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1-EBIO 1-Ethyl-2-benzimidazolinone

4-AP 4-Aminopyridine
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D-APS5 D-2-amino-5-phosphonovalerate

EGTA ethylenediaminetetraacetate

EPSC excitatory postsynaptic current

EPSP excitatory postsynaptic potential

IbTx Iberiotoxin

1IEM immunoelectron microscopy

IK intermediate-conductance potassium channel

IP3 inositol 1,4,5-trisphosphate

IPSC inhibitory postsynaptic current



IPSP inhibitory postsynaptic potential

KChIP potassium channel interacting protein

Kyp two-pore potassium channel

Kca calcium activated potassium channel

K. inward rectifier potassium channel

Kv voltage gated potassium channel

LTD long-term depression

LTP long-term potentiation

mAChR muscarinic acetylcholine receptor
nAChR nicotinic acetylcholine receptor

NMDA N-methyl-D-aspartate

NS309 6,7-dichloro-1H-indole-2,3-dione 3-oxime
NS4591 4,5-dichloro-1,3-diethyl-1,3-dihydro-benzoimidazol-2-one
PKA protein kinase A

PP2A protein phosphatase 2A

PSD postsynaptic density

SK small-conductance potassium channel

SK2-L. SK2-long

SK2-S SK2-short

TEA tetracthylammonium

TRAM-34 1-[(2-Chlorophenyl) diphenylmethyl]-1H-pyrazole

VGCC voltage gated Ca®" channel



I. ABSTRACT

Small-conductance Ca’" activated potassium channels (SK) channels play a
fundamental role in all excitable cells. They are potassium selective, voltage-
insensitive, and activated by increases in the level of intracellular Ca*” ions and
selectively blocked by peptide toxin apamin. Increases in the intracellular Ca®"
concentration activated SK channels, leading to hyperpolarization of membrane
potential, which in turn reduces the Ca®" transient in the cell. For example, in the
spine of hippocampal CA1l pyramidal neurons and in lateral amygdala pyramidal
neurons, Ca®" influx through N-methyl-D-aspartate receptors (NMDARS) activates
the SK2-containing channels, the efflux of K™ ions through SK channels repolarizes
the spine, promoting the Mg®" blockage of NMDARs, therefore reducing the Ca®"
transient in the cell. Thus, blocking SK2-containing channels with apamin facilitates
the induction of long-term potentiation (LTP) by enhancing NMDAR-dependent Ca*"

signals within dendritic spines.

The SK2 gene encodes two isoforms that differ only in the length of their N-terminal
domains. SK2-long (SK2-L) and SK2-short (SK2-S) are co-expressed in CAl
pyramidal neurons and likely form heteromeric channels. In mice lacking SK2-L,
SK2-S-containing channels are expressed in the extrasynaptic membrane, but are
excluded from the postsynaptic density (PSD). The SK channel contribution to
excitatory postsynaptic potentials (EPSP) is absent in SK2-S only mice and could be
restored by SK2-L re-expression. The first aim of this thesis was to assess the
contribution of SK-L isoform to the induction of LTP in hippocampal neurons. We

found that blocking SK channels increased the amount of LTP induced in area CA1 in



slices from wild-type mice but had no effect in slices from SK2-S only mice. Taken
together with the SK2-S expression pattern and the effect of SK2-L on EPSP, these
results indicate that SK2-L directs synaptic SK2-containing channels expression and

is important for normal synaptic signaling and plasticity.

There are many Ca’" sources for activating SK channels in excitable cells, for
example, Ca’" influx through NMDAR or via voltage gated Ca’" channels, or Ca*"
induced Ca”" release from intracellular store. In hippocampal CA1 pyramidal neurons,
synaptically evoked Ca®" influx through NMDARs activates spine SK channels,
reducing EPSPs and the associated spine head Ca®" transient. However, results using
glutamate uncaging implicated Ca®" influx through SNX-482 sensitive R-type
(Cav2.3) Ca®" channels as the Ca®" source for SK channel activation. The second aim
of this thesis was to study the two Ca’’ sources, one from Ca®*" influx through
NMDARSs and the other from R-type Ca>" channels, and their downstream targets of
potassium channels. By using synaptic stimulation, we found that both apamin and
SNX-482 boosted synaptically evoked EPSPs and their effects were not mutually
exclusive. Ca®" influx through R-type Ca’" channels activates voltage dependent
Kv4.2 containing potassium channels in a Kv channel interacting protein (KChIP)
dependent manner. These results suggest two distinct Ca®" signaling pathways within
dendritic spine that link Ca*" influx through NMDARs to SK channels and Ca®" influx

through R-type Ca>" channels to Kv4.2-containing channels.



I1I. INTRODUCTION

1I.1. Potassium channels

I1.1.1. Ion channels overview

Ion channels are pore-forming protein complexes that traverse the lipid bilayer of cell

membranes and conduct the movement of specific inorganic ions - primarily Na', K",
2+ - : :
Ca”, or CI - across the membrane. The channel’s response to specific ions,

molecules or voltage changes leads to the opening and closing of the pore, which
contributes to one of the ion channels properties: gating. Therefore, ion channels are
not continuously open but fluctuate between open and close states. When the pore is
open, many ion channels have the important property of ‘selective permeability’,
allowing some 1ons to flow passively down their electrochemical activity gradients at
a high rate, while excluding the passage of other ions. According to different types of
stimuli that cause channels to open, ion channels are classified into several subtypes:
voltage-gated 1on channels open and close in response to membrane potential; ligand-
gated ion channels respond to the binding of either an extracellular mediator such as
neurotransmitter or an intracellular mediator such as nucleotide or an ion such as Ca2+;
other ion channels such as mechanically-gated channels, temperature-gated channels
and light-gated channels are gated by mechanical stress, change of temperature and
the action of light respectively. Channels are also grouped into families according to
their selectivity: chloride channels, potassium channels, sodium channels and calcium

channels, with a small group of proton channels and non-selective cation channels'~.



11.1.2. Potassium channels: types, structure and function.

As the biggest ion channel family, potassium channels, originally identified as the
molecular entities conducting K ions across the cell membrane, are now known in
virtually all types of cells in all living organisms, where they contribute to the
complex and diverse functional repertoires of neurons in the nervous system and cells
in other organ systems’. All potassium channels display a highly conserved segment
with the consensus sequence of TVGYG with some variations, which is located in the
narrowest region of the pore, and functions as the selectivity filter to allow K" but not
Na” or other ions to cross the membrane™*. The majority of potassium channels are
formed as homotetramers or heterotetramers, whose subunits are arranged in four-fold
symmetry surrounding the K'-selective pore™. Each subunit contains either six

(shaker-likew) or two (inward-rectiﬁer&‘),lo

) transmembrane segments. There is an
additional subfamily that comprise tandem pore domains, the potassium (Kjp)

channels, which are presumably dimers with four transmembrane segments in each

11,12
subunit’ 7.
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Gonzalez et al. (2012) K" channels: function-structural overview. Comprehensive Physiology



Diversity among different members of the potassium channels family is related
mainly to the various ways in which potassium channels are activated and taken
together with different topologies of potassium channel subunits, potassium channels
are divided into four major classes: 1. Voltage gated potassium channels (Kv) that
open or close in response to membrane potential that acts via a charged voltage sensor
domain. 2. Inward rectifier potassium channels (K;;) are either constitutively open or
regulated by G-proteins or the ATP/ADP ration in the cell. 3. Ca*" activated
potassium channels (Kc,), which are gated by the changes in the intracellular Ca®"
concentration. 4. Kyp channels that are activated by a variety of physiological stimuli

such as pH, temperature, membrane tension, and certain signaling molecules.

One of the most striking properties of potassium channels is their remarkable ability
to conduct K ions with high selectivity and conduction rate. K* ions are necessary for
the function of all living cells and consequently, potassium channels are involved in a
multitude of physiological functions including cell metabolism, hormone secretion,
and neuronal signaling regulation”. For example, Kp channels underlie background
potassium currents that contribute to stabilizing the resting membrane potential and
counterbalance depolarization. In addition, the expression of TASK-3 channels, which
belongs to the Kyp channel family, regulates granule neuron apoptosis during the early

development of the cerebellum'

. Similarly, TASK-3 channels are considered
potentially to be involved in carcinogenesis and tumor progression'*. In pancreatic
cells, Katp channels coassembled from the sulfonylurea receptor (SUR) and Kj; pore
forming subunits regulate insulin secretion by sensing the changes of intracellular

ATP levels"'. In hippocampal CA1 pyramidal neurons, big conductance Ca’'-

activated potassium channels (BK channels) provide robust potassium currents that



contribute to repolarization of action potential (AP), give rise to a fast
afterhyperpolarization (fFAHP) and shape dendritic Ca®" spikes'™'®!". In the same
neurons, Kv4 voltage-gated channels are found mainly on distal portions of dendrites
and in dendritic spines, modulating cell excitability and action potential

20,21,22
waveforms>%122,

11.1.3. Calcium activated potassium channels

Kc, channels are widely expressed in neuronal and nonneuronal tissues including
epithelia and smooth muscle cells, where they link excitability and intracellular Ca*"
concentration to modulate neuronal firing pattern or smooth muscle tone. Based on
their conductance, Kc, channels are divided into four subtypes: BK channels that
exhibit big conductance (100-200 pS), IK channels that have intermediate
conductance, SK channels that display small conductance (10-20 pS) and an as yet
unidentified channel underlying the slow afterhyperpolarization (sAHP) that is
responsible for spike-frequency adaptation in many central neurons. In 1991, the first
Kc, channel cDNA was cloned from Drosophila®**. Subunits from the known Kc,
channel family have six transmembrane segments similar to the Kv subunits, except
for BK channels in which the N-terminus makes a seventh pass across the membrane
to end up outside the cell”. In addition, the BK channels are gated not only by
intracellular Ca®" concentration but also by action of membrane depolarization®. In

fact, BK channels are really voltage-gated channels with an open probability that is

modulated by Ca®".

10



I1.2. Small-conductance Ca** activated K channels

11.2.1. Identification of SK channels

In 1958, Gardos first described that the changes of internal Ca*" either by adding
ethylenediaminetetraacetate (EGTA) or CaCl, affects potassium outflow across
membranes prepared from red blood cells”. In 1972, Meech and colleagues
postulated the Ca’" activated potassium conductance by observing that a
microinjection of Ca*" hyperpolarized the membrane potential of an Aplysia neuron
because of a specific increase in potassium conductance™. With improved patch-
clamp techniques, in 1981, Lux et al. described that single channel recordings from
Helix neurons showed a 19 pS Ca’-activated potassium conductance™. Later,
potassium channels with a similar small conductance were observed in cultured
bovine adrenal chromaffin cells using patch-clamp techniques’™'. In 1986, SK
channels were first identified as small conductance Kc, channels in cultured rat
muscle cells, with the single-channel conductance around 15 pS*, and being blocked
by peptide toxin apamin, which is an 18 amino acid peptide with two disulfide bridges

and a C-terminal amide derived from bee venom®>.

11.2.2. History of apamin

Apamin is a remarkably selective toxin, blocking SK channels and having no other

known targets. Thus, apamin selectivity is a fingerprint for SK channel activity. In

1978, Vladimirova et al. described the role of apamin as a specific blocker of

11



inhibitory postsynaptic potentials (IPSPs) and membrane hyperpolarization caused by
nonadrenergic inhibitory nerve stimulations or exogenous ATP application to visceral
smooth muscle cells®®. A year later, Banks and Burgess et al. revealed that the
inhibition of hyperpolarization caused by apamin was due to block of increased
potassium permeability induced by agent such as ATP*. In 1981, Burgess et al.
reported that apamin blocks potassium efflux through Ca*'-dependent potassium
channels in guinea pig and rabbit liver cells’®. By radiolabelling iodo-apamin, Hugues
et al. in 1982 confirmed apamin inhibition of Ca*"-dependent potassium channels and
identified a putative protein component of the Kc, channel that interacts with

738 After identifying the SK channels by applying apamin in 19867,

apamin
subsequent structural modeling and mutagenesis studies of the binding site of apamin
to SK channel revealed that, unlike traditional potassium channel blockers, such as
tetracthylammonium (TEA) which binds deep within channel pore to physically
exclude potassium ions permeability, apamin would bind to the outer vestibule of the

39,40

pore as well as the S3-S4 extracellular loop‘“’42

of the SK channels, suggesting an

allosteric blockage of channel activity.

11.2.3. Cloning and structure of SK channels

In 1996, the SK channels were first cloned*. The amino acid sequences revealed that
SK channel subunits share similar transmembrane topology with Kv channels, having
six transmembrane segments and cytosolic N- and C-termini. Among three cDNA

clones (SK1-3) that encode SK channel®, SK1 and SK2 are predominantly expressed

12



in neurons in neurons while SK3 is expressed both neuronal and nonneuronal cells
such as endothelial and smooth muscle cells****. In addition, Gardos’ description of
a Ca’-activated potassium flux in 1958 provided a prototypic member of a
intermediate conductance Ca*"-activated potassium channel with a conductance of 20-
80 pS*™*". In 1997, sequence homology screens from pancreas® and placenta®
identified the fourth member of the family, IK1 (SK4). The IK channels are mainly

4 .
30, 9’50, and in some

expressed in blood cell, epithelial and smooth muscle cells
peripheral neurons such as dorsal root ganglia®’. Recent reports suggest there may be

some IK1 expression in central nervous system (CNS).

Although the overall architecture of SK subunits is conserved with voltage-gated
potassium channels, the S4 segment, which confers voltage sensitivity to the Kv
channel, shows a reduced number and disrupted array of positively charged amino
acids in SK channels*®*. The SK channels retain only two of the seven positively
charged amino acids that are found in the S4 segment of Kv channels, and only one of
these residues corresponds to the four arginine residues that carry the gating chargers
in Kv channels. The primary sequence difference explains the observed voltage
independence of SK channels in the molecular level. Despite the highly conserved
pore regions among different potassium channels, the most conserved domain among
SK channel subunits is the intracellular C terminus immediately following the sixth
transmembrane segment. Subsequent studies revealed an important role of this region

for Ca®" gating®*™".

Heterologous expression of rodent SK2 or SK3 subunits results in functional

43,54

homomeric apamin-sensitive SK channels™". In contrast, rat SK1 does not form

13



functional channels in the plasma membrane. Instead, the SK1 proteins remain largely
at intracellular locations® . Several studies have shown that SK channels can also form
heretomeric chennels. Co-assembly of rat SK1 potassium channel subunit with rat
SK2 results in a large current with a reduced sensitivity for apamin compared with rat
SK2 alone™. Ishii et all showed heteromeric SK channels composed of human SK1
and rat SK2 subunits in Xenopus oocytes have an intermediate sensitivity for apamin
compared with homomeric human SK1 or rat SK2 channels”. Immunoprecipitation
from heterologously expressed subunits or from rat brain suggest heteromeric
assembly of SK2 and Sk3°°. Surprisingly, human SK 1 subunits reduced the functional
expression of rat SK3 channels in a heterologous expression system, which might be
explained by the retention of heteromeric hSKI1/rSK3 channels in intracellular

locations’’.

I1.2.4. SK channel activation, Ca’* gating and modulation

SK channels are gated directly by submicromolar concentrations of intracellular Ca*"
ions (ICsp= 300-700 nM)*****° and the Hill coefficients greater than 1 suggesting that
multiple Ca®" ions are involved in a cooperative gating process™. The time constant of
SK channel activation is ~ 5 ms, while the time constant for channel deactivation

ranges from 15-60 ms®.

Site-directed mutagenesis studies of predicted intracellular negatively charged Ca*'-
binding residues indicated that their pore-forming subunits do not contain an intrinsic

Ca’" binding domain. Instead, each subunit of SK channels displays a highly

14



conserved domain, the ‘calmodulin-binding domain’ (CaMBD), which is located
immediately following the sixth transmembrane segment and stretches over
approximately 90 amino acids®®. Yeast two-hybrid analysis and in vitro binding
experiments revealed that the CaMBD is responsible for both Ca*"-dependent and
Ca”"-independent interactions with calmodulin (CaM). CaM is a small acidic protein
ubiquitously expressed in eukaryotic cells, which has four approximately symmetrical
E-F hand motifs, two at either end of the protein, that bind Ca** ions. The E-F hand
53,61

containing N- and C-terminal lobes are separated by a flexible linker region

Therefore, SK channels use CaM as a Ca®" sensor to trigger the channel gating.

The crystal structure of the CaMBD in complex with CaM and in the absence or
presence of Ca®" ions showed that in the absence of Ca*", the CaMBD-CaM complex
1s monomeric. In contrast, in the presence of Caz+, the structure becomes a dimer — 2
CaMs and 2 CaMBDs. The components are arranged such that the CaMs bridge the
CaMBDs that are themselves antiparallel; each CaM touches each CaMBD but the
CaMBDs do not interact with each other. In addition, the N-lobe E-F hands are Ca*’
loaded while the C-lobe E-F hands are vacant. Further examination shows that the C-
lobe E-F hands are ‘warped’ — their planar geometry is disrupted due to multiple

strong interactions with the CaMBDs, rendering them unable to chelate Ca** ions™.

Comparison of Ca’"-bound and -free forms of the complex suggests that Ca*” binding
to the CaM N-lobe leads to folding and dimerization of the complex, the ultimate
outcome of which are large conformational changes in CaMBD residues 430-440,
which is directly attached to the inner S6 pore gating helix, by more than 90°

rotation®. In consequence, the SK channel changes its conformation from a tetramer

15



of monomers to a folded dimer of dimers, yielding a mechanical opening of the

2
channel gate®>®.

Further study of the SK channel and CaM complex by Lee et al. showed that
heterologous expression of double charge reversal in SK2, SK2 R464E/K467E, which
interrupts the electrostatic interaction with CaM, did not yield detectable surface
expression or channel activity in whole cell or inside-out patching recordings,
indicating the SK channel surface expression requires constitutive interaction with
CaM®. However, co-expression of SK2 R464E/K467E with CaM E84R/E87K
produced functional channels. Also, co-expression of SK2 R464E/K467E with ‘extra’
CaM rescued surface expression and transient channel activity right after inside-out
patch excision exposed to Ca®’. After channel activity had ceased, it could be
reconstituted by application of CaM to the inside face of the patch. Taken together,
these results show that constitutive interaction of SK2 with CaM is required for

. 24 .
surface expression and Ca®" gating®.

Subsequent studies by Li et al. showed that the EF hands at the CaM N-lobe, other
than binding Ca*" ions for SK channels gating, are also required for stable SK-CaM
interaction®. They studied two different SK2 splice variants, SK2-a and SK2-b whose
primary amino acid sequences are virtually identical with the exception that SK2-b
has three addition amino acid residues-A463, R464, and K465-in its CaBMD, which
reduces SK2-b channel Ca”" sensitivity. Recent structural analysis showed that the
additional three amino acid residues rotate the downstream residues of CaMBD in
SK2-b channel subunits by ~ 300°, which effectively changes the relative spatial

orientations of the two fragments in CaMBD that interact with CaM, and allows

16



substantial conformational changes of CaM C-lobe, resulting in the overall reduced
Ca®" sensitivity in SK2-b channels®. Thus, SK channels use a unique, constitutive

interaction with the ubiquitous Ca>" sensor, CaM to drive Ca®" gating.

Proteomics analysis revealed that in addition to the CaM, SK2 and SK3 have
additional association with protein kinase CK2 and protein phosphatase 2A (PP2A),
that alter Ca®" sensitivity®™®’. In complex with the SK channels, CK2 does not
phosphorylate the channel, but rather phosphorylates CaM at T80, reducing Ca®"
sensitivity ~ 3-fold, while PP2A dephosphorylates T80 and increases the Ca®’
sensitivity ~ 3-fold. Remarkably, the actions of CK2 and PP2A on SK-bound CaM
are strictly state-dependent, representing the only known instance of state dependent
ion channels modulation by a protein kinase/phosphatase. CK2 works only when the
SK channels are in the closed state, resulting in a reduced Ca’’-sensitivity of the
channels. The effect is counterbalanced by PP2A dephosphorylation of the same
residue when the channels are open®™®’. This exquisite state dependence is endowed
by the relative conformation of a single lysine residue (K121) in the N-terminal
domain of SK2 channels. Therefore, the state dependent CK2 and PP2A modulations

endow the SK channels with dynamic Ca*"-sensitivities.

The relevance of CK2/PP2A modulation has been revealed in several studies. In one
study, in superior cervical ganglion neurons, instead of decreasing the Ca®" source for
SK channels, noradrenaline and somatostatin decrease SK channel activity in a CK2-
dependent manner. They reduce the Ca*" sensitivity of channel gating by promoting
CK2 phosphorylation of CaM, therefore, reducing the AHP and spike-frequency

adaption of the neurons®. In hippocampal CA1 pyramidal neurons, activation of M1

17



muscarinic acetylcholine receptors (mAChRs) increases excitatory postsynaptic
potentials (EPSPs) and spine Ca®" transients. However, using 2 photon glutamate
uncaging onto single spines on apical dendrites of CA1 neurons, Giessle and Sabatini
reported that M1 AChR activation does not work through direct modulation of N-
methyl-D-aspartate receptors (NMDARs), but through CK2 to decreases the Ca®’
sensitivity of the SK channels, thereby increasing synaptic responses®’. Interestingly,
Buchanan et al. observed the same result of M1 activation decreasing SK channel
activity by a theta burst pairing protocol and Shaffer collateral stimulations. However,
they found no evidence that this occurs through CK2, but rather involves the protein
kinase C modulation of SK’. Also, in hypothalamic pre-sympathetic neurons,
Pachuau et al. found that CK2 phosphorylation of CaM leads to diminished SK
channel function, which is important in regulating the activities of pre-sympathetic
neurons involved in hypertension’'. Thus, CK2/PP2A play important role regulating

SK channel activity.

11.2.5. SK channel pharmacology

SK channels are potently and selectively blocked by apamin, a 18-amino-acid peptide
derived from the Apis melllifera venom®>>>. Apamin had proved to be extremely

valuable as a highly specific blocker for which the only known receptors are the SK

39,40

channels, with the binding sites of the outer vestibule of the pore as well as the

41,42

S3-S4 extracellular loop of the SK channels. Interestingly, the SK channel

subtypes present different sensitivity to this toxin, with SK2 channels being the most

18



sensitive (ICso = 27-140 pM), SK3 channels displaying an intermediate sensitivity to
apamin (ICso = 0.6-4.0 nM), and human SK1 channels being the least sensitive (ICso =
0.7-12.0 nM) whereas the rat SK1 is apamin insensitive. IK (SK4) channels are
insensitive to apamin, but are blocked by clotrimazole/Tram34 and the scorpion toxin

charybdotoxin.

Besides apamin, several scorpion toxins specifically target SK channels. These
include tamapin from the Mesobuthus tamulus, leiurotoxin-1 from scorpion Leiurus
quinquestriatus and P05 from Androctonus mauretanicus. All of these scorpion toxins
and apamin contain an RXCQ motif, which is crucial for binding to SK2 channels’".
Tamapin binds with a higher affinity to SK2 than SK3 channels (~70-fold difference),
and it binds deep within the pore to cause block by pore occlusion. As with tamapin,
leturotoxin-I binds deep within the channel pore to occlude ion conduction, but it
blocks both SK2 and SK3 with lower affinity than tamapin, and with only ~ 5-fold
discrimination between channel subtypes’*. Other less selective compounds such as
D-tubocurarine and 2-aminobenzimizoles also block SK channels. The amino acids
identified in the outer pore region that influence the sensitivity of SK channels to
apamin also affected the sensitivity for D-tubocurarine, indicating that D-tubocurarine
is likely to bind to the outer pore region of the channel’”. Unlike the pore block

mechanism of scorpion toxins, the 2-aminobenzimizole is a negative gating modulator

that decreases the sensitivity of the channels to Ca*" ions”.

A number of compounds, on the other hand, act as positive modulators to enhance SK
channel activity. These compounds, including 1-Ethyl-2-benzimidazolinone (1-EBIO),

6,7-dichloro-1H-indole-2,3-dione 3-oxime (NS309), 4,5-dichloro-1,3-diethyl-1,3-

19



dihydro-benzoimidazol-2-one  (NS4591) and N-cyclohexyl-N-[2-(3,4-dimethyl-
pyrazol-1-yl)-6-methyl-4-pyrimidinamine] (CyPPA), target the association of CaM
with CaMBD in SK channels. 1-EBIO was first shown to enhance IK channels in T84
epithelial cells’®. Subsequently 1-EBIO was demonstrated to interact with the C
terminal of SK2 channel subunit, slowing down deactivation of SK2 channels by
almost 10-fold with no obvious effects on either activation kinetics or amplitude of
SK2 currents in auditory outer hair cells and hippocampal pyramidal cells, therefore,
shifting the Ca®" sensitivity of SK2 channels toward lower concentration’"’®,
Application of the more potent NS309 enables recovery of rundown of SK channel
activity from mutant CaM, suggesting it acts to stabilize the association of CaM and
the SK channel subunit®. Similarly, CyPPA was developed with an improved

selectivity profile, enhancing the Ca®" sensitivity of SK2 and SK3 but not SK1 and IK

channels”.

11.2.6. SK channel distribution and localization

Over the past few decades, SK channels have been identified and studied in numerous

. 28,29,44,45,51,56,77
neuronal and non-neuronal issues, such as the central nervous system™"""">"" ,

323430 adrenal chromaffin cells’'*’, T-lymphocytes™,

blood C€11827’30’36, muscle cells
hepatocytes®® and epithelia cells’®, indicating that SK channels are important for the
function of many cell types, and even come with synergic physiological effects from

different cell types. For example, in vascular endothelium, the activation of

endothelial IK1 or SK3 channels hyperpolarizes endothelial cell membrane potential,
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increases Ca”" influx, and lead to the release of vasoactive factors, thereby impacting
blood pressure®™. While in hypothalamic pre-sympathetic neurons, the activation of
SK3 channels affects the firing pattern of hypothalamic paraventricular nucleus,

which plays an important role in regulating blood pressure’".

In the mature rat CNS, in situ hybridization in accordance with immunohistochemical
studies has shown that SK1-3 channel subunits have partially overlapping, but clearly
distinct distribution patterns, with SK1 and SK2 showing extensive colocalization,

and SK3 having a complementary distribution***>*!

. Expression at high levels of all
three SK subunits in the same cell types could be detected in only a few brain regions,
including the entorhinal cortex and the subiculum, the thalamic anterodorsal nucleus,
and ambiguus and facial nuclei. Neurons showing the strongest labeling for both SK1
and SK2 were found in the subiculum, layer V of the neocortex, CA1-3 layers of the
hippocampus, gigantocellular reticular nucleus, and facial nucleus. Additionally,
labeling for the apamin-insensitive SK1 subunit was highest in the entorhinal cortex,
lateral hypothalamic area, lateral mammillary nucleus, zona incerta, nuclei of the
solitary tract and of the trapezoid body, and oculomotor, trochlear, parabigeminal, and
red nuclei. The highly apamin-sensitive SK2 subunit showed maximal expression also
in the hilar region of the hippocampus, tenia tecta, reticular thalamic nucleus, motor
trigeminal, pontine, inferior olivary, and lateral reticular nuclei. Labeling for the low
apamin-sensitive SK3 subunit was highest in the lateral septal and septohippocampal
nuclei, substantia nigra, medial habenula, dorsal and central thalamic nuclei, dorsal
raphe nucleus, locus coeruleus, ambiguus and dorsal motor nucleus of the vagus, and

Golgi cells in the cerebellum. In addition, using confocal microscopy and SK3

specific antibodies, the SK3 channels are also localized presynaptically in the motor
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nerve terminals, though the SK3 immunoreactivity is not found until postnatal day 35,
indicating a developmental expression of SK3 channels in the motor neuron
terminals®*. Taken together, these studies suggest that specific SK subunits contribute

to neuronal excitability and function in different brain regions.

Within the hippocampus, Stocker et al. showed that all SK1-3 mRNAs are present in
the rat hippocampal CA1 to CA3 region, displaying different expression patterns and
abundance. In particular, CA1 neurons express high levels of apamin sensitive SK2
transcript, moderate levels of apamin insensitive SK1 and low levels of SK3
subunits®. Patch-clamp recordings from transgenic knock-out mice revealed that in
CA1 neurons, the amplitude of the apamin-sensitive tail current was not significantly
different in mice lacking SK1 or SK3, but was not present in SK2 knock-out mice®*,
These results, taken together with the pharmacological profile of SK channel subtypes,

indicate that SK2 channels are required for the SK currents in CA1 pyramidal neurons.

A close look at SK2 channel localization from live-cell immunostaining of a cultured
hippocampal CA1 neuron expressing an external epitope tagged SK2 reveals that
immunoreactivity was minimally detected in the soma. However, clusters of SK2
immunoreactivity were detected in the dendritic shafts and a recurrent axon®.
Strikingly, each of the dendritic spines was decorated with SK2 immunoreactivity.
Within the spine compartment, immunoelectron microscopy (iIEM) for native SK2
demonstrated expression of SK2 in the postsynaptic density (PSD) where SK2
immunoparticles were co-distributed with immunoparticles for NMDARs™. The SK2
channel localization in dendrites and dendritic spines suggest an appropriate target for

studying the role of SK2 channels in synaptic physiology.
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Using iEM to study the temporal and spatial expression of SK2 in the developing
mouse hippocampus, Ballesteros-Merino et al. showed that the SK2 protein increases
with age, which is accompanied by a shift in subcellular localization®’. In early
development (P5), SK2 was predominantly localized to the endoplasmic reticulum in
the pyramidal cell layer. By P30 SK2 was almost exclusively expressed in the
dendrites and spines, with an increased expression level at the PSD. In consequence,
electrophysiology recording displayed an increased apamin blockage of SK2 channels

over time.

11.2.7. SK channel activity and the afterhyperpolarization

The SK channels are activated by a rise in intracellular Ca*’ ions, and, in some cells,
they integrate Ca”" signals over time to modulate repetitive electrical activity and
firing pattern. For example, SK2 channels are found in the heart with a great
abundance in the atrial myocytes. The SK2 channel activation contributes to the late
phase of the cardiac action potential (repolarization), which is susceptible to aberrant
excitation such as early after depolarization and arrhythmias®**’. Particularly in some
CNS neurons, the resulting outflow of potassium currents from the SK channel
activation contributes to the generation of an AHP of medium duration (mAHP) that

follows single or bursts of action potentials’®™

. During single action potentials,
transient depolarization of the membrane opens Kv and K¢, channels, the potassium

channel mediated outward currents, especially from Kc,, outlast the action potentials

and tend to hyperpolarize the cells, consequently generating afterhyperpolarization.
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The AHPs that follow a single spike or a spike train can mediate different forms of
feedback regulation of excitability, for example, the increased potassium conductance
underlies the AHP influences the voltage trajectory between APs, thus setting the cell
firing frequency. In addition, repetitive firings result in summation of the AHP that
gradually changes firing frequency from high to low or even stops firing in spite of
the persistent input, termed spike frequency adaptation, which protects the neurons
from the deleterious effects of continuous tetanic activity™’. Consequently, in many
different types of neurons such as dopaminergic neurons and cerebellar Purkinje
neurons, blocking SK channels with apamin reduces the regularity of firing and

91,92,93,94

promotes the transition towards burst firing . Conversely, enhancing SK

channel with 1-EBIO concerts burst firing into regular firing or stabilizes the

o . 1,92,95
spontaneous repetitive firing mode’®*"*>%°

In the well-studied CA1l pyramidal neuron, the AHP may be divided into three
overlapping kinetic components: fast (FAHP), medium (mAHP), and slow (sAHP).
The fAHP overlaps the falling phase of the AP and contributes to spike repolarization
and the initial component of the AHP, which lasts for 10-20 ms and whose underling
channels are BK channels'"'®'’. Following AP and fAHP, the mAHP activates
rapidly and lasts from a few tens to a few hundreds of milliseconds®**, while sAHP
can last for a few seconds’®®’. Both mAHP and sAHP play a major role in successive

slowing of the spike frequency’ >,

Using a somatic whole cell voltage-clamp, depolarizing voltage steps generate an
unclamped Ca”" action current. Upon repolarization, the activity of Ca*"-dependent

and other voltage dependent K currents are seen as a tail current”. The identity of the
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underlying channels is determined by kinetic and pharmacological analysis. In doing
so, at 50 nM, apamin selectively blocked medium component of AHP current in
hippocampal pyramidal neurons that hyperpolarized the membranes away from spike
threshold, resulting in repetitive firing™. In addition, the apamin-sensitive mAHP
current (ImAHP) 1s absent in hippocampal CA1 neurons from SK2 channel knock-out
mice™. These finding suggests that activation of SK channels, especially SK2
channels, contributes to the ImAHP in these neurons. The role of SK channels was
confirmed by reports that 1-EBIO enhanced the AHP and terminated repetitive firing

in hippocampal neurons’*"’

. In accordingly, apamin sensitive ImAHP has been
recorded in many different brains areas, including spinal motoneurons, pyramidal
neurons in the sensory cortex and so on (for a review, see ref. 99), which is largely in

agreement with the widespread distribution of apamin-binding sites and SK channel

mRNA44,100

When studying the contributions of different channels to the AHP, the recording
technique used is an important contributor to date interpretation. In this regard,
whether the SK channels determine the mAHP is still controversial. Even by using
voltage-clamp recording, Lancaster and Nicoll in 1987, and Storm in 1989 reported
that the muscarinic agonist carbachol at 40-50 uM or TEA at 1-10 mM partially
reduced mAHP current in CA1 pyramidal neurons, suggesting voltage-dependent Iy,

Ca®" and voltage-dependent Ic are components of the mAHP'®'"!

. When using a
current-clamp recording to measure the AHP following APs, recent work by Gu et al.
showed that blocking Kv7 M-channel with XE991 at 10 uM suppressed the mAHP

and increased the number of APs and enhanced promoted bursting, while M-channel

opener retigabine reduced excitability. In addition, application of H-channel blocker
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ZD7288 fully suppressed the mAHP, indicating that M- and H-channels generate the
somatic mAHP in hippocampal pyramidal cells, though the tail currents consistently
show a pronounced apamin-sensitive component'*>'®. The possible explanation for
this discrepancy is that under voltage-clamp condition, the depolarization commend
last much longer (>10 ms) than action potentials (1-2 ms) in current-clamp recordings.
This difference in depolarization duration can account for an increased Ca®" influx in
voltage-clamp experiment. In this context, it is possible that under low-frequency
stimulation, M and H channels account for mAHP, while SK becomes relevant under
higher frequencies where Ca”" is bigger, or under Ca®" spike. Indeed, most recent
report from Chen et al. shows that although the SK channels can generate a mAHP
current, they play only an auxiliary role in controlling the intrinsic excitability of
pyramidal CA1 neurons, secondary to the M channels, as the SK channel activation
significantly reduces spike output only when the M channel activity is

: 104
compromised'®*.

The channels underlying the sAHP have not been molecularly identified. It was
originally thought to be a member of the SK family. In the 1980s, there are studies
showing that Ca®" dependent, voltage independent potassium channels underlie the

SAHP'®, and that the SAHP is resistant to apamin'®*'""

. Taken together with the fact
that rat SK1 1is insensitive to apamin, this makes the SK1 channels a prominent
candidate for the channels underlying the SAHP. However, results from transgenic
mice showed that the SAHP current remains intact in mice that lacking either SK1,
SK2 or SK3, while the apamin-sensitive mAHP current was selectively abolished in

CA1 pyramidal neurons from SK2 null mice™. These findings strongly confirm that

SK1 channels are unlikely underlie sAHP.
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11.2.8. SK channel and synaptic plasticity, learning and memory

Synaptic plasticity is the ability of synapses to strengthen or weaken depending upon
patterns of activity. Historically, it was generally thought that the role of the synapse
was to simply transfer information between one neuron and another neuron or a
muscle cell, and that the connections were relatively fixed in their strength'. Not until
the end of 19" century, when Spanish neuroanatomist Santiago Ramon y Cajal first
suggested a mechanism of learning based upon the new formation of axonal
collaterals and dendrites, and proposed that memories might be formed by
strengthening the connections between existing neurons to improve the effectiveness
of their communication'®. In 1949, Donald Hebb introduced Hebbian theory, which
describes a basic mechanism for synaptic plasticity, where an increase in synaptic
efficacy arises from the presynaptic cell’s repeated and persistent stimulation of the

postsynaptic cell'”’

. Using patch-clamp techniques, around 1970s, Bliss and Lemo
conducted recordings in the hippocampal dentate granule neurons of adult cats and
rabbits and found that brief repetitive activation of excitatory pathways resulted in a
substantial increase in synaptic strength that lasts for many hours, even days'*'%!'"°,
Since its initial discovery, this synaptic enhancement, called long-term potentiation
(LTP), has provided the most compelling model at the cellular level for learning and
memory. Today, LTP is defined as an increase in synaptic responses following
potentiating pulses of electrical stimuli that sustains at a level above the baseline

responses for hours or longer. Conversely, brief activation of an excitatory pathway

can also produce a long-term depression (LTD) of synaptic transmission, which is an
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activity dependent reduction in the efficacy of neuronal synapses lasting for hours or

longer. Both LTP and LTD are forms of long-term synaptic plasticity.

Since Bliss and Lemo’s initial description of long-term synaptic enhancement, LTP in
the CA1 region of the hippocampus has been the most extensively studied model.
Initial efforts focused on the mechanism of the induction of LTP and found that the
activation of NMDA receptors, the rise in postsynaptic Ca’" and postsynaptic

depolarization are required for LTP induction' "

. By taking advantage of
pharmacology, Collingridge et al. in 1983 found that blocking NMDARs with D-2-
amino-5-phosphonovalerate (APV) completely blocked LTP following tetanic
stimulation at CA3-CAl pathway in rat hippocampus, indicating that NMDAR

activity is required for LTP''"

. In the same year, Lynch et al. reported that
intracellular injections of the Ca”" chelator EGTA blocked the development of LTP in
hippocampus''®. In 1986, a group of studies showed that injecting depolarizing
current into the postsynaptic cell of hippocampal pyramidal neurons substituted for a
strong tetanus and was sufficient to cause LTP when paired with a weak input''*!!>!1,
In addition, the induction of LTP can be blocked by preventing the depolarization
either by voltage clamping the cell or hyperpolarizing the membrane during a strong
tetanic stimulation''®'"”. Taken together with the findings that NMDARs exhibit a

180,181
%" and

voltage-dependent block by physiological levels of extracellular magnesium
that NMDARs are permeable to Ca’" ions'™'®, all of these studies suggest a
NMDAR-dependent LTP mechanism in which Ca®" influx through NMDARs
depolarizes cells, increased intracellular Ca** leads to induction of LTP''"'"* In 1992,

NMDAR-dependent LTD was discovered in the hippocampus as well'"’.
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Subsequent studies revealed that the dynamic of a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptors (AMPARSs) also plays an important role in LTP and
LTD. In 1995, Issac and Liao et al. first described silent synapses in hippocampal
CA1 cells that express NMDARs but not AMPARs acquired AMPA-type responses
following LTP, indicating that LTP may involve modification of AMPARs'*"'*!. By
expressing GFP-tagged receptors in organotypic hippocampal slices, Shi et al. in 1999
visualized that the AMPAR was recruited to synaptic spines after LTP induction and
this recruitment paralleled synaptic strengthening'*?. Using single particle tracking
techniques, Borgdorff et al. found that AMPARs were present in both PSD and
extrasynaptic membranes, where they moved from extrasynaptic membrane into PSD
after LTP induction'>. These results show that AMPARs are dynamically trafficking

and undergoing exocytosis and lateral diffusion during synaptic plasticity, which

effectively increases the depolarizing drive upon excitatory synaptic transmission'*.

SK2 channels are expressed in the PSD of dendritic spines on CA1 pyramidal neurons
and play important roles in synaptic physiology. In 2005, Ngo-Anh et al. showed that
spine SK2-containing channels are activated by synaptically evoked Ca®" influx that
required NMDAR activity, and the SK-mediated repolarization activity provides a
local shunting current to reduce the EPSP and promote rapid Mg*" block of NMDARSs,
limiting the spine Ca’" transient®. Thus, blocking synaptic SK2-containing channels
with the highly selective blocker, apamin, boosts EPSPs and the spine Ca”" transient
by as much as 50%". In the same year, Faber et al. reported the similar feedback loop
in lateral amygdala pyramidal neurons'®’. Consistent with this, synaptic SK2 channel

activity modulates the induction of synaptic plasticity. The first study that directly
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linked SK channel activity to synaptic plasticity was reported by Behnisch and
Reymann in 1998, in which blocking SK channels with apamin intensified LTP that
was induced by a single 100 Hz tetanus in the CA1 region of rat hippocampal slices'%.
Later, Stackman et al. measured the frequency-response relationship for the induction
of synaptic plasticity in area CA1. The results showed that apamin application shifted
the modification threshold to reduced conditioning frequencies; therefore, apamin
facilitated the induction of plasticity'?’. The role of SK2-containing channels was
further substantiated by transgenic over-expression of SK2 or pharmacologically
increasing SK2-containing channel activity; both manipulations impaired the
induction of synaptic plasticity'**. In addition to influencing induction, synaptic SK2-
containing channel trafficking contributes to the expression of LTP. At Schaffer
collateral-CA1 synapses, Lin et al. revealed that SK2-containing channel activity was
abolished after LTP induction, and showed that this is due to SK2 internalization from
the PSD into the spine, a process that requires a protein kinase A (PKA)*®. Using a
combination of electrophysiology and immunoelectron microscopy, Lin et al. later
reported that LTP dependent endocytosis of SK2 is coupled with AMPAR
exocytosis'>, suggesting that the increase in AMPARs and the decrease in SK2
channels combine to produce the increased EPSP, therefore engendering the

expression of LTP.

Apamin crosses the blood-brain barrier; thus, it has been used in behavioral studies to
investigate the role of SK channels in cognitive functions. Systemic apamin
administration facilitates some forms of learning and improves the memory
performance of mice and rats. The first such study, conducted by Messier et al.,

reported that systemic apamin injection accelerated the acquisition of a bar pressing
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response in mice that was motivated by appetite'*’. In rats, apamin administration
improved learning in an object-recognition task and the acquisition of information in a
habituation task'*"'**. Consistently, apamin treated mice exhibit faster learning of the
platform location during the initial training trials in the Morris water maze, suggesting
blockage of SK channels facilitates an early stage of hippocampus dependent spatial
memory encoding'?’. In contrast, SK2 overexpression mice cannot learn the platform
location, and exhibit significantly less context dependent freezing'*"'**. Moreover,
Blank et al. reported that the expression of SK3 increases with age in the hippocampal
formation, thereby contributing to an age-related reduction in hippocampal LTP and

. . e . . . 134
impaired trace fear conditioning in older mice'

. Thus, the expression of SK channels
in the PSD is centrally important to normal neurotransmission, synaptic plasticity and

memory encoding.

In summary, SK channels are multiprotein complexes of 7 transmembrane pore-
forming subunits in complex with CaM which mediates Ca>" gating, CK2 and PP2A,
which modulate the Ca*" sensitivity of the SK channels. SK channels are widely
expressed in the brain, and in may principal neurons, SK channels are expressed in the
postsynaptic membrane, where they modulate synaptic responses, influence the
induction of synaptic plasticity, and affect learning. The study of the Ca”" source for
activating SK channels and how their activity contributes to synaptic plasticity in CAl

pyramidal neurons is of great interest in my thesis project.
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SPECIFIC AIMS

Aim 1: Studying the role of SK2-L in synaptic plasticity in CA1l pyramidal neurons.

The SK2 gene uses two promoters to encode two SK2 isoforms that differ only in the
length of the intracellular N-terminal domain, with a long form (SK2-L) having an
extra 207 amino acids at the N terminus than a short form (SK-S)**. The two isoforms
are expressed in many of the same brain regions, including hippocampus®. When
heterologously expressed separately, functional homomeric SK2-L channels and
homomeric SK2-S channels yield similar Ca*" sensitivity and amplitudes of whole-
cell currents, but differ in currents from excised patches®®. Preliminary results from
the laboratory show that: 1. SK2-L directs the subcellular localization of synaptic
SK2-containing channels and is important for normal synaptic signaling. 2. In
transgenic mice that selectively lack SK2-L (SK2-S only mice), SK2-S-containing
channels are expressed in the extrasynaptic spine plasma membrane, but are excluded
from the PSD on CA1 pyramidal neurons. 3. The SK2 channel contribution to EPSP

is abolished in SK2-S only mice and could be restored by SK2-L re-expression.

The SK2 channel expression in the PSD is important in synaptic plasticity, field
potential recording in area CAl in wild-type mice have shown that blocking SK
channels facilitates the induction of synaptic plasticity'?’. To investigate the roles of
SK2-L in synaptic plasticity in CA1 pyramidal neurons, we used SK2-S only mice to
study the LTP induced in area CA1 in slices. We find that blocking SK channels with
apamin increases LTP in wild-type mice but has no effect in SK2-S only mice.

Therefore, SK2-L expression is important for normal synaptic plasticity.
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Aim 2: Studying the Ca’" source for SK channel activity in dendritic spines of CA1

pyramidal neurons.

Ca®" is a ubiquitous second messenger and the activation of Ca*"-dependent ion
channels is perhaps the most rapid response to discrete elevations of cytosolic Ca”".
The SK channels are prime examples, being gated solely by intracellular Ca®" ions
with an ECsyp of ~0.5uM. In spines of CAl pyramidal neurons in hippocampus,
synaptic stimulation activates synaptic SK2 channels and Ca®" influx through
NMDARs opens SK2 channels, which serve as an intrinsic feedback mechanism to
limit NMDAR-dependent Ca®" transients®. One central piece of evidence was that
blocking NMDARs occluded the apamin effect on boosting the EPSP and Ca®"
transient. Subsequent work using 2-photon laser photoactivation of caged glutamate
onto single spines showed that Ca®" influx through SNX-sensitive R-type Ca’’
channels, which are activated secondary to NMDARs, opens SK2 channels'*>"°.
Blocking R-type Ca®" channels with SNX-482 occludes the apamin effect on boosting
glutamate uncaging-evoked EPSP'*®. However, dialyzing CA1 pyramidal neurons
with the fast Ca®" buffer 1,2-bis(o-aminophenoxy)ethane-N’N"N’-tetraacetic acid
(BAPTA) but not the slow buffer EGTA occluded the apamin effect on the EPSP,
suggesting the SK2 channels and their Ca*" source reside within 25-50 nm®’.
Immunoelectron microscopy (IEM) demonstrated expression of SK2 in the PSD
where SK2 immunoparticles were codistributed with immunoparticles for NMDARs"®,
whereas R-type Ca®" channels are predominantly localized in extrasynaptic areas'’,
indicating that synaptic SK2 channels and NMDARs are in close anatomical

proximity. Here we tested whether SNX occludes synaptically evoked activation of

apamin sensitive SK channels in spines. We find that synaptic stimulations reveal the
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presence of two Ca’" signaling pathways within the spine head, one that couples
NMDARs with apamin-sensitive SK channels and another that couples SNX-sensitive

R-type Ca”" channels with 4-AP-sensitive K,4.2 containing channels.
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ABSTRACT

SK2-containing channels are expressed in the postsynaptic density (PSD) of dendritic
spines on mouse hippocampal area CA1 pyramidal neurons and influence synaptic
responses, plasticity and learning. The Sk2 gene (also known as Kcnn2) encodes two
isoforms that differ only in the length of their N-terminal domains. SK2-long (SK2-L)
and SK2-short (SK2-S) are coexpressed in CA1l pyramidal neurons and likely form
heteromeric channels. In mice lacking SK2-L (SK2-S only mice), SK2-S—containing
channels were expressed in the extrasynaptic membrane, but were excluded from the
PSD. The SK channel contribution to excitatory postsynaptic potentials was absent in
SK2-S only mice and was restored by SK2-L re-expression. Blocking SK channels
increased the amount of long-term potentiation induced in area CAl in slices from
wild-type mice but had no effect in slices from SK2-S only mice. Furthermore, SK2-S
only mice outperformed wild-type mice in the novel object recognition task. These
results indicate that SK2-L directs synaptic SK2-containing channel expression and is

important for normal synaptic signaling, plasticity and learning.
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INTRODUCTION

Dendritic spines are specialized compartments that form the post- synaptic sites for
excitatory neurotransmission. There are at least two anatomical and functional

subdomains in the spine, the extra- synaptic membrane and the PSD, both of which

contain AMPARs and NMDARs!:2. Proper and dynamic partitioning of AMPARSs and

NMDARSs between the synaptic and extrasynaptic membranes is essen- tial for normal

neurotransmission3-5, and at many synapses, such as the Schaffer collateral to CA1
synapses in the hippocampus, changes in the number and subunit composition of

AMPARs and NMDARs in the PSD contribute to the expression of synaptic

plasticity®-9.

SK channels are activated solely by intracellular Ca2* ions and are selectively blocked
by apamin!0. SK2-containing channels are expressed in the PSD of dendritic spines on
CA1l pyramidal neurons!l. Spine SK2-containing channels are activated by
synaptically driven Ca?* influx and provide a repolarization that reduces the
excitatory postsynaptic potential (EPSP), favoring Mg2* re-block of NMDARs and
reducing the spine Ca2?* transient that is crucial to the induction of synaptic

plasticity!!-13, Indeed, field potential recordings in area CAl have shown that
blocking SK channels facilitates the induction of synaptic plasticity, and

administration of apamin to mice facilitates hippocampus-dependent memory

encoding!4. Moreover, transgenic overexpression of SK2 impairs the induction of

synaptic plasticity and severely impairs hippocampus-dependent memory
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encoding!5.16. Similarly, administration of the SK channel agonist N-cyclohexyl-N-2-
(3,5-dimethyl-pyrazol-1-yl)-  6-methyl-4-pyrimidinamine (CyPPA) impairs the
encoding of hippocampus-dependent object memory!7. In addition, protein kinase A-

dependent endocytosis of synaptic SK2 contributes to the expression of long-term

potentiation (LTP)!L18, Thus, the expression of SK2-containing channels in the PSD

is important for synaptic signaling, plasticity and learning.

The Sk2 gene directs expression of two isoforms that differ only in the length of the
intracellular N-terminal domain, with SK2-L having an extra 207 amino acids at the N
terminus. The two isoforms are expressed in many of the same brain regions,
including hippocampus. SK2-L and SK2-S co-immunoprecipitate from brain and

when coexpressed heterologously, suggesting that they co-assemble into hetero- meric
channels!®. When expressed separately, SK2-S and SK2-L. form functional

homomeric SK channels with similar Ca2* sensitivities. Notably, homomeric SK2-S
channels and homomeric SK2-L channels yield whole-cell currents of similar
amplitudes, but SK2-L currents in excised patches are much smaller than SK2-S
currents. The inconsistency between whole-cell and patch-current amplitudes for

SK2-L reflects the markedly punctate surface expression of SK2-L compared with the

more uniform expression of SK2-S19. These results suggest that SK2-L may be
involved in the subcellular localization of native SK2-containing channels. To
investigate the roles of SK2-L in CA1l pyramidal neurons, we engineered mice that

selectively lack the SK2-L isoform.
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RESULTS

SK2 expression in the PSD of CA1 neurons requires SK2-L

SK2-L is expressed in the dendrites in the stratum radiatum!®. To determine the
subcellular distribution of SK2-L, we carried out immunogold electron microscopy
(1IEM) on hippocampal sections with an antibody directed against an epitope in the
unique intracellular N-terminal domain (Supplementary Fig. 1). We used pre-
embedding immunogold labeling to examine the extrasynaptic localization of SK2-L
and found that SK2-L was expressed in the plasma membrane of dendritic shafts and
spines (Fig. 1a). Post-embedding immunogold labeling, to detect synaptic expression,
revealed that SK2-L was expressed in the PSD (Fig. 1b). From 50 spines with a total
of 133 gold particles, 29% (38) were in the extrasynaptic spine membrane and 71%
(95) were in the PSD. This result was verified using double immunogold labeling
SDS-digested freeze-fracture replica (SDS-FRL) iEM for SK2-L, together with PSD-
95 to delineate the synaptic membrane. SDS-FRL visualizes the two-dimensional
distribution of membrane proteins with resolution and sensitivity beyond thin-section
electron microscopy. The SK2-L antibody is directed against an intracellular epitope
and SK2-L was detected at the protoplasmic face of the spine plasma membrane,
consistent with the results of pre- and post-embedding experiments. Double
immunolabeling for SK2-L and PSD-95 revealed co-clustering of the
immunoparticles in spines, indicating that SK2-L was expressed in the membrane at

the PSD (Fig. 1¢).

To investigate the physiological roles of the SK2-L isoform, we generated transgenic

mice that selectively lack SK2-L expression. We have previously reported two
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different SK2 transgenic alleles. One is a cre-loxP conditional allele (Fig. 2a) that
was used to make Sk2-/~ mice20. The other allele contains a tetracycline-regulated

gene switch?! that was inserted in a position 5’ to the translational initiator codon for

SK2-S, but in the extended N-terminal coding sequence for SK2-L (7 allele; Fig.
2b)!s. To obtain mice selectively lacking SK2-L expression, we crossed Sk2+/7 and

Sk2-/+ mice and identified Sk2—7 (SK2-S only) mice. In SK2-S only mice, the SK2

isoforms are not expressed from the null allele, SK2-L is not expressed from the T’

allele and SK2-S is overexpressed from the 7 allele!5. Western blot analysis of brain
proteins confirmed that SK2-S only mice lacked expression of SK2-L, whereas

expression of SK2-S was increased fourfold (Fig. 2¢ and Supplementary Fig. 2).

To determine the distribution of SK2 in spines in the presence and absence of SK2-L,

we carried out post-embedding iEM with a pan-SK2 antibody directed to the

intracellular C-terminal domain!!. In wild-type spines, SK2 was expressed in the
extrasynaptic and synaptic membranes. From 71 spines with a total of 278 gold
particles, 47% (130) were extrasynaptic and 53% (140) were at the PSD (Fig. 3a). In
contrast, in SK2-S only mice, SK2-S was expressed in the extrasynaptic plasma
membrane of dendritic spines, but was virtually absent from the PSD. From 82 spines
with a total of 167 gold particles for SK2-S, 98% (164) were in the extrasynaptic
spine membrane, whereas only 2% (3) of the gold particles were present at the PSD

(Fig. 3b).

These results were confirmed and extended using SDS-FRL iEM. In contrast with the

intermingled gold particles for PSD-95 and SK2-L (Fig. 1¢) or PSD-95 and pan—SK2-
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S (Fig. 3c¢) in wild-type spines, replicas from SK2-S only mice that were double-
labeled for PSD-95 and for SK2 showed a segregation of the two populations of
immunoparticles (Fig. 3d). The SDS-FRL results were quantified by measuring the
distance from each SK2 gold particle to the nearest PSD-95 gold particle (Fig. 3e).
Thus, in the absence of SK2-L expression, SK2-S—containing channels were excluded

from the PSD.

Synaptic SK2-containing channel function requires SK2-L

These results suggest that SK2 synaptic function would be lost in the absence of SK2-
L expression. To first determine whether SK2-S—containing channels are functionally
expressed in the absence of SK2-L, we used somatic step depolarizations in whole-

cell voltage clamp that activate an apamin-sensitive SK current in wild-type CAIl
pyramidal neurons!42022. Following a depolarizing step to 20 mV to elicit an

unclamped Ca2* current, repolarizing the membrane to —55 mV evoked tail currents
that were partially reduced by apamin (100 nM). Subtracting the traces recorded

before and after apamin application yielded an apamin-sensitive current, ISK (Fig. 4a).

The apamin-sensitive tail current measured 100 ms after repolarization in SK2-S only
mice (357 £ 127 pA, n = 7) was larger than the apamin-sensitive current recorded
from wild-type littermates (95 + 15 pA, n = 21, P < 0.05), reflecting SK2-S
overexpression from the 7 allele in SK2-S only mice. To determine whether
expression of SK2-L contributes further to the SK tail current, SK2-L was re-

expressed in area CA1 of SK2-S only mice by transcranial delivery of a recombinant
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adeno-associated virus (rAAV) directing separate expression of SK2-L and GFP (Fig.
4b). Apamin-sensitive tail currents were recorded from SK2-S only nonfluorescent
cells or fluorescent cells as well as CA1 pyramidal neurons from wild-type littermates.
The apamin-sensitive current was larger for SK2-S only injected cells, fluorescent or
nonfluorescent, than for wild type (P < 0.05), reflecting SK2-S overexpression.
However, the apamin-sensitive tail currents were not different than those from SK2-S
only non-injected cells and were not different between SK2-S only fluorescent and
nonfluorescent cells (nonfluorescent, 293 + 106 pA, n = 10; fluorescent, 300 £ 68 pA,
n = 11; Fig. 4¢). Thus, re-expression of SK2-L in SK2-S only mice did not increase
SK channel tail current amplitudes. These data are consistent with the previous

finding that SK2 expression is necessary for the apamin-sensitive tail current in CAl

pyramidal neurons2? and indicate that SK2-S—containing channels were sufficient for

its expression.

To determine whether SK2 synaptic function is lost in the absence of SK2-L
expression, we recorded synaptically evoked EPSPs from CA1l pyramidal neurons,
before and after apamin application in brain slices prepared from rAAV-injected SK2-
S only mice or wild-type littermates. EPSPs were evoked every 30 s by stimulation of
Schaffer collateral axons. Following 10 min of stable baseline recordings, apamin
(100 nM) was added and the EPSP amplitude was measured 18-20 min later. Apamin

increased EPSPs in CA1 pyramidal neurons from wild-type mice by 58 + 12% (n = 8),

as previously reported!2. In contrast, apamin did not affect EPSPs recorded from SK2-
S only nonfluorescent CA1 pyramidal neurons (5 £ 6%, n = 10; Fig. Sa,b). However,

apamin increased EPSPs from SK2-S only fluorescent CA1 pyramidal neurons to the
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same extent as in wild-type CA1 pyramidal neurons (44 + 14%, n = 10; Fig. 5a,b).
These results indicate that SK2-L is necessary for SK channel synaptic function in

CA1 pyramidal neurons.

SK channel activity does not affect LTP in SK2-S only mice

Apamin application to brain slices from wild-type mice facilitates the induction of

synaptic plasticity in area CAl in response to conditioning stimulations of the

Schaffer collateral axons!'4. To determine whether apamin altered LTP in the absence
of synaptic SK2-containing channels, theta-burst stimulation (TBS) was delivered to
the Schaffer collateral axons with or without apamin application (100 nM) in

hippocampal slices prepared from wild-type and SK2-S only mice.

For wild-type slices in control bath solution, TBS induced LTP, increasing the slope
of the field EPSP (fEPSP) by 34 + 4% (n = 12, P < 0.05). For wild-type slices in
apamin, TBS-induced LTP was enhanced, increasing the fEPSP slope by 59 + 4% (n
=17, P < 0.05; Fig. 6a). In SK2-S only slices, TBS also induced LTP to the same
extent as in wild-type slices, increasing the fEPSP by 40 + 3% (n = 8), but this was
not different than the LTP induced in the presence of apamin (47 + 3%, n = 7, Fig.
6b,c). Thus, the effects of apamin on LTP seen in wild-type mice are absent in SK2-S

only mice.

Altered memory encoding in SK2-S only mice
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Systemic apamin administration facilitates the encoding of object memory!4. To test
whether this is a consequence of blocking synaptic SK2-containing channels, we
examined novel object recognition memory in a naive cohort of SK2-S only and wild-

type littermate mice. The mice (n = 13 mice per group) were habituated to a novel

high-walled arena for 10 min d-! during day 1 and 2. Locomotor responding declined
over the course of habituation in both groups. However, the SK2-S only mice
exhibited higher levels of locomotor behavior. There was an effect of genotype on
distance measures (P < 0.001) and a significant genotype X minutes interaction (P <
0.009; Supplementary Fig. 3). On day 3, each mouse was returned to the arena,

which contained two identical novel objects (the sample session). Mice were removed

from the arena after achieving 19 s of sample object exploration!4. Wild-type and
SK2-S only mice exhibited equivalent latencies to reach criterion, indicating no
difference in the motivation to explore objects during the sample session
(Supplementary Fig. 4). For the test session (day 4), each mouse was returned to the
arena, which contained one familiar object and one novel object. The SK2-S only
mice exhibited a significantly greater preference for exploring the novel object during
the test session than the wild-type mice (P < 0.005; Supplementary Fig. 4). These
data indicate that the absence of synaptic SK2-containing channels was associated

with a robust enhancement of nonspatial memory. This is similar to the effects of

systemic apamin administration in wild-type mice!4.

The same cohorts of mice received 24 training trials (4 per day) in the hidden
platform Morris water-maze task. One SK2-S only mouse died before the start of

water-maze training. Over the course of training, SK2-S only mice (n = 12) exhibited
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poor spatial performance compared with wild-type mice (n = 13; Fig. 7a). The slopes
of the acquisition curves were similar for wild-type and SK2-S only mice, indicating
that spatial learning occurred at similar rates. However, the SK2-S only mice had
longer latencies to find the submerged platform; there was an effect of genotype (P <
0.002) and a genotype x trial block interaction (P < 0.005). SK2-S only mice also

displayed poor retention of the platform location during 30-s platform-less probe tests
imposed after the 4th, 12th and 20t training trials (P < 0.003; Fig. 7b). The paths taken

during the probe test after the 20t training trial indicate that wild-type mice (Fig. 7¢)
were arriving at the platform location by a direct path from the release point and
provide evidence of constrained search in the appropriate location of the maze. The
paths taken by SK2-S only mice (Fig. 7¢) were more circuitous and there was little
evidence of appropriate search behavior. The mean percent dwell in the training
quadrant during the last probe test for the wild-type and SK2-S only groups were 34.8
+ 2.8% and 22.4 + 3.9%, respectively (P < 0.05). The wild-type and SK2-S only mice
exhibited essentially equivalent learning in the visible platform version of the water
maze. There was an effect of genotype on distance measures (P < 0.001), but a
nonsignificant genotype x trial block interaction, (P > 0.05; Supplementary Fig. 5),
suggesting that genotypic differences in sensorimotor function fail to explain the
difference in spatial memory in the hidden platform task. The behavior of the SK2-S
only mice in the Morris water-maze task was distinct from wild-type mice. The SK2-
S only mice did not develop a spatial bias in their search for the platform and would
often swim over the platform or fail to remain on the platform after finding it. Thus,
the impairment in this task may reflect motivational or attention deficits that influence

performance in the Morris water maze. These data indicate that the absence of SK2-L
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was associated with an impairment of spatial learning and memory in the Morris

water maze.

46



DISCUSSION

Our results indicate that the SK2-L isoform directs synaptic localization of SK2-
containing channels that is necessary for their synaptic functions, including
modulation of EPSPs and synaptic plasticity. Consistent with these synaptic roles, the
SK2-L isoform was required for normal hippocampus-dependent learning. In the
absence of SK2-L, SK2-S—containing channels were expressed on the extrasynaptic
plasma membrane of dendritic spines, but they were selectively excluded from the

PSD.

Northern blot analysis for SK2 mRNA detects a doublet of 2.2 and 2.4 kb!0. However,
these mRNA sizes are not sufficient to encode SK2-L, suggesting that SK2-S and
SK2-L are translated from different mRNAs and that the SK2-L. mRNA is in low

steady-state abundance and may be rapidly turned over. The SK2-S mRNA cap site

(data not shown) and the SK2-S promoter?3 are located in the SK2-L transcript.
Mapping the 5’ untranslated sequences in the SK2-LL mRNA onto the Sk2 gene

revealed that the promoter responsible for expression of the SK2-L mRNA must

reside ~300-kb pairs 5’ of the promoter for SK2-S mRNAZ23. Thus, it appears that the

SK2-L and SK2-S mRNAs are transcribed from independent promoters (Fig. 2).

Indeed, 50-60% of human and mouse genes may use alternative promoters24 that
often result in expression of distinct protein isoforms. The SK2-L transcript is
conserved between mouse and human and a cDNA from human hippocampus
encoding the extended amino terminus of SK2-L has been identified (human EST
DB636479.1), suggesting that the two SK2 isoforms, the molecular mechanisms that

generate them, and their roles in synaptic localization and function, are conserved.
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In mice lacking SK2-L, synaptic SK2-S—containing channels were absent. This could
mean that, in wild-type CA1l pyramidal neurons, synaptic SK2-containing channels
are homomeric assemblies of SK2-L. Using the SK2-L antibody, we found that SK2-
L was expressed in the PSD of wild-type CA1 pyramidal neurons, but given that the
SK2-S amino acid sequence is completely contained in SK2-L, we could not generate
an SK2-S—specific antibody to independently examine SK2-S for synaptic expression.

However, SK2-L. and SK2-S subunits co-immunoprecipitate from brain, strongly

suggesting that they form heteromeric channels!®. In SK2+/7 mice that overexpress

SK2-S in the presence of SK2-L, apamin increases EPSPs more than in wild-type

mice!5, suggesting that the excess SK2-S subunits contribute to synaptic SK2-
containing channels. Thus, it is likely that synaptic SK2-containing channels are
heteromeric assemblies of SK2-L and SK2-S subunits and that at least one SK2-L
subunit is required for synaptic expression. Whether SK2-L 1is sufficient for synaptic

expression and function awaits experiments in mice that express only SK2-L. The
SK1 and SK3 mRNAs are also expressed in CA1 pyramidal neurons25 and SK3 co-

immunoprecipitates with SK2-L from brain!®. The SK3 N-terminal domain is similar
in length to SK2-L and contains several regions of homology. The functions of SK1
and SK3 in CA1l pyramidal neurons remain unknown. However, the lack of apamin
sensitivity to EPSPs in SK2-S only CA1 pyramidal neurons suggests that SK2-L is

necessary for synaptic function and that SK3 cannot substitute for SK2-L.

Recordings from CA1 pyramidal neurons revealed that, in the absence of SK2-L,
synaptic SK channel activity was absent, but was re-instated by re-expression of SK2-

L. However, SK2-L re-expression did not increase the amplitude of apamin-sensitive
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tail currents in SK2-S only CA1 pyramidal neurons, suggesting that SK2-L. may not
increase surface expression per se, but may direct selective synaptic localization.
Furthermore, in response to TBS, apamin increased LTP in brain slices from wild-
type mice, but not SK2-S only mice, suggesting that blocking synaptic SK channel
activity with apamin is responsible for the increased LTP. Notably, the amount of
LTP induced in slices from SK2-S only mice was not significantly different from the
LTP induced in wild-type slices in the absence of apamin (P = 0.3). This may reflect
the overexpression of nonsynaptic SK2-S or compensatory changes in the SK2-S only

mice.

Synaptic localization of SK2-containing channels is important for normal synaptic

responses!2. In contrast with glutamate receptors, SK2 does not contain a postsynaptic
density protein, Drosophila disc large tumor suppressor or zonula occludens-1 protein

(PDZ) ligand and must therefore employ a distinct molecular strategy for synaptic

local- ization. Recent results have shown that a Ca2*-calmodulin kinase II
phosphorylation site in the first intracellular loop of the GluA1 subunit is critical for

receptor targeting to synapses, but not for delivery of GluA1-containing AMPARSs to

the plasma membrane26. This PDZ-independent effect on trafficking of GluAl-
containing AMPARs selectively to the synaptic membrane is similar to the synaptic

localization endowed by the SK2-L subunit.

Previous studies have shown that SK channel activity affects learning and memory'*
' In the nonspatial object recognition task, the SK2-S only mice phenocopied wild-
type mice treated with apamin, showing improved memory encoding. This indicates

that SK2-L expression was required for normal performance in the object recognition
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task and suggests that apamin and SK2-L deficiency both mediate their effects on
object recognition through the loss of synaptic SK2-containing channel function. In
contrast, SK2-S only mice were impaired in the spatial-learning Morris water-maze
task, whereas apamin administration facilitated this task'*. This might reflect
compensatory alterations that are not observed with acute channel block by apamin.
The Morris water-maze task requires several trials presented over several days and it
is possible that experience-dependent endocytosis and subsequent repopulation of
synaptic SK2-containing channels are necessary for normal acquisition of the Morris

water-maze task. Notably, transgenic SK2 overexpression also results in impaired

performance in the Morris water-maze task!s, and in both of these transgenic models,
there are increased apamin-sensitive tail currents that might, in part, reflect dendritic
SK2-containing channel activity. These channels may alter synaptic integration and
could contribute to the deficits in water-maze performance. Taken together, the
anatomical, electrophysiological and behavioral results from both tasks indicate that

SK2-L expression is essential for normal synaptic responses, plasticity and learning.
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MATERIAL AND METHODS

Animal care. All procedures were performed in accordance with the guidelines of the
Oregon Health and Science University, the University of Castilla-La Mancha, and
Florida Atlantic University, and the Animal Care and Use Committees of the

respective institutions approved all of the experimental procedures.

Antibodies. Two affinity-purified polyclonal antibodies to SK2 were raised in rabbit

and guinea pig, respectively. The specificity of the guinea pig pan-SK2 antibody has

been previously described!!. The mouse monoclonal antibody to PSD-95 was

obtained from Abcam.

iEM. Immunohistochemical reactions for pre- and post-embedding electron

microscopy were performed as previously described??. Ultrastructural analyses were

performed in a Jeol-1010 electron microscope.

Pre-embedding immunogold. Briefly, free-floating sections were incubated in 10%
normal goat serum (NGS, vol/vol) diluted in Tris-buffered saline for 1 h at 22 °C

Sections were then incubated for 48 h with pan SK2 or SK2-L antibodies (1-2 pg

ml1) diluted in 1% NGS/Tris-buffered saline. After washes in Tris- buffered saline,
sections were incubated for 3 h in goat antibody to rabbit IgG or goat antibody to
guinea pig IgG coupled to colloidal gold particles (Nanoprobes) diluted 1:100 in 1%
NGS/Tris-buffered saline. After washes in phosphate-buffered saline (PBS), the
sections were postfixed in 1% glutaraldehyde (vol/vol) diluted in the same buffer for
10 min, washed in double-distilled water, followed by silver enhancement of the gold

particles with a HQ Silver kit (Nanoprobes). Sections were then treated with osmium
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tetraoxide (1% in 0.1 M phosphate buffer, vol/vol), block-stained with uranyl acetate,
dehydrated in graded series of ethanol and flat-embedded on glass slides in Durcupan
(Fluka) resin. Regions of interest were cut at 70-90 nm on an ultramicrotome
(Reichert Ultracut E) and collected on 200-mesh nickel grids. Staining was performed

on drops of 1% aqueous uranyl acetate (wt/vol) followed by Reynolds’ lead citrate.

Post-embedding immunogold. Ultrathin sections 80 nm thick from Lowicryl-
embedded blocks of hippocampus were picked up on coated nickel grids and
incubated for 45 min on drops of a blocking solution consisting of 2% human serum
albumin (HSA, wt/vol) in 0.05 M Tris-buffered saline and 0.03% Triton X-100

(TBST, wt/vol). The grids were incubated with pan-SK2 or SK2-L antibodies (10 pg

ml_l) in TBST with 2% HSA at 28 °C overnight. After washing, the grids were
incubated for 3 h on drops of goat antibody to guinea pig IgG or goat antibody to
guinea pig IgG conjugated to colloidal gold particles (Nanoprobes) diluted 1:80 in 2%
HSA and 0.5% polyethylene glycol in TBST. The grids were then washed in Tris-
buffered saline for 30 min and counterstained for electron microscopy with saturated

aqueous uranyl acetate followed by lead citrate.

SDS-FRI. SDS-FRL was performed as described previously?8 with some
modifications. Animals were anesthetized with sodium pentobarbital and killed by
transcardiac perfusion with formaldehyde (0.5%, wt/vol, freshly depolymerized from
paraformaldehyde) in 0.1 M sodium phosphate buffer. After perfusion, brains were
removed. The hippocampi were cut into 120-um-thick sections using a Microslicer
(Dosaka) and cryoprotected with 32% glycerol (vol/vol) in PBS for 12-16 h. The

sections were then frozen by a high-pressure freezing machine (HPM 010, Bal-Tec)
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and fractured by the double replica method in a freeze etching system (BAF 060, Bal-
Tec). The fractured faces were replicated by carbon (5 nm) with an electron beam gun
from overhead and shadowed by platinum/carbon positioned at a 25° angle with
rotating (2.5 nm) or at a 45° angle (2 nm) unidirectionally, followed by carbon (20 nm)
applied from overhead. We applied 5 nm of carbon before platinum to increase the
detection efficiency. The pieces of replica were transferred to 2.5% SDS (vol/vol)
containing 62.5 mM Tris and 10% glycerol, pH 6.8. SDS treatment was performed for
15 min at 105 °C with autoclaving, 16 h at 80 °C with shaking, or 16 h at 30 °C with
vigorous stirring. After the treatment with SDS, replicas were washed with three times
with 0.1% bovine serum albumin (BSA, wt/vol) in Tris-buffered saline, blocked for 1
h, and washed twice with 5% BSA/Tris-buffered saline. The replicas were then
reacted with a mixture of pan-SK2 or SK2-L antibody and monoclonal antibody for
PSD-95 at 22 °C for 1 h, followed by 4 °C for 3648 h. Following three washes with
0.1% BSA in Tris-buffered saline and blocking in 5% BSA/Tris-buffered saline,
replicas were incubated in a mixture of secondary antibodies (goat antibody to guinea
pig IgG and goat antibody to mouse IgG coupled to gold particles; British Biocell
International) for 1 h at 22 °C, and then for 12—16 h at 4 °C. When one of the primary
antibodies was omitted, no immunoreactivity for the omitted primary antibody was
observed. After immunogold labeling, the replicas were immediately rinsed three
times with 0.1% BSA/Tris-buffered saline, washed twice with distilled water, and

picked up onto grids coated with pioloform (Agar Scientific).

Western blots. Hippocampal membranes were prepared from adult wild-type, SK2-S

only and Sk2—/~ mice as previously reported!®. We separated 40 ug of protein by SDS-
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PAGE and transferred to nitrocellulose membranes. The membranes were probed

with pan-SK2 (3 pg ml-!) or with SK2-L (1 pg ml-!) antibody. Protein bands were
visualized after application of secondary antibody to rabbit conjugated to horseradish
peroxidase (Promega) at 1:20,000 using Supersignal West Pico Chemoluminescent

ECL (Thermo Scientific).

Virus injections. We anesthetized 3—4-week-old mice with isoflurane, immobilized

them in a Kopf Stereotaxic Alignment System and injected with them 0.2 pl of virus

solution (2 x 1010 viral genomes per ml) at two to six sites targeting the hippocampus
with the Quintessential Stereotaxic Injector (Stoelting). Recordings were performed

more than 14 d after surgery.

Slice preparation. Hippocampal slices were prepared from 6—10-week-old C57BL/6J

mice as previously described!!.12, Slices were transferred into a holding chamber
containing artificial cerebrospinal fluid (aCSF; 125 mM NaCl, 2.5 mM KCl, 21.5 mM

NaHCOs3, 1.25 mM NaH2PO4, 2.0 mM CaClz, 1.0 mM MgCl2, 15 mM glucose,

equilibrated with carbogen). Slices were incubated at 34 °C for 30 min and then at

room temperature for >1—4 h before recordings were performed.

Electrophysiology. Whole-cell patch-clamp recordings were obtained from CAl

pyramidal cells as previously described!!.12, Patch pipettes (open pipette resistance, 2—
4 MQ) were filled with a solution containing 130 mM potassium gluconate, 8 mM

NaCl, 1 mM MgCl2, 10 mM HEPES, 4 mM ATP, 0.3 mM GTP, and 10 mM

phosphocreatine (pH 7.26). In voltage clamp, series resistance was compensated

to >80%. For current clamp, series resistance was not electronically compensated and
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recordings with series resistance that changed more than 20% during the experiment
were discarded. All recordings were from cells with a resting membrane potential
between —70 and —50 mV, and a stable input resistance. A bias current was applied to
maintain the membrane potential at —60 mV in current clamp. All whole-cell

recordings were performed at 20-21 °C.

Field recordings. Extracellular fEPSPs were recorded as previously described!4.15.
LTP was induced by a TBS protocol consisting of 10 theta bursts at 5 Hz; each theta
burst contained four to five pulses at 100 Hz. The initial slope of the fEPSP was
measured to monitor the strength of synaptic transmission, minimizing contamination
by voltage-dependent events. Summary graphs were obtained by normalizing each
experiment according to the average value of all points on the 10-min baseline. Field

recordings were performed at 30-32 °C.

Synaptic stimulations. Capillary glass pipettes filled with aCSF, with a tip diameter
of 1-2 pum, connected to Model 2200 stimulus isolation unit (whole-cell recordings,
A-M Systems) and a Digitimer DS3 stimulus isolation unit (field recordings,
Automate Scientific). SR95531 (2 uM) and CGP55845 (1 uM) were present to reduce

GABAA and GABAB contributions, respectively. To prevent epileptic discharges in

the presence of GABAergic blockers, the CA3 region was microdissected out before

recording.

Chemicals. CGP55845 and SR95531 were obtained from Tocris Cookson. Apamin

was from Calbiochem.

Behavioral testing. All mice were acclimated to the laboratory before initiating
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behavioral testing.

Spontaneous novel object recognition. As described previously!4, during the sample
session each mouse explored two novel toy objects in the familiar white ABS arena
(37.5 em x 37.5 cm x 50.8 cm tall). Mice were removed from the arena after
accumulating 19 s of sample object exploration; any mice that failed to reach this
encoding criterion in 10 min were removed from the study. During the test session 24
h later, each mouse was returned to the arena for a 5-min session and the arena
contained one of the objects from the sample session and a novel object. Object
exploration was recorded with digital stopwatches for the sample session and with the
Ethovision XT manual event encoder for the test session. Exploration was defined as
time spent with the head oriented toward the object and within 2-3 cm. Measures
were ‘latency to accumulate sample object exploration’, defined as the amount of time
(in seconds) each mouse took to reach the encoding criterion during the sample
session; and ‘novel object preference ratio’, defined as the time spent exploring the

novel object divided by the total time spent exploring both test session objects.

Morris water maze. Mouse behavior was recorded with the EthoVision XT video-

tracking system. As described previously!4, mice received 6 d of hidden platform
training (4 trials per day), to learn the location of a clear Plexiglas platform (8 cm
diameter) submerged 1 cm below the surface of the pool (60 cm high, 109 cm
diameter). Large visible cues were present around the pool. Mice remained on the
platform for 30 s, and then were placed into a holding cage for a 45-s intertrial

interval. To examine spatial memory retention, mice received a 30-s probe test 5 min

after the 4th, 12th and 20t training trial during which the platform was removed from
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the pool. Percent dwell in each pool quadrant was determined for each mouse and
search ratio was calculated from probe test behavior as the number of crossings into a
23.8 cm diameter circular zone around the platform location, divided by the total
number of crossings into four equivalent zones (in each of the four pool quadrants).
During visible platform training (six trials per day), each mouse swam to a black
Plexiglas platform (13 cm diameter) located just above the water’s surface at a

position that was randomized each trial.

Data analysis. Data were analyzed using IGOR (WaveMetrics). A nonparametric
Wilcoxon-Mann-Whitney two-sample rank test or a paired two-sample ¢ test was used

to determine significance; P < 0.05 was considered significant.

The Morris water-maze data were analyzed with two-factor, repeated-measures
(genotype, day or probe test) ANOVA with post hoc Student’s ¢ tests where
appropriate. The novel object recognition data for latency to accumulate sample
object exploration and the novel object preference ratio were analyzed with Student’s

t tests. P <0.05 was considered significant.
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FIGURES AND LEGENDS

Figure 1
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Figure 1

Subcellular localization of SK2-L in dendritic spines of wild-type CAl pyramidal
neurons. (a) Using the pre-embedding technique, immunoparticles for SK2-L were
detected along the extrasynaptic plasma membrane (arrows) of dendritic spines (s). (b)
Using the post-embedding technique, immunoparticles for SK2-L were detected along
the PSD (arrows) of dendritic spines. (¢) Using the SDS-FRL technique, the
synaptic membrane was identified by immunoparticles for PSD-95 (arrows). SK2-L
immunoparticles were detected in dendritic spines intermingled with immunoparticles
for PSD-95. at: axon terminal; E face, exoplasmic face; P face, protoplasmic face.

Scale bars represent 200 nm.
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Figure 2
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Figure 2

Sk2 gene locus and western blot. (a) The 5’ region of the mouse Sk2 gene. Boxes
represent exons. The positions of the translational initiator methionine (Met)
codons for SK2-L and SK2-S are shown as dotted lines. The 5’ end of the longest
SK2-L mRNA resides in exon A, whereas the cap site for the SK2-S mRNA resides in
exon 1. The shaded areas indicate the positions of the promoters that drive SK2-L and
SK2-S expression. The lines above the exon-intron mosaic indicate the transcripts for
SK2-L and SK2-S. The triangles show the positions of the /oxP sites in the /oxP-
flanked Sk2 allele. (b) The mouse Sk2 T allele. The position of the tetracycline gene
switch is indicated in the SK2-S 5’ untranslated region, 5" of the SK2-S initiator Met.
The SK2-L transcript is terminated in the inserted tet cassette, abolishing SK2-L
expression. The SK2-S promoter drives expression of the tetracycline transactivator
(tTA) mRNA. The tTA protein binds to tet operator sequences at the 3’ end of the tet
cassette and enables SK2-S overexpression from the minimal CMV promoter. (c)

Western blots of hippocampal proteins probed for SK2 in wild-type, SK2-S only and

Sk2-/- mice using the SK2-L antibody (top) and the pan-SK2 antibody (bottom).
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Figure 3
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Figure 3

Subcellular localization of SK2 in wild-type and SK2-S only CA1 pyramidal neurons.
(a) Using the post-embedding technique in wild-type mice, immunoparticles for SK2
were detected along the PSD (arrows) of dendritic spines. (b) Using the post-
embedding technique in SK2-S only mice, immunoparticles for SK2 were detected
along the extrasynaptic membrane (arrows) of dendritic spines, but not along the PSD.
(¢) Using the SDS-FRL technique in wild-type mice, SK2 immunoparticles were
detected in dendritic spines intermingled with immunoparticles for PSD-95. (d) Using
the SDS-FRL technique in SK2-S only mice and double immunolabeling for SK2 and
PSD-95, SK2 immunoparticles were detected in dendritic spines, but segregated from
immunoparticles for PSD-95. Scale bars represent 200 nm. (e) For SDS-FRL
immunolabeling, the percentage of SK2 immunoparticles was plotted as a function of
distance from the nearest PSD-95 immunoparticle, and fit by Gaussians for the
indicated groups. Dashed line in middle and bottom panels is the fit from wild type in

the top panel.
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Figure 4
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Figure 4

SK2-containing channels are expressed in the plasma membrane of SK2-S only CAl
pyramidal neurons. (a) Top, voltage protocol used to evoke tail currents. Cells were
voltage clamped at —55 mV and tail currents were elicited after 200-ms depolarizing
steps to 20 mV. Bottom, representative tail currents from a wild-type CA1 neuron
before (black trace) and after (gray trace) apamin application. The inset shows
the subtracted apamin-sensitive current. (b) Section through hippocampus from an
SK2-S only mouse injected with rAAV directing separate expression of GFP and
SK2-L. Scale bar represents 50 um. (¢) Left, representative apamin-sensitive currents
from wild type (left), SK2-S only nonfluorescent (middle) and SK2-S only fluorescent
(right) CA1 pyramidal neurons. Right, summary plot of the amplitude of apamin-

sensitive currents (/g ) for the three groups of neurons. Error bars indicate s.e.m. *P <

0.05 for wild type compared with SK2-S only nonfluorescent or SK2-S only

fluorescent.
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Figure 5
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Figure 5

SK2-L  re-expression reinstates apamin sensitivity to synaptically evoked
glutamatergic EPSPs. (a) Time course of the normalized EPSP amplitude (mean +
s.e.m.) before and after apamin application for wild type (left), SK2-S
only nonfluorescent (middle) and SK2-S only fluorescent (right) CA1l pyramidal
neurons. Insets show representative average of 20 EPSPs, mean + s.e.m. (shaded
area), taken from the indicated shaded time points in the control condition
before (black line, left) and after (red line, right) apamin application. (b) Bar graph of
the increase in EPSP following apamin application. Error bars indicate s.e.m. *P <

0.05 for SK2-S only nonfluorescent and SK2-S only fluorescent compared to wild

type.
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Figure 6
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Figure 6

SK channel activity affects LTP in wild-type, but not SK2-S only, mice. Field
potentials were recorded from the CA1 region of hippocampal slices. (a) In wild-type
stimulation of Schaffer collateral axons induced more LTP in the presence of apamin
(filled circles) than in control bath solution (open circles). (b) LTP was not different
with (filled circles) or without (open circles) apamin application in SK2-S only slices.
LTP was measured 50-60 min after stimulation (black bars). (¢) Summary plot of

LTP from the indicated groups. Error bars indicate s.e.m. *P < 0.05.
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Figure 7
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Figure 7

Spatial memory is impaired in SK2-S only mice. (a) The mean latency + s.e.m. to
escape on to the hidden platform was significantly different (P < 0.002) between wild-
type (open circles) and SK2-S only mice (filled circles). There was no difference
between genotypes in mean latency on trial 1, indicating that both groups exhibited
nearly equivalent performance at the start of training. (b) The mean percentage dwell

+ s.e.m. in the correct quadrant of the pool during the probe test of spatial memory

retention imposed after the 4th (P1), 12th (P2) and the 20th training trial (P3). The
dashed line indicates chance performance. The SK2-S only mice (filled circles), but
not wild-type mice (open circles), failed to exhibit a significant preference for
searching + s.e.m. in the correct quadrant of the pool (P < 0.003). (¢) Representative
paths taken by a wild-type mouse (left trace) and two SK2-S only mice (center and
right traces) during the P3 probe test. The path of the wild-type mouse is direct to
training quadrant and then characterized by repetitive passes through the precise
location of the pool where the platform was placed during training (gray open circle).
The paths of the SK2-S only mice are much less accurate and more circuitous than

that of the wild-type mice.
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Supplementary Figure 1

Immunoreactivity for SK2-L in the hippocampus and cortex of wild type and

SK2~ mice as revealed at the light microscopy level.

Staining for SK2 in the hippocampus, cortex, and thalamus from (a) a wild type

mouse, while the section from an SK2~ mouse (b), processed in parallel, showed a

complete lack of staining.
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Supplementary Figure 2
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Western blot analysis of hippocampal membranes.

Crude membranes of hippocampus from wild type, SK2-Sonly and SK2~~ were probed
as Western blots. The lower panel was probed with a rabbit polyclonal pan-SK2
antibody together with a rabbit polyclonal antibody against the N-terminus of SK2-L.
Arrow marks the positions of SK2-S specific bands. Due to background bands that
obscure the position of SK2-L, the top panel shows a blot of the same samples probed
with the anti-SK-L antibody alone. Arrow marks the position of the SK2-L specific

band. Molecular weight markers are indicated.
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Supplementary Figure 3
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Locomotor activity is elevated in SK2-Sonly mice.

Mice were placed into a high-walled square arena and allowed to explore freely two
10-min sessions separated by 24 hours. These sessions served to habituate the wild
type (open circles) and SK2-Sonly (filled circles) mice to the arena prior to novel
object recognition testing. Graph depicts the average distance + s.e.m. traveled in the

open field as a function of minute.
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Supplementary Figure 4
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Encoding of object memory is enhanced in SK2-Sonly mice.

Object memory was examined in a spontaneous novel object recognition task. (a) The
mean latency of mice to accumulate 19 sec of object exploration during the sample
session did not differ between wild type (open circles) and SK2-Sonly mice (filled
circles). (b) Preference for exploring the novel object was stronger in the SK2-Sonly
mice (filled circles) compared to the wild type mice (open circles) during the test

session presented 24 hours after the sample session. The degree of novel object

preference observed by wild type mice is similar to that reported previously14 and
likely reflects insufficient exploration of the objects during the sample session. The
SK2-Sonly mice exhibited novel object preference similar to that reported previ- ously

for apamin-treated mice. Error bars indicate s.e.m. * P <0.005.
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Supplementary Figure 5
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Acquisition of the visible platform water maze is comparable between wild type

and SK2-Sonly mice.

Following completion of the hidden platform water maze training, each mouse was
trained for 20 trials (4/day) to escape onto a platform that was visible and cued with a
flag. This task served as a sensorimotor and motivational control task for the hidden
platform water maze. Mean escape latencies + s.e.m. in the visible platform water
maze task were similar across wild type (open circles) and SK2-Sonly (filled circles)

mice.
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ABSTRACT

Small conductance Ca*"-activated K™ (SK) channels and voltage-gated A-type K4

channels shape dendritic excitatory postsynaptic potentials (EPSPs) in hippocampal
CAl pyramidal neurons. Synaptically evoked Ca’" influx through N-methyl-D-
aspartate receptors (NMDARs) activates spine SK channels, reducing EPSPs and the
associated spine head Ca®" transient. However, results using glutamate uncaging
implicated Ca*" influx through SNX-482-sensitive (SNX-sensitive) Cay2.3 (R-type)
Ca®" channels as the Ca*" source for SK channel activation. The present findings
show that, using Schaffer collateral stimulation, the effects of SNX and apamin are
not mutually exclusive and SNX increases EPSPs independent of SK channel activity.
Dialysis with 1,2- bis(o-aminophenoxy)ethane-N’N’N’-tetraacetic acid (BAPTA),
application of 4-Aminopyridine (4-AP), expression of a K 4.2 dominant negative
subunit, and dialysis with a KChIPs antibody occluded the SNX-induced increase of
EPSPs. The results suggest two distinct Ca®" signaling pathways within dendritic
spines that link Ca”" influx through NMDARs to SK channels and Ca”" influx through

R-type Ca”" channels to Ky4.2-containing channels.

84



INTRODUCTION

Excitatory postsynaptic responses are initiated primarily by the activation of
ionotropic glutamate receptors that depolarize the spine membrane potential and
mediate Ca®" influx. These effects provide for the secondary activation of voltage-
and Ca’"-dependent channels that can modulate and shape the synaptic responses.
One example is small conductance Ca*’- activated K™ (SK) channels in CAl
pyramidal neurons that are activated locally by synaptically evoked Ca®" influx. Their
repolarizing influence reduces excitatory postsynaptic potentials (EPSPs) and the
associated spine head Ca®" transient by promoting Mg”" block of N-methyl-D-
aspartate receptors (NMDARs). Therefore, blocking synaptic SK channels with
apamin, a selective antagonist of SK channels, boosts EPSPs by as much as 50% and
is reflected by an increase in the spine Ca’" transient (Ngo-Anh et al., 2005).
Immunoelectron microscopy (immuno-EM) demonstrated expression of one of the
SK subunits, SK2, in the postsynaptic density (PSD) where SK2 immunoparticles
were codistributed with immunoparticles for NMDARs (Lin et al., 2008). The
colocalization of synaptic SK2-containing channels and NMDARs, taken together
with the ability of either NMDAR blockers or dialysis with the Ca*" buffer 1,2- bis(o-
aminophenoxy)ethane-N’N’N’-tetraacetic acid (BAPTA) but not EGTA, in the patch
pipette solution to occlude the effects of apamin, suggested that SK channels and their
Ca”" source reside within 25-50 nm and that synaptically evoked Ca*" influx through

NMDARSs activates SK2-containing channels (Ngo-Anh et al., 2005).

Subsequent work demonstrated that voltage-dependent Kvy4.2-containing channels

(Kim et al., 2007) and voltage-dependent Ca*" channels in spines are also activated
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secondarily to ionotropic glutamate receptors. Among these channels are SNX-
sensitive (peptide toxin SNX-482 derived from African tarantula Hysterocrates gigas),
R-type Ca®" channels (Bloodgood and Sabatini, 2007). Using 2-photon laser
photoactivation of caged glutamate onto single spines, uncaging-evoked synaptic
responses (UEPSPs) were measured at the soma. In addition, uncaging-evoked Ca®"
responses (A[CaJuEPSPs) were measured with Fluo-5F in the pipette using 2-photon
laser scanning microscopy. Under these conditions, in the presence of SNX to block
Cay2.3 Ca’" channels, the standard uncaging-evoked stimulation, adjusted in voltage
clamp to give a 10-15 pA response, yielded a larger uEPSP and associated
A[CaJuEPSP compared to control cells. Importantly, in the presence of both apamin
and SNX, the uEPSP and A[CaJuEPSP measurements were the same as those
recorded in either SNX or apamin alone, indicating that SNX-mediated blockade of
R-type channels occludes the SK-mediated inhibition of the uEPSP and the
A[CaJuEPSP (Bloodgood and Sabatini, 2007). Taken together, the results suggested
that Ca®" entry through SNX-sensitive, R-type channels provides the Ca®" for
activating synaptic SK2-containing channels. In addition, the boosting effects of SNX
on uncaging-evoked synaptic potentials and spine Ca’" transients were absent in
hippocampal pyramidal neurons from Cavy2.3 null mice (Giessel and Sabatini, 2011).
As previous results showed that synaptically evoked NMDAR activity is required to
activate synaptic SK channels, we therefore tested whether SNX occludes
synaptically evoked activation of apamin-sensitive SK channels in spines. We find
that synaptic stimulations reveal the presence of two Ca>" signaling pathways within
the spine head, one that couples NMDARs with apamin-sensitive SK channels and

another that couples SNX-sensitive, R-type Ca’" channels with 4-Aminopyridine-
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sensitive (4-AP-sensitive) Ky4.2-containing channels.
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RESULTS
The Effects of Apamin and SNX Are Not Mutually Exclusive

Subthreshold EPSPs, evoked by stimulating the Schaffer collateral axons in stratum
radiatum, were recorded in whole-cell current clamped CA1 neurons in acute slices
from mouse hippocampus. To measure the effects of SK channels, EPSPs were
recorded every 20 s before and after wash-in of apamin (100 nM). As previously
reported (Ngo-Anh et al., 2005) and reproduced here, blocking SK channels with
apamin increased the peak EPSP to 167% + 12% (n = 13, p < 0.001) of the control
baseline, and pretreatment of the cells with D(-)-2-Amino-5-phosphonovaleric acid
(D-APS) (50 uM) to block NMDARs occluded the effect of apamin (101% % 8%, n =

6).

To determine whether the effects of apamin and SNX were mutually exclusive for
synaptically evoked responses, SNX (0.3 uM) was bath applied prior to apamin
coapplication. Pretreating cells with SNX did not occlude the effect of subsequent
apamin application that increased the peak EPSP to 152% + 6% (n = 15, p < 0.001;
Figure 1A) compared to baseline in SNX alone. Also, in the presence of apamin, SNX
application increased the EPSPs to 157% = 8% compared to baseline in apamin alone
(n = 21, p < 0.001; Figure 1C). The boosting of EPSPs by SNX does not require
preblock of SK channels by apamin; SNX in the absence of apamin increased the
EPSPs to 171.4% £ 10.9% compared to control (n = 8, p < 0.001), which was not
different from that observed with apamin pretreatment (p = 0.27). Similar results were
obtained when NiCl, (100 pM) was used, which at low concentrations blocks R-type

channels (Myoga and Regehr, 2011; Soong et al., 1993). In cells pretreated with Ni*",
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apamin application increased EPSPs to 150% =+ 13% (n = 10, p < 0.05), while Ni**
application to cells pretreated with apamin increased EPSPs to 137% + 10% (n =6, p
< 0.05). Therefore, using synaptic stimulations, SNX or low concentrations of Ni*",
and apamin independently increased EPSPs, and their effects were not mutually

exclusive.

Previously we showed that the apamin-induced enhancement of EPSPs was
independent of the initial EPSP size from 1.1 to 7.9 mV (Lin et al., 2010b). To further
examine whether apamin or SNX occlusion experiments were dependent on initial
EPSP size, the enhancement of EPSPs by apamin or SNX was plotted against their
initial EPSP amplitude (Figures 1B and 1D, respectively). The range of initial EPSP
size for examining SNX occlusion of apamin in Figure 1A was from 0.8 to 3.8 mV.
Fisher’s r to z analysis of the EPSP increase by apamin in the presence of SNX
compared to the initial EPSP size in SNX yielded no correlation. These results further
demonstrate that SNX does not occlude the apamin response even for small initial
EPSP sizes that are close to the average glutamate uncaging-evoked uEPSP of ~1 mV
(Bloodgood and Sabatini, 2007). Additionally, the enhancement of EPSP amplitude

by SNX in the presence of apamin was independent of initial EPSP size (Figure 1D).

Different from previous studies of postsynaptic R-type Ca’" channels that used
glutamate uncaging, responses to synaptic stimulation involve both presynaptic and
postsynaptic components. In addition to postsynaptic localization, R-type channels
may also be present in the presynaptic terminals (Parajuli et al., 2012), where they
may influence glutamate release (Gasparini et al., 2001; Myoga and Regehr, 2011).

To determine the effects of presynaptic R-type Ca*" channels on glutamate release at
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Schaffer collateral to CA1 synapses, evoked excitatory post-synaptic currents (EPSCs)
were measured in voltage clamp at -60 mV using the K-gluconate-based internal
solution. As control, the effect of apamin was also determined. Under these conditions,
both SNX and apamin increased the peak EPSC by 37.4%+6.3%(n=9,p<0.001) and
33.2%+11.9% (n=12, p < 0.05), respectively (Figures 2A and 2C). Total charge

transfer was similarly increased (Figures 2B and 2D).

Given that postsynaptic conductances may not be controlled using a K -based internal
solution due to voltage escape in the dendrites, voltage clamp recordings of EPSCs
were measured using a Cs'-based internal solution. D600 (200 pM), QX-314 (3.35
mM), and BAPTA (5 mM) were added to the pipette solution to block postsynaptic
Ca®", Na* channels, and Ca”*"-activated conductances, respectively, and D-AP5 was
added to the bath solution to block NMDAR. Paired synaptic stimulations (50 ms
interval) were delivered to monitor probability of release as measured by the peak and
total charge transfer (area under the EPSC) of the EPSCs. Under these conditions,
SNX (Figures 3A and 3B) reduced the amplitude to 79% = 5% (n = 10, p < 0.05) but
not the charge transfer of the first EPSC (88% = 6%, n = 10, p = 0.12). The paired
pulse ratios of EPSC peak and charge transfer were not significantly changed (117%
+ 17% and 106% + 10%, n = 10, respectively). In contrast, apamin had no effect on
EPSC peak (93% + 4%, n = 5) or charge transfer (Figures 3C and 3D). The paired
pulse ratios of EPSC peak and charge transfer were also not affected by apamin (97%

+ 6% and 98% + 8%, n = 5, respectively).

These results confirm that glutamate release determined from EPSCs measured using

the Cs'-based internal solution with D600, QX-314, and BAPTA was not affected by
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apamin (Stackman et al., 2002) and that SNX, if anything, modestly decreases release
(Gasparini et al., 2001). Therefore, the increase in EPSPs by SNX is postsynaptic and
is not occluded by apamin, and vice versa. Additionally, these results show that
synaptic currents measured in voltage clamp with a K'-based internal solution in the
absence of channel blockers might be influenced by changes in postsynaptic

conductances.

One difference between the recording conditions used here for evoked EPSP
measurements and the previous work that examined synaptic responses to uncaged
glutamate is that, in those previous experiments, cells were filled with Fluo-5F (300
uM), a BAPTA-based fluorescent Ca®" indicator, as well as the Ca®'-insensitive
fluorescent dye Alexa 594 (10 uM) (Bloodgood and Sabatini, 2007). Therefore, it is
possible that the presence of 300 uM Fluo-5F, which would serve as a mobile Ca®"
buffer (K; = 2.3 uM), could alter the dynamics of Ca”" signaling within the spine head.
To test this, cells were loaded with the standard pipette solution containing Fluo-5F
(300 uM) and Alexa Fluor 594 (10 uM), and synaptically evoked EPSPs were
examined for the effects of apamin and SNX. Under these conditions, apamin still
increased peak EPSPs (133% + 14% of control; n = 8, p < 0.05). Moreover, the
effects of apamin were not occluded by SNX in the presence of the indicators; apamin
still increased EPSP peaks compared to baseline recorded in SNX (140% = 6%; n =7,
p < 0.05). These results show that the relatively low concentration of the BAPTA-
based Ca”" indicator, Fluo-5F, did not markedly alter the independent boosting effects

of apamin following SNX pretreatment.
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The Boosting Effect of SNX Requires Ca’* Influx

To determine whether Ca®" influx through NMDARs is required for the boosting
effect of SNX, baseline EPSPs were recorded in the presence of apamin and D-AP5
prior to application of SNX. Under these conditions, SNX increased EPSPs to 142% +
17% (n = 9, p < 0.05) (Figures 4A and 4B), suggesting that Ca®" influx through
NMDARsS is not necessary for SNX boosting of EPSPs and that Ca*" influx through
SNX-sensitive, R-type Ca’" channels is required for the boosting effect of SNX on
synaptically evoked EPSPs. To test whether an increase in Ca’" mobilization is
required for SNX boosting of EPSPs, BAPTA (5 mM) was included in the internal
patch pipette solution. Under these conditions, SNX still increased the EPSPs to 142%
+10% (n =9, p < 0.01) in the presence of apamin. Increasing the concentration of
BAPTA in the patch pipette solution to 10 mM blocked the increase in EPSP by SNX
(EPSP peak: 110% + 8% compared to baseline in apamin alone; n = 10) (Figures 4C
and 4D). Therefore, an increase in Ca®" mobilization is required for the boosting of
EPSPs by SNX, suggesting that Ca®" entry through SNX-sensitive, R-type Ca’"
channels is necessary and that Ca’" flowing into the spine head through R-type

channels works within a very short intermolecular distance.

SNX Boosting of Synaptic Responses Requires Ky4.2-Containing Channels

These results raise the question of how blockade of an inward, depolarizing Ca*"
current increases EPSPs. In principle, Ca>" entry may activate a Ca*"-dependent K

current that repolarizes the membrane potential, reducing EPSPs; blocking the Ca*"
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source would boost EPSPs. However, the results presented above argue against that
being an apamin-sensitive SK channel. There are three other types of Ca*"-dependent
K" channels. Big conductance Ca®"-activated K~ (BK) channels, sensitive to
Iberiotoxin (IbTx), are expressed in CA1 pyramidal neurons (Bloodgood and Sabatini,
2007), as are the as yet molecularly unidentified Ca*-dependent K™ channels
underlying the slow afterhyperpolarization (sSAHP) (Gerlach et al., 2004; Madison and
Nicoll, 1984). The third class is the intermediate conductance Ca”*"-activated K
channel, a member of the SK family that is not apamin sensitive but is blocked by the
organic compound 1-[(2-Chlorophenyl) diphenylmethyl]-1H-pyrazole (TRAM- 34
[Wulff et al., 2000]) and has a very limited expression profile in central neurons. To
test whether any of these channel types are coupled to Ca®" entry through SNX-
sensitive, R-type Ca”" channels in CA1 pyramidal neurons, cells were pretreated with
a cocktail of blockers (apamin, 100 nM; IbTx, 100 nM; carbachol, 5 uM; TRAM-34,
1 uM) to block SK, BK, sAHP, and IK channels, respectively. In the presence of this
cocktail, SNX still increased EPSPs to 163% + 15% of baseline (n = 6, p < 0.05)

(Figures 5A and 5B).

How, then, does Ca’" entry through SNX-sensitive, R-type Ca’" channels boost
EPSPs? The 4-AP-sensitive, A-type K channels that contain Ky4.2 subunits are
expressed in dendritic spines on CAl pyramidal neurons and influence dendritic
excitability and synaptic currents (Chen et al., 2006; Kim et al., 2007). Although these
channels are intrinsically voltage dependent, native Ky4.2-containing channels are
multiprotein complexes that include the Ca*” binding proteins, K channel interacting

proteins (KChIPs), as auxiliary subunits (Rhodes et al., 2004). A recent report has
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shown that in cerebellar stellate cells, Ca>" entry through T-type Ca®" channels acting
via KChIPs shifts A-type channel availability to more negative potentials (Anderson
et al., 2010). A similar shift in CA1 would increase the number of A-type channels
available to open during an EPSP. Similarly, the activity-dependent trafficking of
Kv4.2 in CAl requires KChIPs (Lin et al., 2010a). To test whether SNX-sensitive, R-
type Ca’" channels boost EPSPs via effects on 4-AP-sensitive, A-type K™ channels,
we obtained baseline recordings in the presence of 4-AP (5 mM) and apamin prior to
SNX application. In this case, SNX did not boost the EPSPs, being 90% + 5%
compared to baseline (n = 9; Figures 6A and 6B). These results suggest that the SNX
boosting of EPSPs reveals an underlying coupling between R-type Ca”" channels and
activation of a 4-AP-sensitive current such as the A-type K" channel. Alternatively, it
is possible that SNX has off-target effects at 0.3 uM and blocks 4-AP-sensitive, A-
type channels. While this seems unlikely (Newcomb et al., 1998), we examined the
effects of SNX (0.3 uM) on the 4-AP-sensitive, A-type transient outward current
measured in voltage clamp in CA1 neurons. Although adequate voltage clamp control
of CA1 neurons in slices 1s unlikely, the relative effects of SNX on the 4-AP-sensitive
current can be used to qualitatively test whether SNX blocks the A-type current. For
these experiments, Ca®'-free artificial cerebrospinal fluid (aCSF) was supplemented
with Mn*" (2 mM) and tetrodotoxin (TTX; 1 uM) to block voltage-gated Ca®" and
Na”" channels, respectively. Under these conditions, depolarization from -80 to 40
mV revealed an outward current that was partially blocked by 10 mM 4-AP (Figure
6C). Addition of SNX (0.3 uM) prior to addition of 4-AP had little effect on the total
current and the 4-AP-sensitive component was not blocked by SNX (Figure 6C, inset).

The average effect of SNX on the 4-AP-sensitive current was 96.8% + 2.0% (n = 8, p
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= 0.15; Figure 6D). Furthermore, SNX had no effect on the noninactivating, 4-AP-
insensitive component (102.1% + 2.2%, p = 0.9). Thus, SNX does not block the A-
type current in CA1l pyramidal neurons. However, Kimm and Bean (2013, SFN,
abstract) reported that SNX-482 blocks IA currents in cerebellar stellate cells (that
contain primarily Kv4.3 channels) but not in cultured cerebellar granule cells (that
contain primarily Ky4.2 channels). While we showed that SNX-482 does not block A-
type current in hippocampal CAl cells in voltage clamp and that dialysis with
BAPTA occluded the SNX boosting of EPSPs, we cannot rule out an effect of SNX-

482 on a subpopulation of Kv4 channels in CA1.

To determine whether the SNX boosting of EPSPs is mediated by an A-type channel
that contains Kv4.2 subunits, a Ky4.2 dominant negative subunit, Kv4.2(W362F)
(Kim et al., 2005), and enhanced GFP (eGFP) were expressed in CAl pyramidal
neurons using in utero electroporation of €16 embryos. Recordings were performed at
4-6 weeks of age. In eGFP-positive cells, SNX application did not affect peak EPSPs,
being 99% =+ 7% compared to baseline in apamin (n = 9; Figures 7A and 7B). As a
control, non-eGFP-positive cells were studied, and SNX increased the EPSPs (159%

+14%,n=9,p <0.01).

Finally, to test the hypothesis that KChIPs has an integral role in the SNX boosting of
EPSPs, CA1 neurons were dialyzed with a pan-KChIPs antibody that has been shown
to interrupt the coupling between T-type Ca’" channels and A-type K™ channels in
cerebellar stellate cells (Anderson et al., 2010). Dialysis of CA1l pyramidal neurons
with the pan-KChIPs antibody (20 pg/ml) occluded the boosting effect of SNX (105.7%

+5.9%,n=9, p=0.37; Figure 8A, closed symbols, and Figure 8B). As a control,
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SNX boosting of EPSPs in CA1 neurons dialyzed with a similar immunoglobulin G2a
isotype antibody (lipoprotein-related protein 4 [LRP4]; 20 pg/ml) was 150.9% + 13.6%
(n=6, p <0.01; Figures 8A and 8C). Additionally, the pan-KChIPs antibody did not
interfere with Ca®" signaling for synaptic activation of SK channels, as apamin
boosting of EPSPs was 143.4% + 15.3% (n =8, p < 0.05) in neurons dialyzed with the

pan-KChIPs antibody.
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DISCUSSION

The results presented here show that, in CA1 pyramidal neurons, blocking either
apamin-sensitive SK channels or SNX-sensitive Ca*" channels, presumably R-type,
boosted synaptically evoked EPSPs, and the effects of apamin and SNX were not
mutually exclusive. Preblocking NMDARs occluded the boosting of synaptic
potentials by apamin, but not that of SNX, suggesting that Ca>" entry through
NMDAR:S is required for activation of synaptic SK channels but is not required for the
effects of SNX. The boosting effect of SNX, on the other hand, required 4-AP-
sensitive Ky4.2-containing channels and KChIPs, suggesting that Ca*" influx through

R-type Ca”" channels is coupled to the availability of Ky4.2-containing channels.

The results are in contrast to those obtained by 2-photon laser uncaging of glutamate
onto single spines, in which the increase in uEPSPs was not different when SNX was
present with or without apamin in the bath (Bloodgood and Sabatini, 2007). One
advantage of glutamate uncaging is that presynaptic effects on transmitter release are
bypassed. It has been previously reported at mossy fiber and associative-commissural
synapses on CA3 pyramidal neurons that Ca’" channels sensitive to low
concentrations of Ni’~ contribute to glutamate release during minimal synaptic
stimulation (Gasparini et al., 2001). Similarly, using a Cs'-based internal solution
optimized to minimize K', Na", Ca’", and Ca®" activated channels, SNX but not
apamin decreased the EPSCs measured in voltage clamp. In contrast, if a K'-based
internal solution without pharmacological blockers of Na™ and Ca*" channels is used,
either apamin or SNX increased the EPSCs measured in voltage clamp by 33% and

37%, respectively. Similarly, it has been shown that, in cultured hippocampal neurons,
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4-AP increased miniature EPSCs using a K'-based internal solution and the increase
was greater at a holding potential of -60 mV compared to -80 mV (Kim et al., 2007).
These results suggest that the consequence of voltage clamp escape is considerably
greater when using a K'-based internal solution to measure EPSCs and that the
EPSCs contain, in part, a postsynaptic outward current component. This may
influence results obtained by glutamate uncaging when the uncaging laser power is
adjusted to achieve a standard glutamate-evoked EPSC at -60 mV for different bath
conditions using a K'-based internal solution (Bloodgood and Sabatini, 2007).
Consequently, a lower amount of glutamate uncaging may occur when SNX and/or
apamin is in the bath, compared to control solutions. Therefore, it is possible that the
discrepancy between our results and those of Bloodgood and Sabatini (2007) is the
result of differences in glutamate uncaging due to adjusting the uncaging laser
strength under different bath conditions where the neuron is not used as its own
control. In contrast, synaptically evoked glutamate release in which the neuron is used
as its own control for measuring the effects of apamin or SNX revealed that SNX

does not occlude the apamin-mediated boosting of EPSPs.

Synaptic SK channel activity also has been shown to reduce EPSPs in cortical Layer 5
pyramidal neurons. In response to single synaptic stimulations, apamin boosted
EPSPs and the apamin effect was occluded by blocking NMDAR, L-type Ca’
channels, R-type Ca®" channels, or Ca®" release from intracellular stores, leading to
the conclusion that all of these Ca*" sources contributed to activating synaptic SK
channels and blocking any one of them was sufficient to occlude synaptic SK channel
activation. Interestingly, in the presence of nicardipine to block L-type Ca*" channels

and SNX to block R-type Ca”" channels, synaptic SK channels were activated by a
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train of stimuli, presumably due to increased Ca®" influx through NMDARSs,
especially late in the train (Faber, 2010). Thus, spine Ca*" dynamics may differ across

different classes of synapses.

One central result from CA1 spines is that either by glutamate uncaging or synaptic
stimulations, blocking SNX-sensitive, R-type Ca>" channels boosts synaptic responses.
The SNX effect did not require Ca®" influx through NMDARs but did require a
change in internal Ca*", as SNX did not increase synaptic responses when BAPTA
was included in the internal pipette solution. Presumably, the source of Ca®" is influx
through R-type channels. The finding that blocking an inward, depolarizing Ca*
current increased rather than decreased EPSPs suggested that the effect ultimately
might be mediated by suppression of a Ca*"-activated K current. Yet, applying a
cocktail of blockers to eliminate the canonical Ca**-activated K channels (BK, SK, IK,
and the sAHP channels) failed to occlude the SNX-induced increase in EPSPs. In
contrast, application of 4-AP did occlude the SNX-induced increase of EPSPs,
suggesting the involvement of an A-type, voltage-gated K* channel (I,). Kv4.2
subunits are a major component of I, in CA1 pyramidal neurons (Chen et al., 2006;
Kim et al., 2005), and our results showing that expression of a Ky4.2 dominant
negative abolishes the SNX boosting strongly support the model that SNX-sensitive
Ca®" channels are tightly coupled to regulation of availability of a Ky4.2-containing I A

channel.

Kv4.2 subunits are components of a multiprotein complex that includes the KChIPs
(Rhodes et al., 2004), Ca*" binding proteins that influence surface expression levels

and biophysical attributes of Ky4-containing channels. Recently, it has been shown
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that Kv4-containing channels in cerebellar stellate cells form a molecular complex
with T-type Ca®" channels; Ca”>" influx through mifebridil-sensitive, T-type Ca®"
channels maintains the voltage dependence of availability of Ky4-containing channels
in the physiological range, in a KChIPs-dependent manner. Blocking T-type channels
induced an ~10 mV hyperpolarizing shift in the voltage dependence of availability of
I, (Anderson et al., 2010). This shift was occluded by inclusion of 10 mM BAPTA or
a pan-KChIPs antibody in the patch pipette internal solution, reflecting the close
molecular proximity of Ky4-containing channels in complex with KChIPs and T-type
channels. In CA1 pyramidal neurons, SNX-sensitive, R-type Ca”>" channels are
primarily expressed in dendritic spines (Bloodgood and Sabatini, 2007) and, while the
precise mechanism is not yet established, the present results are consistent with a
similar tight coupling to Ky4-containing channels such that Ca*" influx through R-
type Ca’" channels shifts the voltage dependence of availability of Ky4-containing
channels, allowing them to be activated during synaptic transmission. Consistent with
this assertion is that dialysis with a pan-KChIPs antibody abolished the boosting of

EPSPs by SNX.

SK2-containing channels and Ky4.2-containing channels are both expressed in
dendritic spines on CAIl pyramidal neurons and their activities limit synaptic
responses. Both channel types also undergo long-term-potentiation-dependent (LTP-
dependent) endocytosis, thereby contributing to the expression of LTP, and their
trafficking is regulated by direct phosphorylation by protein kinase A (PKA; Cai et al.,
2004; Kim et al., 2007; Lin et al., 2008; Marino et al., 1998). The LTP- and PKA-

dependent endocytosis of Ky4.2-containing channels, but not their contribution to
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basal synaptic responses, requires NMDAR activity. In this regard, it is interesting
that immuno-EM studies demonstrate that SK2 is expressed in the PSD and shows a
similar synaptic distribution as seen for NMDARs, suggesting a close anatomical
arrangement (Lin et al., 2008). In contrast, Kv4.2 immunoparticles were detected in
postsynaptic spines but not directly in the PSD (Kim et al., 2007). Indeed, this
extrasynaptic localization of Kv4.2 is similar to the predominantly extrasynaptic
localization of Cay2.3 (Parajuli et al., 2012). Taken together with the ability of 10
mM BAPTA in the pipette solution to block the effect of SNX, these results suggest
that Ky4.2-containing channels and SNX-sensitive, R-type Ca>" channels are closely
coupled at extrasynaptic sites in spines. The colocalization of SK2-containing
channels and NMDARs to the PSD and Ky4.2-containing channels and R-type Ca*"
channels to extrasynaptic sites therefore defines two Ca®" signaling sources within
spines. Interestingly, in the dendrites of CAl pyramidal neurons, SK and Kv4-
containing channels serve complementary roles in shaping the time course and extent
of branch-specific dendritic excitability (Cai et al., 2004). Thus, SK channels and
Ky4.2-containing channels may serve synergistic roles in regulating synaptic
responses, the induction and expression of synaptic plasticity, and dendritic

integration.

Many previous studies have concluded that fast excitatory transmission reflects
glutamate receptor activation, as blocking a-amino-3-hydroxy-5-methyl-4-
isozazolepropionic receptors and NMDARs abolished the excitatory postsynaptic
response. However, the present results demonstrate a large contribution from two

types of K' channels. Indeed, apamin and SNX each boosted synaptic responses, and
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the lack of occlusion demonstrates that their combined contribution approximately
doubles the EPSPs. Thus, together these two synaptic K channels reduce the
depolarizing component of EPSPs by at least 50%, suggesting that signaling cascades
that alter their activities might potently regulate excitatory transmission. For example,
cholinergic signaling in hippocampus by muscarinic acetylcholine receptors,
previously thought to boost EPSPs and facilitate the induction of LTP by increasing
NMDAR activity (Aramakis et al., 1999; Marino et al., 1998; Markram and Segal,
1990), has recently been shown instead to decrease SK channel activity, leading to
increased excitatory responses and LTP (Buchanan et al., 2010; Giessel and Sabatini,
2010). It is also important to note that, in addition to the influence of repolarizing K"
currents, Ca®"-activated Cl" channels (transmembrane protein 16B) that are closely
coupled to NMDARSs similarly dampen EPSPs (Huang et al., 2012), adding to the

inhibitory repertoire that modulates synaptic signals.
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MATERIAL AND METHODS

Slice Preparation All procedures were done in accordance with federal guidelines
and were approved by the institutional review board at Oregon Health & Science
University. Hippocampal slices were prepared from C57BL/6J mice from postnatal
week 4-6. Animals were anesthetized by isofluorane and decapitated. The cerebral
hemispheres were quickly removed and placed into cold aCSF equilibrated with 95%
0,/5% CO,. Hippocampi were removed, placed onto an agar block, and transferred
into a slicing chamber containing sucrose-aCSF. Transverse hippocampal slices (300
mm) were cut with a Leica VT1000s, transferred into a holding chamber containing
regular aCSF (125 mM NaCl, 2.5 mM KCl, 21.4 mM NaHCO,, 1.25 mM NaH,PO,,

2.0 mM CaCl2, 1.0 mM MgCl,, and 11.1 mM glucose), and equilibrated with 95%
0,/5% CO,. Slices were incubated at 35 °C for 30—45 min and then recovered at room

temperature (22 °C—24 °C) for >1 hr before recordings were performed.

In Utero Electroporation Timed-pregnant mice were anesthetized with isofluorane,
their abdominal cavity was cut open, and the uterine horns/sac were exposed.
Approximately 2 ml of DNA solution (~2 mg/ml) was injected into the lateral
ventricle of €16 embryos, using a glass pipette pulled from thin-walled capillary glass
(TW150F-4; World Precision Instruments) and a Picospritzer III microinjection
system (Parker Hannifin). The head of each embryo within its uterine sac was
positioned between tweezer-type electrodes (CUY650P10; Sonidel), and five square
electric pulses (50 V; 100 ms; 1 s intervals) were passed using an electroporator
(CUY21; Sonidel). After electroporation, the wall and skin of the abdominal cavity of

the pregnant mouse were sutured closed and embryos were allowed to develop
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normally.

Electrophysiology Slices were perfused with aCSF equilibrated with 95% O,/5%

CO, at a flow rate of 1 ml/min. All experiments were performed at room temperature

(22 ‘c-24 OC). CA1l pyramidal cells were visualized with infrared-differential-
interference contrast optics (Zeiss Axioskop 2FS) and a charge-coupled device
camera (Sony). Whole-cell patch-clamp recordings were obtained from CAl
pyramidal cells using an Axopatch 1D (Axon Instruments) interfaced to an ITC-16
analog-to-digital converter (Heka Instruments) and transferred to a computer using
Patchmaster software (Heka Instruments). Patch pipettes (open pipette resistance, 2.5—
3.5 MU) for EPSPs were filled with either a K-gluconate internal solution containing
133 mM K-gluconate, 4 mM KCl, 4 mM NaCl, 1 mM MgCl,, 10 mM 4-(2-
hydroxyethyl)-1-piperazineethanesul-fonic acid (HEPES), 4 mM MgATP, 0.3 mM
Na, guanosine triphosphate (Na;GTP), and 10 mM K,-phosphocreatine (pH 7.3) or a
KMeSO, internal solution containing 140 mM KMeSO,, 8 mM NaCl, 1 mM MgCl,,
10 mM HEPES, 5 mM MgATP, 0.4 mM Na,GTP, and 0.05 mM EGTA (pH 7.3).
EPSPs were recorded in whole-cell current-clamp mode. Input and access resistances
were monitored with a 25 pA hyperpolarizing step applied at the end of each trace.
All current clamp recordings used cells with a stable input resistance (range: 130-300
MQ) and access resistance (range: 15-25 MQ) that did not change by more than 20%.
All recordings were from cells with a resting membrane potential between -70 and -60
mV. A bias current was applied to maintain the membrane potential at -65 mV. Series
resistance was not electronically compensated. For EPSC recordings in voltage clamp

mode, patch pipettes were filled with a Cs'-based solution containing 130 mM
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CsMeSO,, 10 mM CsCl, 10 mM HEPES, 0.4 mM Na,GTP, 2 mM MgATP, 10 mM
Tris-phosphocreatine, 3.35 mM QX-314, 0.2 mM D600, and 5 mM BAPTA (pH with
CsOH to 7.2). Series resistance was not electronically compensated. Input resistance
was monitored with a 5 mV hyperpolarizing step applied at the beginning of each
trace. All voltage-clamp recordings used cells with a stable input and access
resistances that did not change by more than 20%. For whole cell recording of A-type
outward K" currents, patch pipettes were filed with 120 mM K-gluconate, 20 mM
KCl, 10 mM HEPES, 0.2 mM EGTA, 8 mM NaCl, 4 mM MgATP, 0.3 mM Na,GTP,
and 14 mM Tris-phosphocreatine (pH 7.3). For whole-cell recording of A-type
currents, the series resistance was ~80% compensated. Input resistance was monitored
with a 5 mV hyperpolarizing step applied at the beginning of each trace. All voltage-
clamp recordings used cells with a stable input and access resistances that did not

change by more than 20%.

Synaptic Stimulation Presynaptic axons in stratum radiatum were stimulated using
capillary glass pipettes filled with aCSF, with a tip diameter of ~5 um, connected to
an Iso-Flex stimulus isolation unit (A.M.P.I.). Stimulation electrodes were placed at
~100 pm from the soma and ~20 um adjacent to the dendrite of the recorded cell.
Gamma-aminobutyric acid (GABA)ergic blockers SR95531 (2 uM) and CGP55845
(1 uM) were present to reduce GABA, and GABA; contributions, respectively. To
prevent epileptic discharges in the presence of GABAergic blockers, the CA3 region
was microdissected out before recording. The input resistance was determined from a
25 pA hyperpolarizing current injection pulse given 500 ms after each synaptically

evoked EPSP. Subthreshold EPSPs were elicited by 100 pus current injections that
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were approximately one-third of the stimulus required for evoking an action potential.
All recordings used cells with a resting membrane potential less than -60 mV that did
not change by more than 2 mV during an experiment and with a stable input

resistance that did not change by more than 20%.

Data Analysis Data were analyzed using IGOR (WaveMetrics). Data are expressed as
mean = SEM. Paired t tests or Wilcoxon-Mann-Whitney two-sample rank test was

used to determine significance; p < 0.05 was considered significant.

Pharmacology Apamin was from Calbiochem; D-APS5, QX314, SR95531, and
CGP55845 were from Tocris Cookson; SNX-482 was from Peptides International;
IbTx and TRAM-34 were from Alomone; and carbachol and 4-AP were from Sigma.
Pan-KChIPs (K55/82) and LRP4 (N207/27) antibodies were obtained from UC/Davis

Neuromab Facility (Antibodies Incorporated).
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FIGURES AND LEGENDS
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Figure 1

Boosting of EPSPs by SNX and Apamin Is Not Mutually Exclusive

(A) Time course of the normalized EPSP amplitude (mean + SEM) for baseline in
SNX and during wash-in of apamin as indicated above (n = 15). Inset shows the
average of 18 EPSPs taken from indicated shaded time points in SNX (time point 1; 6
min baseline) and 14-20 min after coapplication of apamin (time point 2); shaded

areas are mean = SEM. Scale bars, ] mV and 25 ms.

(B) Plot of relative boosting of EPSPs by apamin in the presence of SNX versus the
initial EPSP in SNX. The line represents a least-square fit of the data to a liner

function.

(C) Similar to (A), except baseline in apamin and during wash-in of SNX (n = 21).
Insets: average EPSPs (+SEM, shaded areas) in apamin (time point 1) and after

coapplication of SNX (time point 2). Scale bars, 1 mV and 25 ms.

(D) Plot of relative boosting of EPSPs by SNX in the presence of apamin versus the
initial EPSP in apamin. The line represents a least-square fit of the data to a liner

function.
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Figure 2

SNX and Apamin Increase EPSCs Measured with a K'- Based Internal Solution

(A) Time course of relative increase in peak EPSC by 0.3 uM SNX (mean = SEM, n
=9). Insets: average of 18 EPSCs + SEM (shaded areas) taken from indicated shaded
time points for baseline (time point 1) and 14-20 min after wash-in of SNX (time

point 2). Scale bars, 10 pA and 5 ms.

(B) Scatter plot of relative EPSC peak and charge in SNX compared to baseline from

the individual slices in (A). Horizontal bar reflects mean response.

(C) Time course of relative increase in peak EPSC by 100 nM apamin (mean + SEM,
n = 12). Insets: average of 18 EPSCs + SEM (shaded areas) taken from indicated
shaded time points for baseline (time point 1) and 14-20 min after wash-in of apamin

(time point 2). Scale bars, 10 pA and 5 ms.

(D) Scatter plot of relative EPSC peak and charge in apamin compared to baseline

from the individual slices in (C). Horizontal bar reflects mean response.
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Figure 3
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Figure 3

Effect of SNX on Synaptic Transmission in Voltage Clamp

(A) Time course of the normalized charge transfer of the first EPSC (EPSC1; mean +
SEM) for baseline and during wash-in of SNX (n = 10). Insets: average of 15 paired
EPSCs £ SEM (shaded areas) taken from indicated shaded time points for baseline
(time point 1) and 15-20 min after wash-in of SNX (time point 2). Scale bars, 50 pA

and 20 ms.

(B) Scatter plot of relative EPSC1 peak and charge in SNX compared to baseline from

the individual slices in (A). Horizontal bar reflects mean response.

(C) Time course of the normalized charge transfer of the first EPSC (EPSC1; mean +
SEM) for baseline and during wash-in of apamin (n = 5). Insets: average of 15 paired
EPSCs + SEM (shaded areas) taken from indicated shaded time points for baseline
(time point 1) and 15-20 min after wash-in of apamin (time point 2). Scale bars, 50

pA and 20 ms.

(D) Scatter plot of relative EPSC1 peak and charge in apamin compared to baseline

from the individual slices in (A). Horizontal bar reflects mean response.
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Figure 4
Boosting of EPSPs by SNX Is NMDAR Independent and Ca*" Dependent

(A) Time course of the normalized EPSP amplitude (mean + SEM, n = 9) for baseline
in D-AP5 and apamin and during wash-in of SNX (see Figure 1A). Inset: average of
18 EPSPs taken from indicated shaded time points in D-AP5 and apamin (time point 1)
and 19-25 min after SNX wash-in (time point 2); shaded areas are =SEM. Scale bars,

1 mV and 50 ms.

(B) Scatter plot of relative EPSP peak in SNX compared to baseline in D-AP5 and

apamin from the individual slices in (A). Horizontal bar reflects mean response.

(C) Time course of the normalized EPSP amplitude (mean = SEM, n = 10) re- corded
with 10 mM BAPTA in the internal solution, for baseline in apamin and during wash-
in of SNX (see Figure 1A). Inset: average of 18 EPSPs taken from indicated shaded
time points in apamin (time point 1) and 19-25 min after SNX wash-in (time point 2);

shaded areas are £SEM. Scale bars, 0.5 mV and 50 ms.

(D) Scatter plot of relative EPSP peak in SNX compared to baseline in apamin from

the individual slices in (C). Horizontal bar reflects mean response.
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Figure 5

Canonical K, Channels Do Not Mediate the Boosting Effect of SNX

(A) Time course of the normalized EPSP amplitude (mean + SEM, n = 6) for baseline
in a cocktail of apamin, IbTx, TRAM-34, and carbachol, and during wash-in of SNX
(see Figure 1A). Inset shows average of 18 EPSPs taken from indicated shaded time
points in the cocktail of KCa blockers (time point 1) and 14-20 min after SNX wash-

in (time point 2); shaded areas are £SEM. Scale bars, 0.5 mV and 25 ms.

(B) Scatter plot of relative EPSP peak in SNX compared to baseline in the cocktail of
K, channel antagonists from the individual slices in (A). Horizontal bar reflects mean

response.
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Figure 6
4-AP Occludes the Boosting Effect of SNX

(A) Time course of the normalized EPSP amplitude (mean + SEM, n = 9) for baseline
in 4-AP and apamin and during wash-in of SNX (see Figure 1A). Inset shows average
of 18 EPSPs taken from indicated shaded time points in 4-AP and apamin (time point
1) and 14-20 min after SNX wash-in (time point 2); shaded areas are =SEM. Scale

bars, 1.0 mV and 25 ms.

(B) Scatter plot of relative EPSP peak in SNX compared to baseline in 4-AP from the

individual slices in (A). Horizontal bar reflects mean response.

(C) SNX does not block 4-AP-sensitive, A-type current (I,) measured in voltage
clamp. Slices were bathed in nominally Ca*"-free aCSF containing TTX (I uM) and
Mn®" (2 mM). In whole cell voltage clamp, A-type outward currents were elicited
with 1 s depolarization to 40 mV from a holding potential of -80 mV followed by
repolarization to -20 mV. Representative traces of outward current in control (trace 1),
subsequent addition of SNX (trace 2), and SNX plus 4-AP (trace 3). Inset: 4-AP-

sensitive current in control (trace 1) and SNX (trace 2). Scale bars, 1 nA and 20 ms.

(D) Scatter plot of individual slices for relative 4-AP-sensitive I, current in SNX.

Horizontal bar reflects mean response.
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Figure 7

Expression of Kv4.2(W362F) Abolishes the Boosting Effect of SNX

(A) Recordings from cells expressing Kv4.2(W362F). Time course of the normalized
EPSP amplitude (mean + SEM, n = 9) for baseline in apamin and during wash-in of
SNX (see Figure 1A). Inset shows average of 18 EPSPs taken from indicated shaded
time points in apamin (time point 1) and 14-20 min after SNX wash-in (time point 2);

shaded areas are £SEM. Scale bars, ] mV and 50 ms.

(B) Scatter plot of relative EPSP peak in SNX compared to baseline in apamin from

the individual slices in (A). Horizontal bar reflects mean response.
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Figure 8

SNX Boosting of EPSPs Requires Functional KChIPs

(A) Time course of normalized EPSP amplitude (mean + SEM) for baseline in control
aCSF and during wash-in of SNX in cells dialyzed with KChIPs antibody (closed

symbols, n = 9) or LRP4 antibody (open symbols, n = 6).

(B) Representative average of 18 EPSPs dialyzed with KChIPs antibody taken from
indicated shaded time points in (A) for control (time point 1) and 14-20 min after

SNX wash-in (time point 2); shaded areas are =SEM. Scale bars, 0.5 mV and 50 ms.

(C) Representative average of 18 EPSPs dialyzed with LRP4 antibody taken (1) from
indicated shaded time points for control and (2) 14-20 min after SNX wash-in;

shaded areas are £SEM. Scale bars, 0.5 mV and 50 ms.
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V. Synaptic EPSP Responses from R-type Knock-out Mice

Using 2-photon laser photoacitvation of caged glutamate onto single spines of CA1
pyramidal neurons, bloodgood and Sabatini showed that in the presence of SNX-482
to block R-type Ca’" channels, the standard uncaging-evoked stimulation yielded a
larger uEPSP compared to control cells, but had no difference to those uEPSPs
generated in the condition where both apamin and SNX were present in the spine'”.
They concluded that R-type Ca®" channels provide the Ca®* for activating synaptic
SK2-containing channels. In my study, in the presence of SNX-482 to block R-type
channels, apamin still boosted synaptic evoked EPSP suggests that R-type Ca’
channel does not provide Ca>" for synaptic SK2-containing channel activation in
hippocampal CA1 pyramidal neurons. A stronger control can be done by showing the
effect of apamin on increasing EPSP in R-type knock-out mice. In this regard,
synaptic stimulation evoked EPSPs were recorded in CA1 neurons from R-type null
mice, addition of apamin boosted EPSPs to 149.7% from 18 cells tested, which is
similar to the effect of apamin on boosting EPSPs to 151.5% in the presence of SNX-

482 in wild-type mice (table 1).

Recent report from Kimm and Bean showed that native A-type current in midbrain
dopamine neurons and cloned Kv4 channels are potentially inhibited by the toxin
SNX-482'" In SNc dopamine neurons where native I, is mediated by Kv4.3
channels, application of 250-500 nM SNX-482 completed inhibited 15 suggests SNX-
482 effect on inhibit Kv4.3 channels. Furthermore, SNX-482 inhibited cloned Kv4.3
channels with an ICsp of <3 nM by shifting the voltage dependence of channel

opening to more depolarized voltages and by reducing current elicited by maximal
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depolarizations'®. In addition, application of 500 nM SNX-482 also inhibited cloned
Kv4.2 channels by shifting the voltage dependence of gating to depolarized voltage,
although the effect was less potent than on Kv4.3 channels'®. Even though in my
study I have tested the SNX-482 effect on A-type current by voltage steps in CAl
neurons from acute brain slices, and found no significant SNX-482 effect on Ix. A
stronger control experiment can be done by showing a lack of effect of SNX-482 in
R-type knock-out mice. In this regard, synaptic stimulation evoked EPSPs were
recorded in CAl neurons from R-type null mice, application of SNX-482 has no
significant effect on EPSPs (106.9%) in the presence of apamin (table 1), which is
different from the effect of SNX-482 on boosting EPSPs to 157.0% in the presence of

apamin in wild-type mice.

R-type null

mice/EPSP Apamin/control | SNX/Apamin | Ni/control | Apamin/dAP5
mean 149.7% 106.9% 86.8% 104.0%

sd 22.2% 22.7% 18.2% 17.5%
sem 5.2% 4.2% 6.4% 7.8%

n 18 29 8 5

Table 1.

To further test the presence of R-type Ca”" channels in the R-type knock-out mice,
100 nM N1 was applied to the recording solution, which is thought to block R-type
and T-type Ca*" channels, in this condition, Ni has no effect on boosting synaptic
evoked EPSP in R-type null mice. In contrast, Ni increased EPSPs to 134.4% in wild-
type mice. Moreover, to test whether the NMDARs-SK2 coupling is still intact in R-
type knock-out mice, apamin was applied in the presence of dAP5 that blocks
NMDARs and no apamin effect on EPSP was detected in R-type null mice, similar to

those recorded in wild-type mice.
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In summary, apamin still increased synaptic evoked EPSP in R-type knock-out mice
suggests that R-type Ca®" channel does not provide Ca*" for SK2 channel activation in
hippocampal CA1 neurons. In contrast, dAP occludes the apamin effect on boosting
EPSP in both wild-type and R-type null mice suggests that Ca’" influx through
NMDARSs activate the SK2 channels. The lack of Ni and SNX-482 effect on boosting
EPSPs in R-type knock-out mice further confirmed that SNX-482 inhibits R-type
Ca”" channels and those relevant effect studied in the project is indeed mediated by R-

type channels.
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VI. CONCLUSION AND DISCUSSION

Previous immunochemistry results showed that characteristic punctate staining seen
in cells transfected with SK2-L but smoother distribution across cell surface seen in
cells transfected with SK2-S°. In my first project, the immunoparticle staining and
functional analysis of SK2-L and SK2-S isoforms of SK2 channels in hippocampal
pyramidal neurons indicate that SK2-L isoform directs synaptic localization of SK2-
containing channels. In the absence of SK2-L, SK2-S-containing channels were
expressed on the extrasynaptic plasma membrane of dendritic spines, but they were
selectively excluded from the PSD. In addition, the apamin effect on boosting EPSPs
was abolished in SK2-S only mice but was rescued by SK2-L re-expression,
suggesting that SK2-L-containing SK2 channels modulate EPSP in CA1 pyramidal
cells. My experimental result of field EPSP recording from wild-type mice is
consistent with previous report that SK2 channels contribute to the induction of LTP
in terms of apamin application'”’, whereas in SK-S only mice the LTP was not
different with or without apamin application. Taken together with the animal
behavioral test that memory encoding was altered in SK2-S only mice, these results
suggest that the SK2-L isoform directs synaptic localization of SK2-containing
channels that is necessary for their synaptic functions, including modulation of EPSPs,

synaptic plasticity and learning and memory.

The finding that SK2-L isoform directs synaptic localization leads us to an as yet
unresolved question: how are SK2 channels localized to the PSD of CA1 neurons?
Given the fact that the originally identified SK2-S is completely contained within

SK2-L and that SK2-L has an additional 209 N-terminal amino acids, it is possible
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that there are heterologous proteins that interact with specific domains within the N-
terminus of the SK2-L protein to engender synaptic SK2 expression. Therefore, as a
future plan, we could identify the SK2-L N-terminal domains necessary for synaptic
localization of functional SK2 channels, and identify the protein interactions that
direct synaptic SK2 expression. Different fragments of N-terminal deletions from the
additional 209 amino acids in SK2-L isoform will be expressed in CA1 neurons of
SK2-S only mice and apamin sensitivity of CA1 EPSPs will be tested. When the
sequence within the N-terminus of SK2-L is identified for synaptic SK2 localization,
then biochemical analysis could be performed to identify the protein-protein
interactions responsible for targeting SK2 to the PSD. Indeed, studies along these
lines are ongoing in our laboratory. Gukhan Kim, another graduate student, has
identified a synaptic scaffold that seems to be required for synaptic SK2 channel

fuction.

In spines of CAl pyramidal neurons in the hippocampus, synaptic stimulation
promotes Ca”" influx through NMDARs and opens SK2 channels®. Here I
reconfirmed that by synaptic stimulation, blocking NMDARs with AP5 occluded the
apamin effect of increasing EPSPs while blocking R-type Ca”" channels with SNX-
482 did not affect the apamin effect on EPSPs. These results are in contrast to
Bloodgood and Sabatini’s two-photon glutamate uncaging report, where they uncaged
glutamate onto single spines to evoke uncaged EPSPs and found no difference in
uEPSPs when SNX was present with or without apamin. One advantage of glutamate
uncaging is that it bypasses the presynaptic effects of transmitter release, but one
complication is that uncaged synapses cannot be used as their own control for

measuring the effects of apamin or SNX. Furthermore, when using K" based internal
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without manipulating postsynaptic conductance, I showed in my experiments that
synaptically evoke EPSCs increased in the presence of either SNX or apamin,
suggesting a postsynaptic outward current component in the EPSCs. This result is
consistent with report from Kim et al. that 4-AP increased miniature EPSCs in
cultured hippocampal neurons'*. In addition, this result may explain the discrepancy
between results obtained by synaptic stimulation and glutamate uncaging, likewise
when switching from voltage clamp to current clamp to measure the SNX and/or
apamin effect using the uncaging protocol, the actual glutamate released by uncaging

may vary among spines treated with or without SNX and/or apamin.

A common feature from both glutamate uncaging and synaptic stimulation is that
blocking R-type Ca’" channels with SNX-482 increased EPSPs. My results here
showed that the SNX effect requires intracellular Ca®" ions but not via NMDARs
opening, whereas blocking 4-AP sensitive A-type K channels occluded the SNX
effect, suggesting a possible connection between R-type Ca’’ channels and voltage
gated A-type K’ channels. Considering Kv4.2 subunits are the major component of A-

139,140

type K channels in CA1 pyramidal neurons and that Kv4.2-containing K"

channels form multiprotein complex with KChIPs'*!, which endows calcium
sensitivity to Kv4.2-containing K™ channels, the introduction of a dominant negative
Kv4.2 mutation and application of KChIP antibody both occluded the SNX effect on
boosting EPSPs. These results suggest that Ca*” influx through R-type Ca>" channels
actives Kv4.2-containing A-type K' channels rather than SK channels to increase

synaptic responses. In summary, these results indicate that in dendritic spines, there

are two distinct Ca>" signaling pathways that link Ca®>" influx through NMDARs to
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SK channels and that Ca®" influx through R-type Ca®" channels to Kv4.2-containing

K" channels.

Although I tested whether the application of SNX blocks the Kv4.2-containing K"
channels and showed that SNX does not affect Kv4.2-containing A-type current in
acute slice preparation, recent work from Kimm and Bean showed that SNX-482
dramatically reduced the A-type potassium current in acutely dissociated dopamine
neurons from mouse substantia nigra and in HEK-293 cells expressing cloned Kv4.3
channels'®. In addition, 3 nM SNX produced a depolarizing shift in the voltage
dependence of activation of cloned Kv4.3 channels, and a similar effect was seen on
the gating of cloned Kv4.2 channels when treated with 500 nM SNX. Considering this
result as a future plan of my project, a stronger control will be to show demonstrative

a lack of effect of SNX on boosting EPSPs in R-type knock out mice.

2+ . .
Ca” sources for SK channel activation.

The SK channels are gated solely by intracellular Ca*” ions with an ECsy of ~0.5uM.
One of the purposes of this project was to revisit the Ca®" sources for SK channel
activation in hippocampal CA1 pyramidal spines. In fact, in different regions and cells,
SK channels are activated by the elevation of cytosolic Ca®" ions from several

different sources.

In response to membrane depolarization, Ca*" influx through voltage-gated Ca®"
channels (VGCCs) generates fast and large intracellular Ca®" transients, which may

provide a rapid Ca>" source for SK channel activation. For example, in layer 2/3 and
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layer 5 pyramidal neurons of the medial prefrontal cortex, applying the L-type Ca"
channel antagonist nicardipine or the R-type Ca®" channel antagonist SNX-482
blocked potentiation of EPSPs by apamin'*, indicating that Ca®" influx through L-
and R-type Ca’" channels contributes to activation of synaptic SK channels. In
immature mouse inner hair cells, blocking L-type Ca”" channels with nifedipine
blocked the outward current conducted by SK channels'**. In hippocampal pyramidal
neurons Tonini et al. showed that AP-induced Ca®" influx through L-type Ca®"

channel activates the SK channels'®*

. In addition, Cueni et al. reported that T-type
Ca”" channels and sarco/endoplasmic reticulum Ca®"-ATPases (SERCAs) regulate the
SK channel activity in neurons of the thalamic nucleus reticularis'**. Womack et al.
showed that in cerebellar Purkinje neurons, Ca’" enters through P/Q-type Ca®’
channels and activates SK and BK channels, therefore, regulating spontaneous firing

activity of Purkinje cells'*.

In addition, Ca*" influx via transmitter-gated channels also provides a Ca®" source for
SK channel activation. Two Ca”*"-permeable ionotropic receptors that couple to SK
channels are NMDARs*'*'* and a9-containig nAChRs’"'*"'*". In neurons of the
hippocampus, amygdala and the medial prefrontal cortex, NMDARSs are expressed in
dendritic spines, and blockade of NMDARs by d-AP5 prevented enhancement of
EPSPs by SK channel blockade, suggesting that NMDAR activation is required for
activation of SK channels. In auditory hair cells, nicotinic acetylcholine receptors
(nAChRs) contain the 09-subunit, which confers Ca®" permeability to this type of

channel'*®. SK channels driven by the opening of Ca®’-permeable nAChRs give rise
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to an inhibitory postsynaptic current (IPSC) carried by K ions, and the time course of

this IPSC is determined by the gating kinetics of the SK channels.

The Ca®" sources for activating SK channels can also originate from intracellular
stores. In neocortical layer 5 pyramidal neurons and basolateral amygdala projection
neurons, the activation of muscarinic acetylcholine receptors (mAChRs) produces
inositol 1,4,5-trisphosphate (IP3), inducing Ca®" release from IP3-sensitive
intracellular Ca®" stores, which subsequently activate apamin-sensitive SK channels
that conduct outward current to hyperpolarize cells'*'*. In 1998, Fiorillo and
Williams reported that in ventral midbrain dopamine neurons, the activation of
metabotropic glutamate receptore (mGluR1) mobilized Ca®" from caffeine/ryanodine-
sensitive stores, which increased the opening of SK channels, conducting a unique
class of IPSPs'”’. A subsequent study by Mirikawa et al. showed that photolytic
release of IP3-induced Ca’' release from IP3-sensitive store, which invoked Ca’'-
induced Ca”" release (CICR) through ryanodine receptors, eliciting an outward SK

151

current in the midbrain dopamine neurons ~ . In addition, in dopaminergic neurons

. 2 .
from young animals, Ca”" release from intracellular stores produces spontaneous

132 T-type Ca’" channel

miniature outward currents (SMOCs) through SK channels
blockers inhibit the large-SMOC current whil depletion of intracellular Ca** stores by
ryanodine eliminates the SMOCs, suggesting that Ca®" influx through T-type Ca®"

153 In rat medial

channels activates CICR, which in turn activates SK channels
preoptic neurons, Klement et al. showed that the SMOCs are carried through SK3

subtypes that are activated by Ca”" release from intracellular store and affect impulse

. . . 154
generation of medial preoptic neurons'™*.
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In non-neuronal cells such as urinary bladder myocytes, SK and BK are key
regulators of excitability of urinary smooth muscle of guinea pig. Herrera and Nelson
reported that blocking ryanodine receptors did not affect outward current conducted
by SK channels but inhibited outward current conducted by BK channels, while
inhibition of VGCCs significantly reduced both SK and BK current, suggesting that
Ca”" entry through VGCC activates both SK and BK channels, but CICR through
ryanodine receptors activates only BK channels'>. In human T lymphocyte and in
Jurkat T cells, stimulation of T cell receptors initiates Ca”" release from intracellular
stores, which subsequently activates Ca’" release-activated Ca®" channels. The
activation of SK2 channels in Jurkat T cells and SK4 (IK1) channels in mitogen-
activated T cells through accumulation of intracellular Ca*” ions conducts an outward
potassium current, which in turn provides the electrochemical driving force for

sustained Ca”" influx required for normal T cell function'*®.

There is not always only one Ca>" source that contributes to SK channel activation.
For example, Faber showed that in layer 2/3 and layer 5 pyramidal neurons of medial
prefrontal cortex, blocking NMDARs, L- and R-type Ca*" channels or Ca®" release
from ryanodine receptors-sensitive stores all blocked enhancement of EPSPs by
apamin, indicating that there are multiple Ca’" sources that regulate SK channels
activation'*. Likewise, in immature mouse inner hair cells, SK channels are
significantly activated by Ca®" influx through both L-type Ca®" channels and
nAChRs'®. In summary, the SK channels are activated by elevation of cytosolic Ca*"

from several difference sources in different regions and cells.
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Kv4.2-containing K' channels and KChIPs.

Another significant finding of my results is the coupling of voltage gated SNX-
sensitive R-type Ca®" channel to Kv4.2-containing potassium channel in hippocampal
CA1l neurons. It was in 1987 when Papazian et al. first reported the isolation of
cDNAs encoding the Kv channel a subunit encoded at the Shaker gene locus in
Drosophila melanogaster™?’. A year later, by using the Shaker cDNAs as probes,
Tempel et al. isolated the first mammalian Kv channels cDNA, Kv1.1'%% In 1989, the
cDNA encoding the rat brain Kv2.1 a subunit was isolated by expression cloning in
Xenopus oocytes' . In 1991, McCormack et al. and Rudy et al. reported the isolation

160,161

of cDNA encoding Kv3 a subunit in mammalian brain , and in the same year,

Kv4 a subunit cDNAs were originally isolated by Baldwin et al. and Roberds and
Tamkun'®*'®. Kv4 o subunits are divided into three subtypes; Kv4.1, Kv4.2 and
Kv4.3. Kv4.1 expression is low in mammalian brain, whereas Kv4.2 and Kv4.3 are
expressed at much higher levels and being able to form homomeric or heteromeric

Kv4 channels.

One characteristic of Kv4.2-containing potassium channels is their exhibition of A-
type inactivation, a process leading to the spontaneous closing of the channel upon
sustaining depolarization. For example, after a sustained depolarizing voltage step, A-
type potassium channels activate and then inactivate, producing a transient response.
In 1990, Zagotta and Hoshi from the Aldrich laboratory first proposed a “N-type
inactivation” mechanism for potassium channel inactivation, which occurs when a

moveable 22-residue segment localized at the N-terminus of the channel blocks the
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pore by binding to the internal entrance of the pore in the open conformation, acting
as a tethered pore-blocked in a “ball-and-chain” mechanism. This mechanism was
further confirmed by experiments showing that removal part of the N-terminus of the
Shaker channel abolish N-type inactivation while the addition of the isolated 22-
residue peptide back into the internal solution restores the inactivation in a dose-

164,1
response manner 64, 65.

Among those voltage gated potassium channels that rapidly inactivate, Kv1.4 and
Kv4.2 channels conduct a very fast A-type inactivation that occurs within 100 ms
after a sustained positive going voltage pulse, however, one difference between these
two channels is that Kv4.2 channels recover within 100 ms giving a repolarized
voltage step whereas it takes much longer for Kvl.4 channels recover from
inactivation'*’. In spite of this difference, the very fast inactivation of Kv channel
subtypes may play an important role in regulating action potential firing properties.
Indeed, in different neuron types, Kv4 channels prolong the latency to the first spike
in a train of action potentials, slow repetitive spike firing, shorten action potentials,
and attenuate back-propagating action potentials'®. For example, in hippocampal
CA1 pyramidal neurons, dendritic transient A-type Kv4 channels, which are
expressed in high densities in the distal dendrites, exert profound control over

dendritic excitability by limiting dendritic depolarization'®’.

By expressing a
dominant negative Kv4.2(W362F) mutant in CA1 pyramidal neurons of organotypic
slice cultures, Kim et al. found that neurons expressing the mutant Kv4.2 displayed
broader action potentials with an increase in frequency-dependent AP broadening

during a train. Conversely, neurons that with overexpressed Kv4.2 displayed narrow

APs with less frequency-dependent broadening and decreased dendritic propagation'®”.
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By using Kv4.2 knockout mice, Chen et al. showed that deletion of the Kv4.2 gene
and a loss of Kv4.2 protein resulted in a specific and near-complete elimination of A-
type potassium currents from the apical dendrites of CA1 pyramidal neurons, which
led to an increase of backpropagating AP amplitude and a lower threshold for LTP

. . 14
induction'.

Another characteristic of Kv4.2-containing potassium channels is that they contain
auxiliary subunits KChIPs, which are Ca*"-binding proteins containing four EF hand
domains. The KChIP family consists of four genes (KChIP1-4), and these genes yield
at least 16 products through alternative splicing of KChIP mRNA'®.
Immunolocalization of Kv4 and KChIPs in rat brain revealed that immunoactivity for
KChIP2 is concentrated in dendritic membranes, where their distribution corresponds
closely with Kv4.2. In contrast, the distribution of KChIPI1 closely matches the
distribution of Kv4.3, particularly in the somatodendritic domain of neocortical,
hippocampal, and striatal interneurons'®®. By using site-directed mutagenesis and
deletion approaches, functional mapping of the Kv4 N-terminus and KChIP
interaction has identified two N-terminal domains, the proximal N-terminal residues
7-11 and an internal region of 71-90 amino acids that are critical for the KChIP
modulation'®. Structural analysis of the KChIP1/Kv4.3 N-terminus complex revealed
a clamping model whereby a single KChIPl monomer laterally clamps two
neighboring Kv4.3 N-termini in a 4:4 manner, with two contact interfaces being

. . . . 170.171
involved in the interaction'’®!’

. The interaction of KChIPs with the N-terminal of
Kv4 channels modulates the surface expression and gating of this class of ion

channels. For example, when expressed alone in heterologous cells, Kv4.2 channels

are not efficiently expressed on the cell surface, and the Kv4.2 channel protein is
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misfolded, hypophosphorylated, and relatively unstable. In control, KChIP co-
expression dramatically increases the density of surface Kv4.2 channels and slows
their inactivation kinetics and accelerates the rate of recovery from inactivation, in
addition to enhanced Kv4.2 protein folding, phosphorylation and stability'®*'®®.
Another study by Shibata et al. reported that the ER retention of Kv4 channels
expressed in the absence of KChIPs appears to be the primary mechanism preventing
surface expression'”. Recently, Foeger et al. showed that target deletion of cytosolic
KChIP2 resulted in a complete loss of the Kv4.2 protein in mouse heart, where it is
critical for the generation of the ventricular fast transient outward potassium current
that underlies the early phase of myocardial action potential repolarization'”.
Furthermore, Anderson et al. reported that Kv4-containing channels in cerebellar
stellate cells form a molecular complex with T-type Ca®" channels: Ca*" influx
through mifebridil-sensitive T-type Ca”>" channels maintains the voltage dependence
of availability of Kv4-containing channels in the physiological range, and in a
KChIPs dependent manner. Blocking T-type channels induced an ~10 mV
hyperpolarizing shift in the voltage dependence of availability of A-type current.
Intracellular applying 10 mM BAPTA or a pan-KChIPs antibody occludes this shift,
suggesting KChIPs play an important role sensing Ca”" ions for Kv4 channels and
regulating Cav3-Kv4 signaling complex'”*. Their subsequent work showed that the
Cav3-Kv4 complex expressed in stellate cells acts as a Ca>" sensor, which adaptively
regulates stellate cell output to maintain inhibitory charge transfer to Purkinje cells,
therefore, modulating Purkinje cell excitability during fluctuations of extracellular

5

Ca®" concentration'”. More recently, Heath et al. reported that blocking Cav3

channels with either 300 pM Ni*" or 1 uM mibefradil leftward shifted the voltage-
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inactivation relationship of Kv4 channels when expressed in tsA-201 cells or
cerebellar granule cells, suggesting that Cav3 channels increase A-type Kv4 current

availability through their influence on Kv4 voltage for inactivation'”.

Although there are not many other studies of direct interaction between Kv and Cav
channels in the central nervous system, there are still many evidences suggesting a
close localization of Kv and Cav channels. In the developing rat forebrain where
pioneer axons navigate and pave the way for follower axons to establish the initial
neuronal network, Huang et al. reported that A-type Kv3.4 channels are expressed in
both pioneer axons and early follower axons, while L-type Cav1.2 channels are found
in pioneer axons and early and late follower axons, and both Kv3.4 and Cavl.2
channels are spatially colocalized with markers of pioneer neurons and axons,
suggesting that these two high voltage activated ion channels may act together to
control Ca**-dependent electrical activity of pioneer axons during axon pathfinding'”’.
In the dendritic spines of hippocampal CAl pyramidal neurons, Kv4.2

immunoparticles were detected in postsynaptic spines but not directly in the PSD'*,

which is similar to the predominantly extrasynaptic localization of Cav2.3 channels'’.
Taken together with the report from Anderson et al showing that 10 mM BAPTA
shifted the Kv4 channels inactivation profile'’* and my result that 10 mM BAPTA in
the pipet solution blocked the SNX effect on boosting EPSPs, these results suggest

that Kv4.2-containing channels and SNX-sensitive Cav2.3 channels are closely

coupled at extrasynaptic sites in spines.
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Synaptic SK channels and Kv4.2-containing K* channels.

SK channels and Kv4 channels play important roles in regulating neuronal activity in
central neurons. SK channels modulate neuron intrinsic excitability and firing patterns,
while Kv4 channels modify the latency and frequency of spike output. In the dendrites
of CA1l pyramidal neurons, SK and Kv4-containing channels serve complementary
roles in shaping the time course and extent of branch-specific dendritic excitability' ™.
Local apamin applied to distal dendrites increases plateau potential duration and Ca*"
influx but does not prevent compartmentalization, while Kv4 channels decrease the
amplitude of plateau potentials, preventing their propagation to adjacent branches.
Moreover, synaptic SK2 channels undergo endocytosis in a PKA dependent manner
during LTP, which is coupled to the exocytosis of AMPRs in the spines®®'?’,
Similarly, PKA phosphorylation mediates activity-dependent Kv4.2-containig channel
internalization during LTP"**!”_ Therefore, both SK2 channels and Kv4.2-containing
channels contribute to the expression of LTP. Taken together with the results of
colocalized SK2 and NMDAR immunoparticles in PSD™, and of Kv4.2 and Cav2.3

. . . . : 137,1
channel immunoparticles in extrasynaptic spines T8

In summary, what I found lead to the following proposed model: in dendritic spine of
CA1l pyramidal neurons, the SK2 channels and NMDARs are present in the PSD,
while voltage gated Cav2.3 and Kv4.2 channels are expressed in extrasynaptically.
The SK channels and Kv4.2-containing channels may serve synergistic roles in
regulating synaptic responses, the induction and expression of synaptic plasticity, and

dendritic integration.
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