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The Downregulation of Somatic A-Type K* Channels Requires the
Activation of Synaptic NMDA Receptors in Young Hippocampal
Neurons of Rats
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The downregulation of A-type K™ channels (Is channels) accompanying enhanced somatic excitability
can mediate epileptogenic conditions in mammalian central nervous system. As I channels are domi-
nantly targeted by dendritic and postsynaptic processings during synaptic plasticity, it is presumable
that they may act as cellular linkers between synaptic responses and somatic processings under various
excitable conditions. In the present study, we electrophysiologically tested if the downregulation of
somatic In channels was sensitive to synaptic activities in young hippocampal neurons. In primarily
cultured hippocampal neurons (DIV 6~9), the peak of I» recorded by a whole-cell patch was significantly
reduced by high KCI or exogenous glutamate treatment to enhance synaptic activities. However, the
pretreatment of MK801 to block synaptic NMDA receptors abolished the glutamate-induced reduction
of the In peak, indicating the necessity of synaptic activation for the reduction of somatic In. This
was again confirmed by glycine treatment, showing a significant reduction of the somatic I. peak.
Additionally, the gating property of In channels was also sensitive to the activation of synaptic NMDA
receptors, showing the hyperpolarizing shift in inactivation kinetics. These results suggest that
synaptic LTP possibly potentiates somatic excitability via downregulating In channels in expression
and gating kinetics. The consequential changes of somatic excitability following the activity-dependent
modulation of synaptic responses may be a series of processings for neuronal functions to determine
outputs in memory mechanisms or pathogenic conditions.
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INTRODUCTION

In neurons of the mammalian central nervous system
(CNS), the unique and crucial role of the soma is to de-
termine the output with given synaptic inputs under vari-
ous conditions. Therefore, the excitability of somatic mem-
branes is a basic index for understanding neuronal func-
tions in various tasks associated with the integrative and
plastic modification of information in the brain or patho-
genic conditions such as epileptic seizure. Previous studies,
including the paper suggesting the original description of
synaptic plasticity, have reported that the induction of
long-term potentiation (LTP) of synaptic strength is accom-
panied by changes of intrinsic excitability (IE) of the soma
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[1,2]. This indicates the involvement of concurrent changes
of voltage-dependent ion channel activities in the soma
membrane. With the reliance on changes in the expression
and/or gating kinetics of voltage-dependent ion channels in
the soma membrane, activity-dependent alterations of IE
correlated with synaptic plasticity have been observed in
various kinds of animals [3]. However, it is still curious if
and how synaptic activities mediate the changes of somatic
excitability via regulating voltage-dependent ion channels.
In the present study, we focused on one type of volt-
age-dependent ion channels, A-type K channels (Ix chan-
nels), to study the regulation of somatic excitability medi-
ated with synaptic activities.

For a decade, subunits of voltage-dependent K channels
(Kv channels) contributing to A-type K" currents (Ia) in
neurons have been focused on by neuroscientists explaining
neuronal functions to modulate dendritic signal processing,
action potential (AP) propagation, synaptic integration and
the filtering of fast synaptic potentials [4-9]. In particular,
the NMDA receptor-dependent synaptic LTP in hippo-
campal neurons regulates the distribution of I channels
in spines and dendrites, indicating the existence of dynamic

ABBREVIATIONS: LTP, long-term potentiation; LTD, long-term
depression; IE, intrinsic excitability; AP, action potential; NMDA,
N-Methyl-D-aspartic acid; I, A-type K™ current; EPSP, excitatory
postsynaptic potential.
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and active functions of these channels in memory mecha-
nisms [10-15]. Activity-dependent down- or up-regulation
of Ia channels relying on Kv4.2 subunits is also critical for
somatic excitability. The reduction of somatic o mediating
the enhancement of intrinsic excitability (IE) has been fre-
quently observed after synaptic LTP induction in hippo-
campal slices and cultured neurons [12,14]. This phenom-
enon indicates that Ix-mediated somatic processings during
synaptic LTP may play important roles in determining neu-
ronal excitability correlated with memory mechanisms, be-
cause the alteration of IE is concerned with information
storage [16]. Although it is a subject still under debate,
previous results in a number of papers have provided evi-
dence that NR2A-containing NMDA receptors located in ac-
tive synaptic sites dominantly contribute to the induction
of LTP, while extrasynaptic NR2B-containing receptors are
necessary for LTD in mature neurons [17,18]. Therefore,
in plastic changes of IE correlated with synaptic plasticity,
it is reasonable to hypothesize that the activation of syn-
aptic NMDA receptors may be required for increasing so-
matic excitability during synaptic LTP. This hypothesis
would provide evidence that the regulation of voltage- de-
pendent ion channels to change IE may be dependent on
the type or localization of NMDA receptors.

In this study, we tested whether the downregulation of
somatic In channels was dependent on synaptic or extra-
synaptic NMDA receptors in young hippocampal neurons
of rats. In the results, the activation of synaptic NMDA re-
ceptors but not extrasynaptic NMDA receptors was abso-
lutely required for the reduction of the somatic Ia peak. The
dependence of Is channel downregulation on synaptic
NMDA receptors was also confirmed in an analysis of gat-
ing kinetics showing the hyperpolarizing shift of the in-
activation property of Ia channels. These results suggest
a possibility that the activation of synaptic NMDA re-
ceptors under various conditions mediates the enhance-
ment of somatic excitability through the biphasic down-
regulation of somatic I channels in young hippocampal
neurons, contributing to memory mechanisms as well as
pathogenic conditions.

METHODS
Hippocampal primary cultures

Hippocampal primary cultures were prepared from em-
bryonic 20-day old Sprague-Dawley rats. The embryonic
rats were removed from deeply anesthetized pregnant rats,
then transferred to an ice-cold normal Tyrode solution con-
taining the following (in mM): 140 NaCl, 5.4 KCI, 2.3
MgCl,, 10 HEPES, 5 glucose, pH 7.4 adjusted with NaOH.
Isolation of the hippocampi from embryonic rat brains was
performed in a chamber containing ice-cold normal Tyrode
solution under a microscope in a sterilized environment.
Dissected hippocampi were transferred to ice-cold minimal
essential medium (MEM) containing Earle’s salts and glu-
tamine with 10% fetal bovine serum, 0.45% glucose, 1 mM
sodium pyruvate, 25 1M glutamate and antibiotics, and
then triturated using 200 xL pipettes. The cells were
counted and seeded on 12 mm-diameter glass cover slips
(Fisher Scientific) coated with poly-L-lysine (Sigma-Aldrich)
at a density of 9x10* cells/mL and maintained at 37°C in
95% air and 5% COq. After 7 hours, the whole plating me-
dium was changed to Neurobasal (Sigma-Aldrich) medium

containing B-27 (Invitrogen), and half of the medium was
changed once at DIV 4. All experiments and procedures
with animals were performed with the permission from the
Animal Care and Use Committee of Jeju National Univer-
sity.

Electrophysiology and data analysis

For electrophysiological recordings, primary dissociated
culture neurons of 6-9 DIV were used. Coverslips contain-
ing these young hippocampal neurons were transferred to
a recording chamber with a continuous flow of recording
solution containing the following (in mM) : 145 NaCl, 5 KCl,
2 CaClg, 1.3 MgClg, 10 HEPES, 10 glucose, pH 7.4 with
NaOH, and bubbled with 95% Oz and 5% CO,. TTX (0.5
1 M) was added to the recording solution to block the volt-
age-dependent Na® channels. For recording transient K
currents (i.e. Ia), thick-walled, filamented patch electrodes
showing a tip resistance of 4~6 M£ were used. The patch
pipettes were filled with an internal solution containing the
following (in mM) : 20 KCl, 125 K'-gluconate, 4 NaCl, 10
HEPES, 0.5 EGTA, 4 ATP, 0.3 tris-GTP, and 10 phosphoc-
reatin, and pH 7.2 was adjusted with KOH. During the re-
cordings, the series resistance varied between 8~30 M2,
and recordings where the series resistance varied by more
than 10% were rejected. No electronic compensation for ser-
ies resistance was employed, and recordings were filtered
at 5 kHz in all experiments. Transient and sustained K
currents were digitally separated using a prepulse protocol
after subtracting leak currents. Peak currents were meas-
ured at +60 mV after a 200 ms prepulse to either —120
mV or —20 mV. All electrophysiological data were recorded
using an Axopatch 200B amplifier (Axon Instruments), and
command pulse generation, data acquisition and analysis
were performed using Digidata 1322A convertor (Axon
Instruments), pClamp 8 (Axon Instruments) and IGOR Pro
(Wavemetrics) software. SPSS (SPSS Inc.) and Excel
(Microsoft) software were used for further data and stat-
istical analysis. All results in the present study were pre-
sented as the mean+tSEM, and Student's ¢-tests were used
to examine statistical significance, set to p<0.05 or 0.01.

Drugs treatment

For observing the correlation between somatic Ix chan-
nels and synaptic NMDA receptors in cultured hippocampal
neurons, 1t was necessary to enhance synaptic transmission
in the in-vitro system. Some of the cultured hippocampal
neurons were stimulated to increase neuronal activities by
adding KC1 (20 mM, Sigma-Aldrich) or glutamate (5 ¢« M,
Sigma-Aldrich) to culture media for 24 hours or to recording
solution for 5 min (for acute responses), and APV (100 «M,
Sigma-Aldrich) was added in some cases to confirm the in-
volvement of NMDA receptors. Glycine (200 «M, 5 min)
which is well known to induce LTP chemically, was used
for selectively activating synaptic NMDA receptors [17,23].
In cases of blocking synaptic NMDA receptors, MK801 (25
1M, Tocris) with KCI (20 mM, for 24 hours) or glycine (200
#M, for one hour) was added to the culture media before
recording. Cell viability under each condition according to
drug application was confirmed by using MTT assay. Supple-
mental fig. 1 showed that survival rates of neurons were not
reduced by KCl or glutamate overnight treatment, compared
with control neurons. More detailed protocols of drug treat-
ments are provided in the results and figure legends.
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RESULTS

It has been previously reported that the acute activation
of glutamatergic receptors induces the internalization of
Kv4.2 channels, showing the reduced peak amplitude of so-
matic Ix in electrophysiological results [14]. However, it is
not clear whether synaptic or extrasynaptic NMDA re-
ceptors contribute to the glutamate-induced reduction of so-
matic Iy peak. In this study, we first focused on the partic-
ipation of synaptic NMDA receptors in the downregulation
of Ia channels. All young hippocampal neurons recorded in
this study showed invariable whole-cell capacitance within
11~15 pF (n=136). In Fig. 1, we first tested the effect of
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Fig. 1. The enhancement of neuronal activities reduces the peak
amplitude of somatic Ia. (A) Example traces of transient outward
K* currents (i.e. Ia) recorded by whole-cell patch in cultured
hippocampal neurons. KCl (KCl, 20 mM) or glutamate (Glu, 5 2 M)
for 24 hours was added to culture media before recording. Scale
bars: 500 pA, 100 ms. (B) Example traces showing that APV
abolishes the effect of KCI or glutamate. APV (100 M) with KCl1
or glutamate was added to culture media for 24 hours before
recording. Scale bars: 500 pA, 100 ms. (C) A trace showing the effect
of MK801 on the reduction of I peak. KCl and MK801 (25 M)
were added to culture media for 24 hours. After this, long exposure
(24 hours) to exogenous glutamate (KCI+MK801/Glu) did not
reduce the peak of somatic I. Scale bars: 500 pA, 100 ms. Dotted
lines indicate the averaged Ia peak of control neurons. (D) Sum-
marized changes of current density of In with individual values of
neurons. The statistical significance was set to p<0.05 or 0.01
(*compared with control; 'compared with KCI or Glu). Square
boxes indicate the mean value of each group and error bars
represent SEM.

high KCI on the Ia peak recorded by whole-cell patch, be-
cause high KCl application can enhance the release of en-
dogenous glutamate from presynaptic terminals, and then
activate glutamate receptors in postsynaptic sites [13].
Compared with the control neurons, KCl (20 mM) pretreat-
ment to culture media for 24 hours significantly reduced
the peak amplitude of somatic Is (Fig. 1A and D; con-
trol=147.49+12.69, n=22; KCl=104.47+9.76 pA/pF, n=21; p
<0.05). This indicates that the long-lasting enhancement
of glutamatergic transmission may downregulate the so-
matic Ix channels. This KCl effect was mimicked by exoge-
nous glutamate pretreatment (24 hrs, 5 ©«M; Fig. 1A and
D, Glu=82.94+5.98 pA/pF, n=17, p<0.01 compared with the
control). Interestingly, both KCI and exogenous glutamate
effects were sensitive to APV (100 M), so the peak ampli-
tude of Ia exhibited a level similar with the control group
under APV co-application (Fig. 1B and D; KCI+APV=
149.87+13.22, n=9; Glu+APV=153.19+21.23 pA/pF, n=9).
Because APV is not specific to synaptic NMDA receptors,
it seems to be not suitable for testing if synaptic activities
are specific for glutamate-reduced somatic Io. In Fig. 1C,
we tried to selectively block synaptic NMDA receptors for
confirming the specific role of synaptic activities in the re-
duction of somatic Ia. For 24 hours, neurons were cultured
in media containing an open channel blocker, MK801 (25
#M) and high KCl (20 mM). This protocol can block irrever-
sibly synaptic NMDA receptors [19]. After washing them
out, glutamate was again added to the normal culture me-
dia for the next 24 hours. In this experiment, the amplitude
of somatic In was not affected by glutamate application,
suggesting a possibility that synaptic NMDA receptors are
required for the downregulation of somatic Ix channels (Fig.
1C and D; KCI+MK801/Glu=127.75+10.46 pA/pF, n=9, p
<0.05 compared with Glu).

Because Mg**-sensitive kinetics of NMDA receptors usu-
ally lead them to become inactive under the resting con-
dition, MK801-blocked downregulation of somatic Ia does
not mean the exclusion of extrasynaptic NMDA receptors,
Therefore, it is necessary to test if extrasynaptic NMDA
receptors can also affect somatic Ia regulation. For this is-
sue, we observed the changes of somatic Ix in the Mg*-free
recording solution in Fig. 2. Glutamate (5 «M, 5 min) that
was acutely added to the recording solution effectively re-
duced the peak amplitude of somatic In in both normal and
Mg -free recording conditions (Fig. 2A and D, ueGlu
[Mg**(+)]=104.38+13.33, n=10, p<0.05; acateGlu [Mg”"(—)]=
100.04+15.39 pA/pF, n=11, p<0.05; compared with control
shown in Fig. 1). However, acute glutamate application did
not show any effect on In amplitude even in Mg**-free re-
cording solution, when synaptic NMDA receptors were pre-
viously blocked by the pretreatment of MK801 (25 1« M) and
high KCl (20 mM) for 24 hours (Fig. 2B and D; KCl+
MK801/acuteGlu[Mg™ (—)]=140.12+16.11 pA/pF, n=10, p<
0.05 compared with acuteGlu). This strongly indicates that
the downregulation of somatic Ia channels is dominantly
dependent on synaptic NMDA receptors.

Long exposure to high KCl can damage neurons by induc-
ing overexcitability, and in some cases, resting membrane
potentials are significantly depolarized [13]. Although mem-
brane depolarization by high KCI is not sufficient to acti-
vate extrasynaptic NMDA receptors, it is necessary to con-
firm the participation of synaptic activities without sig-
nificant whole-cell depolarization. In cultured neurons, gly-
cine treatment is useful to enhance synaptic transmission
because, as an NMDA receptor coagonist, it activates syn-
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Fig. 2. Blocking synaptic NMDA receptors
abolishes the effect of glutamate on Ia. (A)
Example traces showing the effects of acute
treatment of glutamate (scuteGlu, 5 £« M, 5 min)
on somatic Iy under either Mg*"-included
Mg*(#) or Mg*-free (Mg*'(—)) recording condi-
tion. Scale bars: 500 pA, 100 ms. (B) A trace of
Ia showing that blocking synaptic NMDA recep-
tors by KCl and MKB801 pretreatment abolishes
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aptic NMDA receptors with endogenous glutamate, and
consequently, induces chemically synaptic potentiation [14,
20]. Glycine (200 «M, 5 min) was added to the recording
solution to confirm its effects on somatic Ix. In this experi-
ment, glycine significantly reduced the somatic In peak am-
plitude (Fig. 2C and D, Glycine=104.76+15.40 pA/pF, n=10,
p<0.05 compared with the control). This result is con-
sistent with a previous paper showing the internalization
of the Kv4.2 subunit in hippocampal neurons [14]. Because
glycine is likely to specifically activate synaptic NMDA re-
ceptors in the presence of endogenous glutamate [20], we
tried again to block synaptic NMDA receptors by adding
glycine and MK801 together. In neurons which were pre-
treated with glycine (200 M) and MK801 (25 «M) in cul-
ture media for 1 hour before recording, the acute applica-
tion of glutamate did not reduce the peak amplitude of so-
matic I even under Mg* -free recording conditions (Fig. 2C
and D, Gly+MK801/sewieGlu [Mg”'(—)]=156.26+16.15 pA/
pF, n=8, p<0.05, compared with secuceGlu [Mg?*(—)]). This
clarifies the contribution of synaptic NMDA receptors to the
downregulation of somatic I channels.

The reduction of In shown in the present study is sup-
posed to be mediated with the internalization of Ix channels
from neuronal membranes that are required for the in-
duction of synaptic LTP as well as IE enhancement [12].
In that paper, the hyperpolarizing-shift of the inactivation
property of Ia channels has been also observed in the initial
period of LTP. This change of gating kinetics in Is channel
inactivation is strongly correlated with local excitability
which is regulated by synaptic activities [11]. In Fig. 3, we
also observed the changes of gating kinetics of somatic Ia
channels. The enhancement of synaptic activities by high
KC1 (20 mM, 24 hours) or acute glutamate (5 «M, 5 min)
induced the hyperpolarizing-shift of the inactivation kinetic
of somatic In channels, while activation properties did not
show any significant changes in any of the experiments
(Fig. 3; Va™%: control=—67.69+1.96; KCl=—"74.66+2.08, p
<0.01; acuteGlu[Mg* (—)]=—77.404£3.29 mV, p<0.05). This
means that, for enhancing neuronal excitability, the gating

error bars represent SEM.

kinetics of somatic I channels is also targeted by synaptic
activities in hippocampal neurons.

DISCUSSION

The major findings in this study are that the enhance-
ment of neuronal activities significantly reduced the peak
of somatic Is in primary hippocampal neurons of DIV 6~9,
and that this downregulation of I channels was specifically
sensitive to the activities of synaptic NMDA receptors.
Extracellular pretreatment of drugs applied in the present
study is not specific to activate especially synaptic receptors
in an in-vitro culture system, so it is difficult to simply con-
clude that enhanced synaptic strength is crucial for influ-
encing somatic Iy channels. However, the contribution of
synaptic NMDA receptors to somatic Ia downregulation has
been confirmed by the following observations: 1) that gluta-
mate-induced reduction of somatic In was completely
blocked by the pretreatment of MK801 and high KCI, 2)
that the activation of extrasynaptic NMDA receptors in
Mg**-free condition showed no effects on the peak of somatic
Ia after blocking synaptic NMDA receptors and 3) that the
pretreatment with glycine and MKB801 abolished the gluta-
mate-induced reduction of somatic Ix. Although we did not
observe directly synaptic and extrasynaptic components of
NMDA currents under each experimental condition in the
present study, the pharmacological effectiveness of MK801
and KCI application to isolate extrasynaptic components by
blocking synaptic NMDA receptors was previously con-
firmed by Jung et al. [13]. In that paper, over 50% of total
NMDA currents was computed as synaptic component, in-
dicating that synaptic activities are crucial and sufficient
to modulate neuronal excitability.

Major functions of Ix channels in dendritic processings
and synaptic plasticity are dominantly based on the Kv4.2
subunit [13,14]. Because Kv4.2 channels are distributed in
dendrites, postsynaptic sites and the soma, the reduction
of I recorded in the soma is possibly due to the internal-
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ization of Kv4.2 channels [21-24]. Also, the somatic regu-
lation of In channels and their trafficking seems to exhibit
similar patterns with those located in dendrites where syn-
aptic plasticity activity-dependently regulates the redis-
tribution of Kv4.2 channels [14]. In cellular mechanisms
of memory, enhancement of IE accompanied with synaptic
potentiation is a considerable phenomenon to explain mem-
ory formation [1,25,26]. The previous paper suggests that
the potentiation of somatic excitability (i.e. IE) observed af-
ter synaptic LTP induction is dominantly correlated with
the reduced I5 in somatic membranes [12]. This means that
somatic Ix channels may be targeted by cellular processings
during the induction of synaptic LTP. However, it is still
ambiguous if a series of processings for synaptic LTP are
required for the regulation of somatic Ia channels. In hippo-
campal neurons, the internalization of dendritic Kv4.2 sub-
units is sensitive to NMDA receptors [14]. Furthermore, the
reduction of somatic Ix by glycine suggests the existence
of a signaling correlation between somatic Ix channel redis-
tribution and glutamatergic transmission, as glycine is an
effective agent to induce chemically synaptic LTP in cul-
tured neurons via selectively activating synaptic NMDA re-
ceptors [14]. However, it has not been clarified if these so-
matic and dendritic responses of In channels are partic-
ularly sensitive to synaptic NMDA receptors that are domi-
nant factors to trigger synaptic LTP. In the present study,
we blocked synaptic NMDA receptors by pretreating neu-
rons with KCl and MK801 for 24 hours (Fig. 1). KCI treat-
ment is useful to depolarize the membrane as well as to
enhance presynaptic glutamate release via activation of the
voltage-dependent Ca®* channels [27]. Therefore, the co-ap-
plication of MK801 can selectively block the opened NMDA
receptors which are located in synaptic sites. The lack of
effects of glutamate on somatic I amplitude in experiments
of KCI and MKS801 pretreatment indicates that the activa-
tion of synaptic NMDA receptors is required for the activ-
ity-dependent downregulation of somatic Ia channels. This
MKS801 effect was also observed under the condition of
Mg**-free recording solution to enhance the response of ex-
trasynaptic NMDA receptors, strongly suggesting the spe-
cific role of synaptic NMDA receptors.

Recently, it has been demonstrated that the downregula-
tion of Ip in cultured hippocampal neurons may be se-
lectively coupled with the activation of NR2B containing
receptors located in extrasynaptic sites [28]. In a number

T T

0 5 kinetic downregulation of somatic I

channels for enhancing neuronal
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of previous papers, NR2B- and NR2A- containing NMDA
receptors are dominantly located in extrasynaptic- and syn-
aptic sites in mature neurons, respectively, and their local-
ization and composition pattern determine the direction
and degree of synaptic plasticity [17,18]. It is likely that
synaptic NR2A-containing NMDA receptors are critical fac-
tors for the induction of LTP, while extrasynaptic NR2B
receptors trigger the LTD in synapses. However, the reli-
able correlation of downregulated Is components with the
synaptic LTP and enhanced IE suggests the possible in-
volvement of synaptic NMDA receptors [12-14]. In the pres-
ent study, we also observed that the reduction of the so-
matic Ix peak is dominantly mediated by synaptic- but not
extrasynaptic receptors. Young neurons of early devel-
opmental hippocampi show complicated distribution and
composition of NMDA receptors in excitatory synapses. It
is also possible that NR2B-containing receptors seem to be
still dominantly expressed in synaptic sites of young neu-
rons (~DIV 10), and that the determination of synaptic
plasticity is preferentially dependent on the amount of re-
ceptors in synaptic sites rather than the type of subunits
[13]. Additionally, in Fig. 2, the responses of neurons to
acute treatment with glutamate in an Mg®*-free recording
solution suggest that the activation of extrasynaptic NMDA
receptors is not sufficient for the downregulation of somatic
I5 in young hippocampal neurons. Our and previous reports
indicate that synaptic NMDA receptors may mediate the
downregulation of In channels which are coupled with the
enhancement of synaptic strength as well as somatic
excitability.

The involvement of synaptic NMDA receptors in the regu-
lation of I channels has been also reflected in changes of
the gating kinetics of Ia channels. We also presented the
glutamate-induced hyperpolarizing shift of the inactivation
kinetics of I channels in an Mg*'-free solution in Fig. 3,
consistent with previous reports showing the NMDA-depen-
dent changes of the gating kinetics of Is channels [11,12].
This shift of inactivation properties of I channels is im-
portant to enhance dendritic excitability and Ca®" influx
and to initiate NMDA-dependent synaptic LTP. However,
blocking synaptic NMDA receptors by applying high KCl
and MKS801 abolished the glutamate-induced shift of Ix
channels kinetics. These results mean that the activation
of synaptic NMDA receptors may mediate biphasic down-
regulation of I channels for enhancing neuronal excit-
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ability during LTP.

The enhanced efficiency of excitatory postsynaptic poten-
tial (EPSP) - AP coupling has been demonstrated as a typi-
cal property observed in neurons showing high IE, introduc-
ing a possible mechanism for information storage [1,3,12].
Although major cellular changes of synaptic plasticity seem
to be restricted within active synapses [29-31], other stud-
ies even demonstrating the original description of LTP have
provided evidence that the induction of synaptic plasticity
is accompanied by the alteration of IE in CNS neurons
[1,25,26]. This plastic correlation between synaptic and so-
matic alteration involves potential and concurrent changes
of membrane factors such as voltage-gated ion channels to
regulate membrane potential of neurons. It has been dem-
onstrated that the enhancement of IE after synaptic LTP
induction is clearly mediated through the reduction of the
somatic Ix peak amplitude in young hippocampal neurons
[12]. Furthermore, the somatic and dendritic redistribu-
tions of Ix channels after LTP induction are not likely to
occur independently as both were sensitive to the blockade
of clathrin-mediated endocytosis [12,14]. It is necessary to
address how synaptic plasticity and associated changes in
dendritic processing modulate IE via regulating somatic Ia
channels in a further study. As the potentiation of synaptic
strength increases the local dendritic excitability and sub-
sequent Ca®" influx [11], it is possible that the expression
level of I channels in a somatic area may then be regulated
by neurons for initiating the secondary processing of memo-
ry stabilization [16].

In the present study, we summarize that the biphasic
downregulation of somatic Ix is mediated by the activation
of synaptic NMDA receptors in young hippocampal neu-
rons. Although we did not observe cellular linkers between
synaptic and somatic processings, the consequential changes
of somatic excitability following the activity-dependent
modulation of synaptic responses may be a series of proc-
essings for neuronal functions to determine outputs in
memory mechanisms or pathogenic conditions.

SUPPLEMENTARY MATERIALS

Supplementary data including one figure can be found
with this article online at http:/pdf.medrang.co.kr/paper/
pdf/Kjpp/Kjpp018-02-07-s001.pdf

ACKNOWLEDGEMENTS

The research was supported by the National Research
Foundation of Korea (NRF) grant funded by the Korea gov-
ernment (MEST) (No. NRF-2012R1A1A2041935).

REFERENCES

1. Aizenman CD, Linden DdJ. Rapid, synaptically driven increases
in the intrinsic excitability of cerebellar deep nuclear neurons.
Nat Neurosci. 2000;3:109-111.

2. Campanac E, Daoudal G, Ankri N, Debanne D. Downregulation
of dendritic I(h) in CAl pyramidal neurons after LTP. JJ
Neurosci. 2008;28:8635-8643.

3. Zhang W, Linden DJ. The other side of the engram: expe-
rience-driven changes in neuronal intrinsic excitability. Nat
Rev Neurosci. 2003;4:885-900.

4. Cash S, Yuste R. Input summation by cultured pyramidal

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

neurons is linear and position-independent. J Neurosci. 1998;
8:10-15.

. Goldberg JH, Tamas G, Yuste R. Ca®' imaging of mouse

neocortical interneurone dendrites: In-type K channels control
action potential backpropagation. J Physiol. 2003;551:49-65.

. Hoffman DA, Magee JC, Colbert CM, Johnston D. K" channel

regulation of signal propagation in dendrites of hippocampal
pyramidal neurons. Nature. 1997;387:869-875.

. Kim J, Wei DS, Hoffman DA. Kv4 potassium channel subunits

control action potential repolarization and frequency-dependent
broadening in rat hippocampal CAl pyramidal neurones. </
Physiol. 2005;569:41-57.

. Ramakers GM, Storm JF. A postsynaptic transient K current

modulated by arachidonic acid regulates synaptic integration
and threshold for LTP induction in hippocampal pyramidal
cells. Proc Natl Acad Sci U S A. 2002;99:10144-10149.

. Schoppa NE, Westbrook GL. Regulation of synaptic timing in

the olfactory bulb by an A-type potassium current. Nat Neu-
rosci. 1999;2:1106-1113.

Chen X, Yuan LL, Zhao C, Birnbaum SG, Frick A, Jung WE,
Schwarz TL, Sweatt JD, Johnston D. Deletion of Kv4.2 gene
eliminates dendritic A-type K* current and enhances induction
of long-term potentiation in hippocampal CA1l pyramidal
neurons. J Neurosci. 2006;26:12143-12151.

Frick A, Magee J, Johnston D. LTP is accompanied by an
enhanced local excitability of pyramidal neuron dendrites. Nat
Neurosci. 2004;7:126-135.

Jung SC, Hoffman DA. Biphasic somatic A-type K channel
downregulation mediates intrinsic plasticity in hippocampal
CA1l pyramidal neurons. PLoS One. 2009;4:e6549.

Jung SC, Kim J, Hoffman DA. Rapid, bidirectional remodeling
of synaptic NMDA receptor subunit composition by A-type K"
channel activity in hippocampal CA1l pyramidal neurons.
Neuron. 2008;60:657-671.

Kim J, Jung SC, Clemens AM, Petralia RS, Hoffman DA.
Regulation of dendritic excitability by activity-dependent traf-
ficking of the A-type K" channel subunit Kv4.2 in hippocampal
neurons. Neuron. 2007;54:933-947.

Watanabe S, Hoffman DA, Migliore M, Johnston D. Dendritic
K" channels contribute to spike-timing dependent long-term
potentiation in hippocampal pyramidal neurons. Proc Natl
Acad Sci U S A. 2002;99:8366-8371.

Kim SJ, Linden DdJ. Ubiquitous plasticity and memory storage.
Neuron. 2007;56:582-592.

Brigman JL, Wright T, Talani G, Prasad-Mulcare S, Jinde S,
Seabold GK, Mathur P, Davis MI, Bock R, Gustin RM, Colbran
RJ, Alvarez VA, Nakazawa K, Delpire E, Lovinger DM, Holmes
A. Loss of GluN2B-containing NMDA receptors in CA1l hip-
pocampus and cortex impairs long-term depression, reduces
dendritic spine density, and disrupts learning. J Neurosci.
2010;30:4590-4600.

Foster KA, McLaughlin N, Edbauer D, Phillips M, Bolton A,
Constantine-Paton M, Sheng M. Distinct roles of NR2A and
NR2B cytoplasmic tails in long-term potentiation. J Neurosci.
2010;30:2676-2685.

Thomas CG, Miller AJ, Westbrook GL. Synaptic and extra-
synaptic NMDA receptor NR2 subunits in cultured hippo-
campal neurons. J Neurophysiol. 2006;95:1727-1734.

Lu W, Man H, Ju W, Trimble WS, MacDonald JF, Wang YT.
Activation of synaptic NMDA receptors induces membrane
insertion of new AMPA receptors and LTP in cultured
hippocampal neurons. Neuron. 2001;29:243-254.

Cooper EC, Milroy A, Jan YN, Jan LY, Lowenstein DH.
Presynaptic localization of Kv1.4-containing A-type potassium
channels near excitatory synapses in the hippocampus. JJ
Neurosci. 1998;18:965-974.

Kampa BM, Stuart GdJ. Calcium spikes in basal dendrites of
layer 5 pyramidal neurons during action potential bursts. JJ
Neurosci. 2006;26:7424-7432.

Losonczy A, Makara JK, Magee JC. Compartmentalized
dendritic plasticity and input feature storage in neurons.
Nature. 2008;452:436-441.



24.

25.

26.

217.

28.

Role of Synaptic NMDARs in Iy Downregulation

Sheng M, Tsaur ML, Jan YN, Jan LY. Subcellular segregation
of two A-type K channel proteins in rat central neurons.
Neuron. 1992;9:271-284.

Bliss TV, Lomo T. Long-lasting potentiation of synaptic
transmission in the dentate area of the anaesthetized rabbit
following stimulation of the perforant path. J Physiol. 1973;
32:331-356.

Campanac E, Debanne D. Spike timing-dependent plasticity:
a learning rule for dendritic integration in rat CAl pyramidal
neurons. J Physiol. 2008;586:779-793.

Lingamaneni R, Hemmings HC Jr. Effects of anticonvulsants
on veratridine- and KCl-evoked glutamate release from rat
cortical synaptosomes. Neurosci Lett. 1999;276:127-130.

Lei Z, Deng P, Li Y, Xu ZC. Downregulation of Kv4.2 channels

29.

30.

31.

141

mediated by NR2B-containing NMDA receptors in cultured
hippocampal neurons. Neuroscience. 2010;165:350-362.
Franks KM, Isaacson JS. Synapse-specific downregulation of
NMDA receptors by early experience: a critical period for
plasticity of sensory input to olfactory cortex. Neuron. 2005;
7:101-114.

Lapointe V, Morin F, Ratté S, Croce A, Conquet F, Lacaille
JC. Synapse-specific mGluR1-dependent long-term potentiation
in interneurones regulates mouse hippocampal inhibition. JJ
Physiol. 2004;5655:125-135.

Singla S, Kreitzer AC, Malenka RC. Mechanisms for synapse
specificity during striatal long-term depression. J Neurosci.
2007;27:5260-5264.



