°C for 30 sec. /
72°C for 1 min. PCR products were then purified and cloned using sites
conferred by the PCR primers and subjected to sequence analysis.
Immunofluorescence

COS cells were grown on poly-L-lysine coated coverslips to ~50%

confluency. Cells were transfected with specific cDNAs plus 1/10" concentration
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GFP as a marker of transfection using lipofectamine (Invitrogen). In all cases
where different SK subunits were co-transfected the ratio of SK DNA
concentrations was 1:1. One to two days following transfection, cells were fixed
for 20 min. in 4% paraformaldehyde, washed with PBS and then incubated with
sera or monoclonal supernatants at concentrations from 1:1 to 1:5 for 30 min. at
room temperature. For live cell staining, a-myc monoclonal antibody (Upstate
Biotechnologies) was added to the medium at a concentration of 1:250 at 37°C
for 30 min. prior to fixation. Cells were then washed with PBS, fixed in 4%
paraformaldehyde for 20 min. at room temperature, washed in PBS. A cy3-
conjugated secondary antibody (either a-mouse or a-rat, as appropriate) diluted
1:250 was applied for 30 min, followed by PBS washes, mounting with Antifade
(Molecular probes) and visualization by fluorescence microscopy.
Western blot

Membranes from transfected COS cells were isolated. Cells were
homogenized in a glass dounce, nuclei pelleted at 5xg for 10 min. and
membranes pelleted from the supernatant by high speed centrifugation (60 krpm,
30 min. at 4°C). Membranes were solubilized in 320 mM sucrose in PBS.
Protein was quantified by Bradford assay. 10-20 ug of protein were separated by
PAGE, transferred to nitrocellulose membranes and incubated with the a-HA
primary antibody at a dilution of 1:250 overnight at 4°C. Following washes in
PBS, the membrane was incubated with an HRP-conjugated secondary antibody

for 1 hour at room temperature. Immunoreactivity was visualized by ECL (Pierce
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Pico-signal).
Realtime quantitative PCR

Total RNA was isolated using Tri-reagent (Sigma) according to
manufacturer’s recommendations, and reverse-transcribed by MMLYV (Invitrogen)
in the presence of 1 ug random hexamers per 20 ug RNA, 50 mM tris (pH 8.3), 6
mM MgCl,, 40 mM KCI, and 200 uM dNTPs. The single-stranded cDNA was
added as substrate for PCR in the presence of 0.6 units/ reaction Platinum Tag
Polymerase (Invitrogen), 10 X buffer, 4 mM MgCl,, 200 uM dNTPs, and SYBR
Green (Molecular Probes) at 0.5x manufacturer’s recommendation, and 200 nM
primers. Reactions were then split into triplicates for amplification in an MJ
Research Opticon DNA Engine with cycling parameters 95°C, 2 minutes 1X:
95°C, 30 seconds/ 64°C, 45 seconds, with fluorescence read at 84°C for 40
cycles. A melting curve and gel electrophoresis analysis verified that a single
product was amplified in all reactions. Expression levels were determined by
comparison to beta actin transcript levels. The efficiencies of the primer pairs
were tested in a validation experiment using serial dilutions of pooled plasmid
DNAs (slope of ACt (SK1splice.-beta actin.) <0.1. Ct, the threshold cycle,
indicates the fractional cycle number at which the amount of amplified target
reaches a fixed threshold.
Analysis For each run, the relative mRNA level was determined by the

expression 244
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(ACt (SK1splicec-beta actin.,) within each tissue, AACt (ACtsysspiicec ~AC, SR,
(ABO Prism 7700 Sequence Detection System, user bulletin 2, see appendix for
derivation). The mean and standard error of the value 2**“for each SK mRNA

in each genotype, across all runs, were plotted.

3. Results
mSK1 locus

The intron/exon mosaic of the mouse SK1 gene was mapped by B.
Shmukler and S. Alper [148]. In the mouse SK1 gene, the AUG that is
analogous to the initiator Met codon in SK2 is preceded by a contiguous ORF of
43 amino acids, including an additional 5’ Met. 5° RACE and RT-PCR analysis
from mouse brain cDNA demonstrated that a complex of alternative 5' UTR
exons are spliced to the coding exon downstream of the most 5' AUG (Figure
1A). None of the three alternative 5’ exons contain in frame Met codons; thus the
mouse SK1 protein likely initiates at the position most homologous to the start of
the SK2 protein. In contrast, human SK1 has an additional 18 N-terminal amino
acids that have no counterpart in the mouse protein. No bias in the combination
of 5’UTR exon and downstream splice pattern was detected in RT-PCR
experiments on brain cDNA. Currently, nothing is known about tissue- or

developmental-specific choice of 5" UTR exon pattern.
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Relative expression of SK1 splice variants

Quantitative real time PCR was used to compare relative levels of SK1
alternative splice transcripts. Real time PCR utilizes detection of fluorescence to
indicate the formation of a double-stranded product. In contrast to standard PCR
techniques, where the product detected is the end-point, real time PCR reports
the first cycle at which product reaches the threshold of detection. Thus the
variables that make end-point PCR non-quantitative, such as depletion of
nucleotides or primers or saturation of detection, are avoided. Primer pairs were
designed to produce amplicons that were each less than 150 bp in length.
Primers spanned exon boundaries in such a manner that only one splice variant
was amplified by each pair. The specificity of primer pairs was verified by
amplification of plasmid DNAs of all of the possible variants, alone or pooled.
End point gel electrophoresis verified that only the preferred product was
amplified, that the primer pairs did not yield primer dimers or non-specific
products, even when no substrate was included. Primer pairs that did not fulfill
these criteria were redesigned and new pairs tested. Finally, primer pairs were
tested in parallel on a standard curve comprised of pooled splice variant plasmid
DNA constructs, along with a PCR fragment spanning the beta actin amplicon,
serially diluted 8 times tenfold. This final control serves as validation that the
efficiencies of ampilification of the various primer pairs are equivalent, a

necessary condition to using them to make quantitative statements.
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Figure 3.
Real time PCR of SK1 splice variants from whole brain and kidney. All results
are relative to levels of the full length (FL) transcript in brain. Beta actin was

the internal reference. Full length transcripts are almost undetectable in kidney

where A9 is the predominant form. (n=4)



Finally, single-stranded cDNAs, transcribed from total RNA isolated from
various central and peripheral tissues from prenatal, 4 week old and six month
old mice, were amplified in triplicate and in parallel to the standard curve with
primers for each splice variant. Initial experiments revealed that expression
levels of most forms were very low in all tissues assayed, being at the lower limit
of SYBR Green methodology for quantitation and thus giving variable and
unreliable results. Exceptions to this were levels of full length, A8a, A7 and
A7A8a in the brain and A9 found in several peripheral tissues. Therefore in a
second approach, SK1 splice variant mRNA levels were quantified relative to
expression of beta actin transcripts from whole brain and kidney, and then
normalized to the level of full length SK1 transcripts in the brain (Figure 3). In the
brain, A7 and A8a transcripts were found at ~ 35% of the levels of the full length
transcript; A7A8a was found at ~10% and all others tested were <10%. Inthe
kidney, full length transcripts were less than 5% of the level of full length
transcripts from the brain. Transcripts for A9 splice form were the most abundant

form seen in the kidney, at ~45% of the levels of full length in the brain.

In vitro expression of SK1 proteins.

To test whether the predicted proteins encoded by the various SK1
alternatively spliced mRNAs can be translated, expression constructs were
engineered to insert an HA tag into the loop between TMs 1 and 2, at the position

analogous to the HA tag in the SK1flox allele. Crude membranes prepared from
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Figure 4.
Western blot of membranes from COS cells transfected with the HA-tagged

SK1 splice variants probed with the a-HA antibody. 10 pg of protein was loaded

onto each lane. Molecular weight markers (Kp) are shown on the right.



COS cells two days after transfection were prepared as a western blot and
probed with the anti-HA antibody. All forms of SK1 were translated into stable

HA labeled proteins of the expected molecular weight (Figure 4).

Monoclonal antibodies

Peptides, twenty-five residues in length and chosen from sequences
within the C-terminus to distinguish between full length SK1
(PGHLATATHSPQSHWLPTMGSDCG) and the truncated A8a splice variant
(HTRLVKKPDQGRVRKHQRLRSSEV) were synthesized, conjugated to KLH
(Global Peptides, Fort Collins, CO) and injected into mice and rats (Monoclonal
Antibody Core Facility, OHSU). Sera from injected animals was assayed by
western analysis of membranes isolated from COS cells transfected with either
HA-tagged full length SK1 or HA-tagged A8a. HA immuno-reactivity served as
positive control for specificity. Sera were also tested in an immunofluorescence
(IFC) assay of transfected COS cells immobilized on cover slips, with full length
and A8a transfected cells serving as negative controls for each other. Spleens
from animals having positively reactive sera were fused to hybridoma cell lines
(MACF), and supernatants from cell clones were retested. Using the western
and IFC analysis to track positive reactivity, cells were cloned out and antibodies
purified from supernatants. In this manner, one cell line from a rat fusion yielded
monoclonal antibodies against full length SK1 (12B1), and two mouse fusion cell

lines (6H7 and 7G9) are being processed for purified antibody against the A8a
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Figure 5.

Membranes from COS cells transfected with HA-tagged SK1 splice variants
were probed with anti-peptide monclonal antibodies directed against full length
(12B1) or A8a (6H7). 12B1 recognizes all splice forms with an intact C-terminus,
6H7 recognizes splice variants A8a and A7A8a. Neither of the antibodies

recognizes A8aA9 or Aall.



splice form. When tested on membranes from COS cells transfected with all SK1
splice forms, the 12B1 antibody detected full length, A7, A9, and A7A9 proteins.
The 6H7 antibody detected only the A8a and A7A8a proteins (Figure 5). To date,
purified 12B1 antibody applied to western blots of fractionated mouse brain
membranes has not detected an appropriate molecular weight protein. In
contrast, 6H7, one of the ABa supernatants, detected a protein of expected
molecular weight in wild type membranes that is not present in SK1A/A brain
membranes. This result lends optimism that antibodies with specificity for full
length and truncated SK1 proteins may be in hand. Further work will determine if
these monoclonal antibodies can be used in biochemical approaches, such as
western analysis, immunohistochemistry and immunoprecipitation, to study SK1

protein distribution and function.

Surface Expression

A triple myc epitope tag was engineered into the loop between TMs 3 and
4, analogous to the extracellular epitope in rSK2, in all eight mSK1 splice
variants. COS cells transfected with the myc-tagged cDNAs were tested for
surface expression by live cell staining. None of the mSK1 proteins, when
expressed alone, were transported to the plasma membrane. In contrast, when
myc-tagged full length mSK1 was co-expressed with rSK2, the myc tag was
detected on the surface. Co-expression of mSK1 A9 with rSK2 also resulted in

transport of the myc-tagged mSK1 subunits to the surface where the epitope
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Figure 6. Surface expression of SK subunits.

COS cells, transfected with the indicated constructs, were stained with the a-myc
antibody either before (live) or after fixation and permeabilization. SK2 and SK3
extracellular myc tags were detected in non-permeabilized cells. None of the
mSK1 myc-tagged constructs were detected on the surface in live cell staining,
although the protein was detected in abundance in permeabilized cells
(representative shown; SK1 FL myc). Co-transfection with either SK2 (not
shown) or SK3 resulted in transport of mSK1 full length myc and mSK1A9 myc
(not shown) to the surface where the myc tag was detected in live cell staining.
None of the other mSK1 splice variants were detected at the surface in co-
transfections with either SK2 or SK3. Furthermore, co-transfection of five fold
excess of the A7 or ABa mSK1 splice variants with either SK2 myc or SK3 myc
did not disrupt the appearance of SK2 or SK3 at the surface, indicating that these

forms likely do not heteropolymerize with SK2 or SK3 (not shown).
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could be detected in live cell staining. However, none of the other mSK1 splice
variants could be detected on the plasma membrane when co-expressed with
rSK2. Furthermore, these splice variants did not apparently reduce the surface
expression of the myc-tagged rSK2 subunits. Similar results were seen in
experiments on cells co-transfected with mSK1 with rSK3. The myc tag on
mSK1 full length and A9 splice variants was detected in live cell staining on the
surface of the cells co-transfected with rSK3, but not when transfected alone.
None of the other six mSK1 splice forms could be detected in live cell staining
when co-transfected with rSK3 (Figure 6). The myc-tagged SK3 subunit could
be detected on the surface in all co-transfections. These results indicate that
mSK1 full length and A9 splice forms can heteropolymerize with either SK2 or
SK3 subunits in order to be transported to the cell surface. Whether these

heteromultimeric channels are functional is yet to be determined.

4. Discussion

SK1 is unique in the SK gene family in exhibiting complex and widely
expressed alternatively spliced mRNAs. While the functions of these various
splice forms are not currently known, the conservation of each of the splice
variants in mouse, rat and human transcriptomes suggests that each form serves
an important function. The relative levels of expression in human tissues of four
splice forms (full length, A8a, A8aA9, and A9) parallel the realtime PCR results

described here for mouse: full length and A8a transcripts were most abundant in
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the brain, with ABaA9 at low levels and A9 not found: A8aA9 and A9 transcripts
were most abundant in erythropoietic tissue [158]. In vitro experiments
demonstrated that the eight different mSK1 proteins are translated and are stable
in heterologous systems. Whether native proteins of each of these forms exist is
still to be discovered. Rat brain synaptosomal membranes prepared as a
western and probed with an amino-terminal epitope revealed three bands of
sizes approximating the molecular weights of proteins predicted by full length, A7
and A8a SK1 transcripts , suggesting that all three forms are indeed presentin
rat brain. A C-terminal epitope SK1 antibody detected only two bands in the
synaptosomal membranes, bands that closely parallel the predicted molecular
weights of full length and A7 forms. This is consistent, as the truncated C-
terminus of A8a does not contain the C-terminal epitope [145].

Recent reports describe functional co-expression of rSK1 (full length) and
rSK2 subunits in heterologous systems. Co-transfection of 2 ug rSK1 cDNA with
1ug rSK2 cDNA resulted in a 77% increase in current amplitude over that seen
with 1 ug rSK2 transfected alone [81]. This result is not inconsistent with our
results showing that mSK1 and rSK2 can heteropolymerize and that co-
expression of rSK2 with full length mSK1 and A9 mSK1 mediates translocation of
the mSK1 subunit to the plasma membrane. However, nothing is currently known
about the subunit stoichiometry of these heteromultimers. In the brain, mSK1
transcripts are present at ~ 20% of the level of mSK2 transcripts (Chapter I11). Of

those mSK1 transcripts, less than two thirds are likely to be the full length splice
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form. It is not known how many mSK1 subunits will be tolerated in a functional
hetero-tetrameric assembly with SK2. Our results indicate that full length mSK1
and A9 mSK1 can also heteromultimerize with rSK3. Also here, nothing is known
about the stoichiometry of the hetero-tetrameric channels, or whether they
produce functional channels. Levels of mSK3 in the brain are approximately
equivalent to the levels of mSK1 (total of all splice forms) but in situ
hybridizations have shown that there is very little overlap in the sites of
expression of mSK1 and mSK3 [82]. Thus the participation and contribution of
SK1 to SK channel function in the brain may be very subtle, a hypothesis
supported by the lack of overt phenotype in the SK1 KO mice.

What role might be played by the ABa mSK1is even more enigmatic.
Transcripts for A8a are found at ~40% of levels for full length mSK1 in the brain.
Co-expression with SK2 or SK3 did not result in translocation of the A8a subunits
to the cell surface in heterologous systems. Is it possible that this (and/or the
other, rarer splice forms) function on intracellular membranes? The A8a splice
form has a truncated C-terminus due to a frame shift introduced by the splicing
out of 25 nucleotides of exon 8. The truncated sequence lacks eleven amino
acids of the CaM-BD. In vitro tests of calmodulin binding to hSK1 splice variant
C-termini found that the A8aA9 form did not bind calmodulin [158]. Thus if this
subunit can participate in formation of tetrameric channels, even intracellularly,
the gating mechanism may be very different from our understanding of classic

SK channels.
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A role for an apamin sensitive, calcium-activated potassium channel has
been postulated in oscillatory release of calcium from intracellular vesicles. IP3-
induced release of calcium from mucin granules or endoplasmic reticulum of
airway goblet cells was visualized by confocal imaging of cells or isolated
vesicles loaded with fluorescent calcium probes. IP3 induced oscillatory waves
in calcium concentrations within the intracellular organelle were followed, out of
phase, by oscillations in the cytoplasm adjacent to the organelle. A mechanism
was proposed whereby Ca* released in response to IP3 binding the IP3 receptor
activates a apamin-sensitive calcium-dependent potassium channel, K* flows into
the organelle, ionically balancing the matrix that binds calcium, allowing calcium
to be freed and subsequently to flow out of the organelle to the cytoplasm via the
IP3 receptor. The oscillatory behavior was blocked by apamin [31]. Could the
intracellular retention of SK1 splice variants be a part of the mechanism for
localization of an SK channel on intracellular membranes and vesicles? This is
among the questions we hope to be able to address with the various and
combined SK transgenic mice.

The A9 SK1 is the predominant splice form expressed in kidney. Further
experiments are necessary to quantify relative expression levels in other
peripheral tissues. Co-expression of SK2 and SK3 with A9 SK1 resulted in
translocation of A9 SK1 to the cell surface, indicating that it may participate in
functional heteromeric channels. What is the function of the three amino acids

AQK encoded by exon nine; that it is essential in the brain, but excluded in the
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periphery? The presence or absence of the AQK does not result in any known
canonical motif such as a kinase site or signal for other post-translational
modification. Channel activity recorded from HEK293 cells expressing full length
hSK1 or A9 hSK1 did not reveal any differences in calcium sensitivity or kinetics
of activation (unpublished results). This three amino acid exon is one more
enigma of the SK1 locus.

The A7 splice form of SK1 is lacking the C-terminal half of TM 6. TM six in
potassium channels participates in forming the ion pore and the gating structure
[159]. Itis not possible to predict what the consequences for the topology of a A7
subunit might be, or how it might participate in a heteromeric assembly. The
transcript levels for A7, A7A9, and A7A8a splice forms are very low in the brain
and peripheral organs. However, the conservation of all these forms across
species from mouse to human implies they likely have functional significance.
Future exper‘iments, perhaps creating mice that express only one of the possible
forms, are necessary to further understanding.

The initial SK1 enigma, that hSK1 subunits can form functional channels
in heterologous expression while the mouse and rat do not, still abides. Why
have the amino acid sequences of this gene product drifted significantly more
than the other SK genes, while the alternate splicing has been preserved? What
is the function of SK1 in human, is it the same function served in mouse and rat?

Do SK1 variants participate in intracellular SK channels? Are SK1 subunits only
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auxillary to channels formed of SK2 or SK3 subunits, and as such, dispensable?

5. Summary and hypotheses for SK1 function

With each detail learned about the SK71 locus: gene expression, splicing,
distribution, and functional characterization, the enigma of SK1 as a member of
the SK family remains. At this time the list of questions is longer than the
accumulation of understanding. Simple modulatory/accessory roles for full length
and A9 splice forms can be proposed, based on observations that these subunits
have the capacity to heteropolymerize with SK2 or SK3. Overlap of sites of
expression suggest that SK2 is the more likely partner. Perhaps inclusion of one
or more SK1 subunit in a hetero-tetramer confers a specific subcellular, or
macromolecular complex localization. Or, inclusion of SK1 sununits may alter
modulation of channel function by kinases, nucleosides, of other cytoplasmic
factors. However, there is as yet no demonstration of in vivo evidence to verify
the proposal. Intracellular functions for other SK1 splice forms may be
postulated, but to date no specific results corroborate these speculations. Our
future understanding of SK1, as well as that of SK2 and SK3, will greatly benefit

from the study of the mice in which SK genes can be regulated.
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CHAPTER V: Discussion

1. SK genetic loci

Based on nucleotide and amino acid homologies, small-conductance and
intermediate-conductance calcium-activated potassium channels comprise a
distinct subfamily within the potassium channel superfamily [76]. Although SK
and IK proteins share with voltage-dependent potassium channels the classic
serpentine topology of six membrane-spanning domains and re-entrant ion
selective pore loop, with N- and C-termini intracellular, very little amino acid
homology can be found other than in the ion selectivity sequence lining the pore
and the hydrophobic nature of TM domains. Nor is there significant homology
between SK or IK proteins and inward rectifier potassium channels, despite
functional similarities of voltage independence, small conductance, inward
rectification and modulation by intraceliular ligands.

Evolutionarily, SK channel genes show both conservation and drift. The
nematode genome contains four SK'genes (L. Salkoff, personal communication),
although neither functional studies nor mutant analysis have confirmed function
or roles for these sequence-identified loci. Calcium-dependent, small-
conductance potassium currents were observed in body wall muscle cells after
rundown of other potassium conductances, but this current was not tested
pharmacologically or genetically to verify its relationship with SK genes [160].

Putative translation products from C. elegans SK genes do not share distinct
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Figure 1.

Schematics of the intron-exon mosaics of SK loci showing the conservation

of exon boundaries across isotype and species. Order of loci, from top to bottom
is mammalian SK1, SK2, and SK3 and Drosophila SK. Boxes indicate exons,

protein domains encoded by each exon are indicated above the box.



homology with any one of the three mammalian SK proteins, and in fact have
very much less homology between them than the mammalian family
(unpublished observation). Drosophila melanogaster has one SK gene
(unpublished observation) that encodes more than one protein through the use of
alternative exons, including an alternative pore exon. However, once again
functional characterization has not been reported. The Drosophila SK protein,
like the nematode, does not closely match any one of the mammalian SKs. In
contrast, genome database and EST (expressed sequence tag) database
searches locate proteins highly homologous to SK2, but not SK3 or SK1, from
zebrafish, trout and chicken.

Intron/exon mosaics of SKloci are highly conserved across species [148,
161, 162] (Figure 1). Drosophila and mammalian genes share precise exon
boundaries over most of the coding sequence, with some exons further divided
into multiple exons in Drosophila (unpublished observation). Even the boundaries
of exons that participate in alternative splicing in the SK7 locus are conserved,
with the exception of the non-canonical splice in exon 8 and the nine nucleotide

exon 9 [148, 162].

2. Conditional transgenes
Strategies and tools
Although there are an ever-growing number of strategies for generating

animals having conditional expression of specific genes, all these strategies fall
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into one of two basic categories; insertion of regulatory sequences that allow
induction or repression of expression by administration of exogenous agents, or
insertion of recognition sequences that direct recombination of genomic DNA
when exposed to specific recombinases. Additional sophistication in gene
control is achieved by combinatorial use of these two basic strategies. In one
example, expression of the Cre recombinase was driven in a particular cell type
by a specific promoter. The recombinase was expressed as a fusion protein with
the mutant prolactin receptor (PLR). Upon administration of the ligand RU-488,
the mutant receptor was transduced into the nucleus, carrying with it the
recombinase, and thereby initiating recombinase-mediated excision of the floxed
sequences. Thus in this example, gene knockout occurred in only the cells in
which the promoter driving the CRE-PLR fusion protein was active, but then only
after administration of the RU-486 ligand. In this manner, both site and timing of
gene knockout was achieved [163].

The number and variations of regulatory elements that respond to
exogenous ligands that are being used as tools in transgenesis continue to grow.
The list includes, at least, tetracycline sensitive transcription, ecdysone (insect
hormone) inducible transcription, tamoxifen inducible transcription, and RU-486
mediated translocation to the nucleus. In addition, an ever growing stable of
tissue- and developmental time point-specific promoters are being characterized

and employed in multi-layered transgenic strategies [122].
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This expanding sophistication of tools impacts strategies for the use of
recombinases. Greater specificity is being added to control of site and timing of
recombinase expression. Recombinase function can also be modulated by
modification of the recognition sites. Studies of the specificity of the recognition
sites for both Cre and FLP recombinases have led to subtle control over the
order and completeness of recombination within an allele based on the use of
mutant loxP or frt sites [164] [113]. Combinatorial use of two recombinases and
appropriately placed recognition sequences allows sequential or segregated
excision events, directed by the controlled exposure of the floxed/frted allele to
recombinase activity. At the very minimum, a dual recombinase strategy might
be employed to remove selectable markers from the targeted allele while still
leaving in place recognition sites for subsequent gene ablation.

The last few years have seen an explosion in conditional transgene
strategies, as new tools are developed and combinations of tools are employed.
We set out to derive mice expressing conditional alleles at the three SK loci at
the very beginning of this revolution. Hence the strategies we employed, while
sophisticated at the time, are simple in design compared to some of the multiple-

layer strategies described above.
Tetracycline regulation of transcription

The tetracycline-sensitive transcription transactivator protein, tTA,

described in Chapter II, has been employed in many forms in transgenic mice
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[165, 166]. In most examples, expression of either the tTA protein alone or tTA
and the tet,CMV ;. promoter responsive gene were derived as classical
transgenes, rather than through homologous recombination. The SK3 tTA
mouse was the first (and still only published) example of a single step insertion of
the tTA coding sequence and the responsive promoter into a gene by
homologous recombination [114]. The goal of this strategy was to obtain a
mouse model in which expression of the SK3 gene paralleled that in wild type
animals until intervention through dietary administration of doxycycline, allowing
for acute knockout of gene expression that could be recovered by removal of the
drug. Thus each animal would serve as its own control in behavioral or
physiological assays.

In the SK3 tTA mice, some but not all of these goals were achieved.
Tissue-specificity and timing of expression of SK3 transcripts and protein were
preserved in the absence of drug. However, the tTA protein provides such
strong transactivation at the tet,CMV ., promotef that, in all sites examined, SK3
was over-expressed 3-5 fold. This over-expression was exacerbated when the
silencing effect of the neo gene was removed from the allele. It was not possible
to titrate expression of SK3 in specific tissues by varying the dosage of
tetracycline analogs because of the differential penetration of the drug into the
brain and peripheral sites. However, since many transgenic models are based
on over-expression of genes of interest, this characteristic of the tet cassette

strategy might be considered a bonus, with the added benefit of over-expression
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occurring at only normal sites, avoiding complications of exogenous sites of
expression seen in classical transgenes.

The second goal of the strategy, the ability to regulate expression simply
through the diet, was elegantly achieved. SK3 transcripts were not detectable in
the brain after only three days of administration of 100 ug/ml dox in the drinking
water. However, much longer drug exposure was necessary before the SK3
protein could not be detected. While knockout of SK3 completely was
accomplished through the diet, recovery of expression depended on clearance of
the drug from the system after removal from the diet. Due to retention of the
drug in fatty tissues, the time to recover expression from the targeted gene took
approximately twice as long as the period of drug administration necessary to
achieve knockout. Thus the goal of having each animal serve as its own control
was compromised or complicated by the time frame within which experiments
could be performed.

Finally, the tet cassette strategy relies on placement of the cassette into
the 5" UTR of the gene of interest. As seen with the SK2 tTA mouse and other,
unpublished mice using this strategy, disruption of endogenous regulatory
domains within the UTR may result in a targeted allele that cannot be regulated,
or is null for expression even in the absence of drug. Thus success can only be
guaranteed when a great deal of knowledge about the targeted locus is already

in hand.

2



Floxed alleles

The second conditional strategy that we employed offers different benefits
than the tet cassette approach. Because the recombination event is irreversible,
knockout animals cannot serve as their own controls. However, the site and
timing of gene knockout can be either organism-wide or limited in extent. In
design, the strategy can be ultimately simple; insert loxP sites into an allele, and
then provide sophistication of timing and sites of gene ablation by choice of Cre
expressing mice to which to breed the floxed mouse. Three loxP sites were
inserted into the SK7 and SK2 alleles, two flanking the neo-resistance gene, and
the third flanking SK coding exons. Thus, in these mice, mosaic, or limited Cre
expression is necessary to remove the neo gene without disrupting the SK allele.
This requires multiple generations of mice crossed to mosaic Cre-expressing
animals [123] to produce the desired line containing only two loxP sites flanking
the gene of interest that will have expression profiles comparable to wild type
prior to total or tissue-specific gene ablation. The tri-lox approach will in future be
improved by the combined use of two recombinases or by insertion of mutant
recognition sites to eliminate the need for limited and mosaic Cre-mediated
recombination to separate excision of selectable marker genes from excision of
targeted exons.

The coding sequence for GFP was inserted into the SK7 and SK2 alleles
in conjunction with the loxP sites, such that, following complete Cre-mediated

recombination, the GFP protein would be expressed under control of the SK
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promoter, thus serving as a marker for those cells in which the SK gene had
been ablated. This goal was not achieved in either SK7 or SK2 floxed mice. In
animals where complete recombination in the germline yielded SK null animals,
no GFP cou}ld' be detected in cells where the SK promoter was known to be
active. While GFP expression may be sufficient to be detected by
immunodetection with a-GFP antibodies (experiments still in progress), no
fluorescence could be detected in freshly prepared brain slices, such as would be
used in electophysiological assays of cellular function in the absence of SK
expression. Therefore, characterization of the pattern of gene ablation in
response to different profiles of Cre expression will rely on the use of Cre-
sensitive reporter expression [167]. The reason for the lack of detectable GFP
expression is unknown. GFP is a reporter that is being widely employed in
transgenic mice. The protein has been genetically modified to give high levels of
emitted fluorescence to improve detection [1 68] and high levels of expression
[169] [170]. GFP protein is apparently stable; protein degradation has not been a
problem in transgenic mice. It may be that the SK promoters are very weak,
driving only low levels of transcription; an hypothesis that is consistent with the
low-density of SK channels seen in wild type animals.

A second problem with the insertion of the GFP sequence was
encountered in the SK floxed mouse. The presence of neo and GFP coding
sequences together in an intron resuited in disruption of appropriate splicing of

SK1 transcripts. Thus the SK7 f/ animals are essentially SK1 nulls. Once
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mosaic Cre activity has removed the neo coding sequence, SK1 10X 4,0, Mice will
be reassessed to determine if the presence of the GFP coding sequence alone in
the intron also results in disruption of splicing. This mouse line illustrates the
hazards of insertion of foreign sequences of substantial extent into introns of
limited size, particularly at loci that undergo complex regulation and splicing.

In summary, different conditional strategies offer different benefits and
problems. The one step tet cassette insertion has the advantages of simple
construction, fidelity of site and timing of expression, and reversibility of gene
ablation. Overexpression of the targeted gene may be viewed as an advantage
or disadvantage. However, complications may arise due to disruption of
unknown endogenous regulatory domains, yielding alleles that are not regulated
or are null even in the absence of drug. Future generations of the tTA protein
and the tet cassette are being developed by several laboratories in efforts to
maximize the benefits and minimize problems in this simple but elegant approach
to conditional gene regulation. Combinations of regulatory elements are being
developed that will allow titration of gene expression [171].

Insertion of recombinase recognition sites flanking coding exons remains
the simplest, yet most flexible, method of achieving tissue- and/or timing-specific
gene ablation. Sophistication in the specificities of knockout is provided by
control of expression of the recombinase. Future developments in the use of
mutant recognition sites and enzymes may even yield recombinase-mediated

gene knockouts that are reversible by relying on inversions of intervening
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sequences rather then excision. Our imagination is the only limit to what we will
ultimately be able to accomplish in targeted gene regulation in animal models,

and perhaps even in humans for treatment of genetic diseases.

3. SK Physiology and SK transgenic mice.
SK3 in the brain

Studies employing the SK3 tTA mice, which over express SK3 mRNA and
protein 3-5 fold over wild type animals in the absence of administration of
doxycyxline, or which can be acutely knocked out for SK3 by doxycycline in the
diet, have lent understanding of SK3 function in several different physiologies.
Overexpression of SK3 results in a compromised ability to respond to hypoxia.
Under normal conditions, the respiratory timing in the SK3 overexpressing mice
was not different than wild type. In the presence of 8% oxygen (hypoxia), wild
type animals exhibit sustained tachycardia, with breathing rates ~150% of
normal. In contrast, mice overexpressing SK3 showed a brief (30 sec)
tachycardia to ~122%, followed by a decline in frequency to 68% of baseline. In
some cases, apneic episodes (no respiration) necessitated termination of the
hypoxia [114]. Respiration frequencies and response to hypoxia were not tested
in the SK3 tTA mice after long term dox administration (knock out condition).
However, studies of respiratory neurons in brainstem slice preparations showed
that application of apamin only minimally affected respiration, weakening rather

than abolishing the normal rhythm. In contrast, blockade of glycinergic inhibition
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and BK together completely eliminated respiratory discharges [172]. SK3 is also
expressed in muscle cells of the diaphragm (unpublished observation). The
possible contribution of overexpression of SK3 at peripheral sites was not
addressed in assessing their response to hypoxia. However, the SK3 tTA mouse
offers a model within which to study the role of SK3 channels in generation and
maintenance of respiratory rhythm, and responses within the rhythm-generating
nuclei to changes in synaptic input from sensory systems.

Systemic apamin injection facilitates hippocampal-dependent learning
[24]. Behavioral studies of SK3 {TA mice following longterm administration of
dox, (knockout condition), did not recapitulate the apamin effect, indibating that
SK3 subunits do not mediate control over synaptic plasticity. SK3 channels have
been reported to be in presynaptic terminals of the hippocampus [149].
However, no presynaptic effect on synaptic plasticity, as assayed by paired pulse
facilitation, was found in response to apamin application to hippocampal

brainslice preparations [24].

SK3 in the periphery

Studies of the SK3 tTA mouse have yielded greater understanding of SK
channel function in many peripheral physiologies. SK3 expression in endothelial
cells of the vasculature contributes to maintenance of vascular smooth muscle
tone and blood pressure [12]. Control of vascular tone and hence blood pressure

has long been ascribed to hypothetical factor(s) termed EDHF for endothelial-cell
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derived hyperpolarizing factor. Both nitric oxide (NO) and prostacyclin (PG12)
from endothelium have been shown to affect vascular smooth muscle function.
However, an additional non-NO, non-PGI2 EDHF function has also been
characterized, but the identity of the factor has been elusive [173]. Studies of the
SK3 tTA mice have revealed that SK3-mediated hyperpolarization of the
endothelium results in hyperpolarization of the smooth muscle, possibly through
gap junctions between endothelial and muscle cells. Thus SK channel activation
may be that elusive EDHF. The observation that the SK3 gene is regulated by
estrogen [120, 174] leads to the hypothesis that SK3 expression may underlie
the cardiovascular effects of estrogen. No additional effect of apamin was
detected in mice where SK3 expression was eliminated by dox, indicating neither
SK1 nor SK2 directly effect vascular tone.

SK3 overexpression resulted in enlargement of hollow organs, such as
mesenteric and coronary arteries and bladder [11, 12]. Although the mechanism
underlying these structural modifications is unknown, a role for SK3 in vascular
development may provide another mechanism by which SK3 contributes to
control of cardiovascular function.

The significance of the role of SK3 in cardiovascular function is enhanced
by the observations of altered SK3 expression in some pathological states. For
example, following balloon catheter injury of the carotid artery, endothelium-
dependent vasodilation is blunted. This effect has recently been linked to

decreased SK3 expression in the regenerated endothelial cells [175]. Further,

98



elevated endothelial SK3 expression in rats with cirrhosis was associated with
attenuated vasoconstrictor responses [176]. These results all support the idea
that manipulation of SK3 channel expression and/or activity may provide novel
therapeutic approaches for the treatment of vascular disorders, including
hypertension.

Study of bladder function in the SK3 tTA mice revealed a role for SK3in
control of bladder contraction and also revealed high affinity apamin binding in
the absence of SK3 expression, indicating a role for another SK subunit, likely
SK2. [11] Overexpression of SK3 resulted in excess urine production, however
the mechanism of this effect was not determined. Suppression of SK3
expression resulted in a marked increase in non-voiding contractions, a condition
that characterizes many types of urinary bladder dysfunctions, including
incontinence. Thus, since SK3 is not expressed in the smooth muscle cells of
the vasculature, targeting of agents to smooth muscle that activate SK channels
may allow therapeutic intervention in bladder function without deleterious side

effects on blood pressure and cardiovascular function [11].

SK knockouts and regulation of excitability
SK channel activity has been implicated in the regulation of excitability in
many brain regions and systems. Activation of SK channels through direct

coupling to various sources of calcium influx, such as voltage-dependent calcium
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channels or ionotropic neurotransmitter receptors, specifies which stimuli will be
most affected by SK channel mediated inhibition.

In the pyramidal cell of the CA1 region of the hippocampus, calcium-
dependent potassium currents mediate afterhyperpolarizations (AHP) that
modulate the level of postsynaptic response. The AHP in these neurons has
three kinetically and pharmacologically distinguishable components. As
described in Chapter Ill, SK2 subunits are essential for formation of channels
underlying the apamin-sensitive medium AHP. Experiments performed on the
three known SK gene knockout mice clearly demonstrate that none of these
subunits are essential for the slow AHP, leading to the conclusion that SK
channels are not involved in the SAHP current. However, as this manuscript is
being written, a new SK gene has been discovered in the mouse genome
database. This new gene is not represented in the sequences compiled in EST
databases, so nothing is known yet about sites of expression or channel function.
The computationally predicted translation product has an extended amino-
terminal domain of over 600 amino acids (for comparison, the long amino
terminus of SK3 is only 265 amino acids). The pore domain encoded by this new
gene has the three amino acids found in SK1 that mediate the reduced affinity of
apamin for the SK1 channel [144]. Future experiments will determine if and
where the gene is in fact expressed, whether the predicted protein is indeed the

gene product, and what are the functional characteristics and pharmacological
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profile. Only after these preliminary data are obtained can any hypothesis about
the role of this new sequence be formulated.

Systemic apamin injection speeds the acquisition of hippocampal
dependent memory [24], and also shifts the synaptic plasticity threshold to the
left, resulting in long term potentiation at lower stimulus frequencies.
Acetylcholine and noradrenaline, through elevation of cAMP and activation of
protein kinase A, inhibit the slow AHP [135], also enhancing learning [177].
Future experiments with SK2 null mice, or SK2 CA1 null mice may shed new light
on possible mixed influences of medium AHP, mediated by SK2 channels and
perhaps modulated by cholinergic tone as in other regions of the brain, and the
slow AHP in acquisition and retention of hippocampal dependent memory.
Future experiments on mice null for SK2 in only CA1, or only in hippocampus,
compared to animals null for SK2 throughout all the brain (SK2A/A) may be
useful in understanding separately the mechanisms for memory acquisition,
consolidation and retention.

Of the three SK knockout mice, only SK24/4 animals display an overt
behavioral phenotype, exhibiting a developmentally limited ataxia and a whole
body tremor. In fact, the SK24/A phenotype correlates remarkably with the
description of the effect of injection of mild doses of apamin, mild hyperactivity,
resting tremor and ataxia This limited phenotypic expression is consistent with
the observation that SK2 is the predominant, if not only, SK expressed in the

principle neurons of the cortex, cerebellum and hippocampus. Cerebellar function
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is important to motor coordination. Purkinje neurons supply the sole output from
the cerebellum. Purkinje neurons exhibit complex spontaneous firing patterns
consisting of at least three modes: rapid firing, burst firing, or silent, with
transitions from mode to mode affected by application of apamin [128]. The
significance of these firing modes to the output of the purkinje cells onto deep
cerebellar nuclei is not known. SK2 is expressed in purkinje neurons in a
developmentally regulated pattern [127]. SK2 is also expressed in the principle
neurons of motor cortex [82]. Studies of animals null for SK2 in only the purkinje
neurons of the cerebellum will provide understanding of the balance of cerebellar
and cortical SK activity responsible for the ataxic phenotype of the SK24,/4 mice.
Further studies of region-specific knockout of SK2 in the brain will shed light on

the structures underlying the tremor seen in the SK24/4 animals.
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CHAPTER VI: Summary and Conclusions

Transgenic mice in which expression of each of the three known small-
conductance calcium-activated potassium channel genes can be conditionally
regulated were created by homologous recombination. Studies of these mice
have demonstrated a role for SK3 in regulation of vascular tone and blood
pressure, bladder control and respiration. Further studies have demonstrated
that SK2 subunits are essential to formation of channels underlying the medium
component of the AHP in hippocampal CA1 pyramidal neurons. It is likely that
SK2 mediates afterhyperpolarization in other principle neurons of the brain, and
likely underlies the apamin-mediated effects on synaptic plasticity. Studies of the
SKnull mice demonstrated that none of these three SK channels are necessary
for the slowAHP. SK7 knockout mice did not exhibit an overt phenotype to give
hints to understanding the role of SK1. However, more detailed examination of
these mice may reveal functions served by the SK1 gene.

We have already learned a great deal about SK function throughout the
organism by the study of SK transgenic mice. But this is just the beginning.
Future studies on these mice, in conjunction with a wealth of region-specific Cre
expressing mice currently available, will make it possible to understand the role
of each SK in different brain and organ physiologies. Ultimately, the ability to

modulate brain or organ function by manipulation of SK gene expression will
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enhance our basic understanding of complex systems that underlie specific

physiologies.
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Appendix A
Listed are publications resulting from studies of SK transgenic mice or that were

published during my graduate student tenure.

1. Bond CT, Sprengel R, Bissonnette JM, Kaufmann WA, Pribnow D,
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Seeburg PH, Adelman JP. Respiration and parturition affected by conditional
overexpression of the Ca2+-activated K+ channel subunit, SK3.

Science. 289:1942-6, 2000

2. Shmukler BE, Bond CT, Wilhelm S, Bruening-Wright A, Maylie J,
Adelman JP, Alper SL. Structure and complex transcription pattern of
the mouse SK1 K(Ca) channel gene, KCNN1.

Biochim Biophys Acta. 1518:36-46, 2001
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Adelman JP, Nelson MT. Altered expression of small-conductance
Ca2+-activated K+ (SK3) channels modulates arterial tone and blood pressure.

Circ Res. 2003 Jul 25;93(2):124-31



4. Herrera GM, Pozo MJ, Zvara P, Petkov GV, Bond CT, Adelman JP,
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Appendix B.

Derivation of the formula for comparative C, method for quantitative PCR.

Amount of target, normalized to an internal reference and relative to a

calibrator is given by: D-2ACt

- The exponential amplification of PCR is given by:
X=X, X (1+E,)"
where X;=number of target molecules at cycle n, X =initial number of

target molecules, E =efficiency of amplification, and n=number of cycles.

The threshold cycle (Ct) indicates the fractional cycle number at which the
amount of amplified target reaches a fixed threshold. Thus
X=Xy X (1+E,)*"=K
where X;=threshold number of target molecules, Ct,x=threshold cycle for

target amplification, and K =constant.

The corollary equation for the endogenous reference reaction is
R:=R, x (1+E5)"* =K,
where Rr=threshold number of reference molecules, R =initial number of
reference molecules, Eg=efficiency of reference amplification,

Ct,R=threshold cycle for reference, and Ky=constant.



Dividing X; by R gives:
X7 /Rr= Xo X (1+E )/ Ry X (1+E5)%P= K /K=K

Assuming the efficiencies of target and reference are the same: E,=E;=E, gives
Xo/Ro X (1+E)** =K or X, x (14+E)**'=K

where X\=X/R,, the normalized amount of target and ACt=Ct,x — Ct,R.

Rearranging gives the following equation:

Xy=K x (14E)""

Dividing X,, for any sample q by X, for the calibrator (cb) yields:
Xl Xno=(K X (1+E)* /(K X (14E)CtP)=(14E)24Ct

where AACt=ACt,g-ACt,cb

For optimized amplicons < 150 base pairs, the efficiency of amplification per
round is close to one. Thus the amount of target, normalized to an endogenous

reference and relative to a calibrator is given by:

2-AACt





