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A-type K* channels as a regulator of postsynaptic excitability in neurons -
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i Abstract )

Since their original descriplions, information encoding and storage function of mammalian brains have been explained by
revealing the cellular and molecular mechanisms of synaptic plasticities in various levels of a central nervous system, including
hippocampi and cerebral cortices. The modulatory mechanisms of synaplic excitability correlated with neuronal tasks have been
considered as fundamental factors 1o induce synaptic plasticities, which are dependent on the intracellular Ca?* mediated
signalings. In the present review, A-type K* (IA) channel, one of voltage-dependent cation channels, is issued as a key player
fo modulate Ca*influx though synaptic N-methyl-D-aspartic acid (NMDA) receptors and their correlated signaling pathways, The
functions of IA channels previously reporied indicate that they are integral parts of a synaplic complex that regulates
postsynaplic processes of neurons performing memory functions and learning tasks. (J Med Life Sci 2009:6:152-157)
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[ Introduction |

In hippocampal neurons in mammalian brains, the outward
K*cwrrent consists of a transient or rapidly inactivating (A-type
current, IA) current, which is enhanced in dendrites, and a
sustained or slowlnon-mactjvat:ir{g current expressed at a
constant somatodendric density?. Channel proteins encoded
from the shal family of K'channels (most likely Kv4.2,
voltage—dependent K* channel subtype) underlie the 1A in
CA1l hippocampal pyramidal neurons?. For a decade, A-type
K* currents in cells have been studied for understanding
neuronal functions to modulate dendritic signal processing,
including the regulation of action potential (AP} propagation.
synaptic integration, filtering of fast synaptic potentialsi—,
and in long term potentiation (LTP, a long-lasting increase
of synaptic strength)’12}, In dendritic processes of pyramidal
neurons, A—type K* channels (IA channels) alters dendritic Ca?*
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influx during AP back-propagation, indicating that the
regulation of backpropagation by 1A channels may
participate in intracellular Ca®'-signaling cascades as well
as dendritic transmissions of neural inputs, Interestingly,
recent reports clearly demonstrate that [A channels are
massively distributed in dendritic spines in which basic
functions of neurons to communicate with others are
performed synaptically!® 1) In the present paper, IA
channels are reviewed with focusing on their modulatory
functions restricted in active postsynaptic sites, R

[ Typical functions of IA channels in dendrites |

Transient A-type K* cwrrent is activating in subthreshold
level {lower than —-45 mV of membrane potential) and
rapidly inactivating (within ~100 ms). A was first introduced
by Hagiwara el al in molluskan neurons'®. In their typical
functions, 1A channels regulate AP {frequency with making
membrane hyperpolarization following the rising phase of
APs. In heterologous expression systems., 1A are mediated
by Kvlid, Kv34 or the Kv4 family subunits (Kv4.1-Kv4.3)
that show distinct subcellular 1A is pompﬁsed mainly of
subunits from the Kv4 family!1-16), Recently, direct evidence
establishing Kv4.2 as the molecular identity of 1A in CAl
pyramidal neurons has been shown using molecular
techniques to decrease functional Kv4.2 activity followed by
électrophysiological recordings to test the physiological
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effect of 1A decrease? 917,
In dendrites of hippocampal CAl neurons, the density of

1A increases with distance from the soma!’, Moreover, in -

distal dendrites, IA channels have a hyperpolarization-
shifted conductance of voltage curve resulting in an
increased probability of channel opening at physiological
voltages. Block of 1A with 4-AP was demonstrated to
enhance the backpropagation of dendritic APs and increase
AP initiation in dendrites!). Recently, studies have shown
that genetic down— or up-regulation of Kv4.2 alters
dendritic Ca?* influx during AP backpropagation® 9. As
[Ca*}i elevation is necessary for the induction of LTP, these
results indicate that the regulation of AP back-propagation
by Kv4.2 maybe an important factor in the induction of
synaptic plasticity. Indeed, in physiological induction
protocols, which rely on AP backpropagation, LTP threshold
is reduced when the activity of dendritic IA channels is
reduceds. 7. 9,

Synaptic localization of 1A channels and their
activity—dependence

In decades after exposing the molecular mechanisms of
synaptic plasticity, glutamate receptors including N-—methyl=
D-aspartic acid receptors {NMDARs) and alpha—amino—3-
hydroxy—5-methyl-s—isoxazolpropionic acid receptors
(AMPARs) remain as the best candidate for the cellular
analogue of learning and memory!8-2D. More recent reports
provide evidence that synaptic strength may be determined
by the regulation of synaptic surface expression of
glutamate receptors?2. 23 However. subsequent to synaptic
transmission, postsynaptic potentials are subject to
significant filtering in CAl dendrites. Depending on the
location and timing of synaptic input. voliage— and Ca?-
gated channels located in dendritic shafts and/or spines may
be activated to amplify or otherwise shape synaptic signals
as they propagate toward the axon where AP threshold is
lowest?¥). [t is possible then that activity—dependent
regulation of ion channel properties and its surface
expression pattern could contribute to the expression of
synaptic plasticity. Hoffman and colleagues in 1997 provided
an early suggestion that 1A channels might shape synaptic
input!), Later, Ramakers and Storm confirmed a role of IA in
synaptic integration in rat CAl pyramidal cells, showing that
heteropodatoxin-3 (HpTX3), a blocker of postsynaptic IA,
strongly enhanced the amplitude and summation of
excitatory postsynaptic responses®,

More recently, Kim and colleagues showed that Kv4 2

subunits are localized to spines of primarily cultured
hippocampal neurcns. Enhanced green fluorescence protein
(eGFP)-tagged Kv4.2 (Kvd2g) flucrescence was greater in
neuron spines than in dendritic shafts, suggesting Kv4.2 spine
enrichmeni?), Electron microscopy confirmed thal endogenous
Kv4.2 is localized to spines in adult hippocampal CAl
pyramidal neurons!®). Finally, altering the functional
expression level of Kv4.2 led to changes in miniature
excitatory postsynaptic current (mEPSC) amplitude!® and in
the composition of synaptic glutamate receptors!l),
Investigating the possibility that synaptically located Kv4.2
subunits are participated in synaptic plasticity, Kim and
colleagues observed the activity—dependent redistribution and
internaltization of Kv4.2 channelst®. Excitatory stimulation led
to a clathrin—-mediated endocytosis of Kv4.2 channels from
the neuronal surface. This finding was confirmed by recording
a decrease in 1A during LTP chemically induced in young
dissociated hippocampal neurons. Live imaging experiments
and electrophysiological recordings showed that, as with many
forms of synaptic plasticity, activity~dependent Kv4 2
internalization requires NMDA receptor activation,
Furthermore, mEPSC amplitude was enhanced by stimuli that
induced Kv4.2 internalization, Finally. a chemically induced
LTP protocol resulted in synaptic insertion of GluR1-
containing AMPA receptors along with Kv4.2 internalization,

In recordings from adult CAl hippocampal dendrites, Frick
and colleagues reported that the voltage dependence of
steady—state IA channel inactivation is altered after LTP
induction via a hyperpolarized shift®, This shift decreases
the proportion of channels available for activation at resting
membrane potentials, enhancing dendritic excitability. These
results present a novel mechanism to coordinate synaptic
integration and plasticity through the activity~dependent
regulation of IA channel activity. The synaptically specified
distribution of JA channels can thus dramatically impact
neuronal signaling through the local regulation of
postsynaptic membrane excitability.

| Postsynaptic regulation of I channels. |

Why are IA channels located in spines and redistributed
activity~dependently? For answering this question, we can
hire the specific properties of synaptic glutamate receptors
showing activity—dependent movement during synaptic
plasticity. In particular, the importance of NMDARs in
synaptic plasticity and memory are well described?s, At
excitatory synapses, Ca? influx occurs through both
NMDARs and voltage—dependent Ca?* channels8. 26. 27),
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Recently, Jung and colleagues reported that IA channels
controls synaptic NMDAR signaling!®, In Fig. 1, one day
after altering IA chanmel activity, hippocampal pyramidal
neurons responded with changes in synaptic NR2 subunit
composition. Increasing TA decreased the synaptic
NR2B/INRZA ratio by reducing the expression of NRZB—
containing NMDARs. Interestingly, this remodeling was
specific to synaptic NMDARs, indicating that the modulation
- of NMDARs by IA channels is restricted in postsynaptic
sites. Also, remodeling of NMDAR subunit composition by IA
channels depends on spontaneous activities of NMDARs but
not on voltage—dependent Ca?* channels, Conéequently,
these results indicate that the activity—dependent gating
properties of NMDARs are targeted by a local membrane
potential of postsynaptic sites, which is modulated by the
expression level of synaptic TA channels. This is also
supported by other investigation showing that the
spontaneous synaptic transmission (i. e. mEPSC) is
regulated by IA channel expressioni®,

Figure 1, NMDA subunit composition is altered by functional
Kv4.2 expression level. (A} The microscopic view of a Kvd.2g
(Kv4.2 overexpressing) dissociated pyramidal neurcn. Puffer
pipettes were located 10 mm from the soma to induce NMDA
currents. (B) Sample traces of total NMDA currents ("control’)
and ifenprodil-insensitive currents ('ifenprodil”). To isolate the
NR2A component (‘ifenprodil’, ifenprodil-insensitive), ifenprodil
(3 mM) was added to the recording solution after recording
total currents including NR2A and NR2B components (control},
In this figure, the overexpressing of Kv4.2 significantly reduces
total NMDA currents, However, ifenprodil-insensitive fraction
shows not significant differences, indicating that the reduction
of total NMDA currents in Kvd.2g neurons results from the
reduction of NRZ2B component, ifenprodil-sensitive fraction.
Scale bars @ 100 pA, 1 second. {Modified from Jung et al. 2008)

A

Kv4.2g dissociated pyramidal neuron

B

Uninfected

Kvd_ 2g™* Kva.2g

{fenpradil

~——— cantro}

contral ;: total NMDA currents {NR2A+NR2B)
ifenpradil : NR2A-containing NMDA currents

A-type K* channels as a regulator of postsynaptic excitabilify in neurohs

Because synaptic NMDARs act as a key player to regulate
postsynaptic Ca? influx, the voltage—dependence of their
gating properties is a crucial factor to modulate Ca?*-
signaling cascades. After opening of NMDARs, the local
elevation of intracellular Ca?" concentration is detected by
Ca?/Calmodulin—dependent kinase II (CaMKII), which is
activated by Ca®/Calmodulin binding .and initiates the
biochemical cascade of synaptic potentiation2®). CaMKII
activated by Ca? elevation is then rapidly translocated to
active synaplic sites and binds to NMDARs2-3® As NRIB-
containing NMDAR currents have slower kinetics, allowing
for greater temporal summation and Ca2* influx®. 33, Ca?—
dependent synaptic potentiation potentially relies on the
interaction bhetween NRZB and a—CaMKIl at postsynaptic
domains. Jung and colleagues provided clear evidence that
pyramidal neurons overexpressing Kvd.2 show the significant
decrease of active CaMKII, while the dominant negative
mutation of Kv4.2 enhances CaMKIl activation!?, Although
it is still necessary to investigate why only NEZB receptors
particularly respond to the changes of Ca®* concentration
and CaMKIl activity in postsynaptic sites, higher binding
affinity of NR2B receptors with CaMKIl than NR2A as well
as their specific functions to regulate synaptic plasticities
can be candidates to explain the synaptic remodeling of
NMDAR subunit compositions by IA channels®. Consistent
with these results, knocking—out of Kv4.2 shows a distinct
increase in both NR1 and NR2ZB (but not NR2A) proteins
along with the NMDAR scaffolding protein PSD-95,
demonstrating the effect of Kv4.2 deletion to increase
NR2B-containing NMDARs in postsynaptic sites!!’ (Fig, 2),

Figure 2. Genetic loss of Kv4,2 resulis in an increased
synaptic NMDAR expression. Synaptic fractionation of
hippocampi from wild—type and Kv4.2-/- mice revealed that
expression of synaptic NR2B, NR1 and PSD25 is significantly
upregulated in EKv4.2-/— mice. H. homogenate; S1,
supernatant; P2, crude synaptosomal fraction: SZ, supernatant:
SPM, synaptic membranes. {Modified from Jung et al, 2008)
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Functions of synaptic 1A channels in :
memory and learning :
Dendritic IA channel activity, by regulating neuronal
excitability and associated Ca®influx, has the potential to
impact LTP on many levels®-12} Chen and colleagues in
2006 reported Kv4.2 to be important for the induction of
LTP induced by theta—burst pairing by regulating AP
backpropagation®. However, overexpression of Kv4.2
channels also modulate synaptic LTP induced by a pairing
protocol in which it does not rely on AP backpropagation,
and Kv4.2 channels would be expected to be inactivated
during the pairing period (with thé cell held at 0 mV)iD,
Therefore, Kv4.2 expression level affects the degree of LTP
induced" likely depends on secondary consequence of Kv4.2
expression rather than activity of Kv4.2 channels during
induction. because sufficient NMDARs activation is required
for the induction of most forms of synaptic plasticity?® (Fig.
3). Additionally, genetic e¢nhancement of NR2B in transgenic
mice increases the synaptic potentiation and learning
abiliies in behavioral tasks3?, and synapses with a lower
synaptic NR2B/NR2A fraction rarely induces plasticities?®,
indicating that Ca® influx through NRZ2A receptors with
lower permeability is not sufficient to induce LTP. However,
there is still conflicting evidence for the role of specific NR2
subunits in synaptic plasticities36-39),

[ 7 Summary ]

In excitable cells such as neurons, voltage—dependent K*

channels in membrane prevent excessive depolarization for
preserving neurons from excitotoxicity and prepare neurons
to make next APs., As the physiological structures of
newrons determine their own functional nature, ion channels
in membrane can be distinguished by their location even |f
they are classified as same. In the present review. the
physiological functions of [A channels particularly located in
spines has been described with concepts to consider [A
channels as a primary regulator of postsynaptic excitability
in a subthreshold range. Although revealing detail and
distinctive functions of Ca?' sources existing in postsynaptic
sites needs further studies, the activity of 1A channels is
cne of dominant players to regulate membrane excitability,
controlling the galing properties of synaptic glutamate
receptors (Fig. 3).

More sophisticated technical approaches may provide more
evidence of how and why IA channels and their auxiliary
subunits (DPPX, KChiPs and kinases) are targeted by

neurons to control membrane excitability and secondary Ca?*
signaling. A number of studies on cellular and molecular
mechanisms that underlie information encoding and storage
are focusing on the trafficking of glutamate receptors in and
out of active synapses, It is, however, important to consider
voltage-dependent K* channels as an integral part of a
synaptic complex that regulates Ca2-related posisynaptic
processings, which control the expression of synaptic
glutamate receptors and plasticity.

Figure 3. The function of IA channels io regulate
postsynaptic excitability. The increased activity of IA channels
can downregulate the membrane excitability of posisynaptic
sites, which is a critical factor to control synaptic NMDARs
opening. Less Ca?* influx through NMDARs by 1A increase.
induces the downregulation of postsynaptic CaZ*-mediated
signaling cascades and expression of glutamate receptors.
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