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Abstract

A-type K'(I,) channels are transiently activated in the suprathreshold membrane potential
and then rapidly inactivated. These channels shape excitatory postsynaptic potentials, limit
the back propagation of action potential, and prevent dendritic action potential initiation. I,
channels play roles to control the neuronal excitability in pyramidal neurons in hippocampi.
We here tested if regulatory functions of I, channels might be targeted by excitotoxic
processings which are accompanied by the abnormal enhancement of synaptic inputs in
dissociated hippocampal neurons (DIV 6~8). The application of high KCl in either recording
solutions (10 mM, 2 min) or culture media (20 mM, 24 hours) to increase presynaptic
glutamate release, significantly reduced the peak of somatic I, with hyperpolarizing-shift of
inactivation properties of channels. These changes of I, channels are quietly different from
those induced by exogenous glutamate application in either culture media (5 uM, 24 hours)
or recording solution (5 pM, 5 min), which can activate both synaptic and extrasynaptic
receptors. Glutamate application reduced the somatic I, peak without any kinetic changes of
IA channels, indicating that neuronal excitation induced by the enhancement of synaptic
transmission may process with distinctive signaling cascades to affect voltage-dependent ion
channels in hippocampal neurons. These results suggest that synaptic inputs may determine
the somatic membrane excitability by regulating both membrane expression and kinetic
properties of I, channels for more efficient correlations between neuronal inputs and outputs.
It is also possible that neuronal processings by synaptic inputs are independent on the I

regulations of excitotoxic effects induced by non-specific membrane excitability.

Keywords: A-type K channel, glutamate, excitotoxicity, hippocampus, voltage-dependent channel
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I. Introduction

Voltage-dependent A-type K’ channels mediate transient K currents and play critical roles
in regulating the excitability of neurons by preventing membrane depolarization and
providing repolarization. Depending on the frequency of repetitive spikes firing, A-type K"
channels can also regulate the interspike interval and the duration of action potential (AP) in
CNS neurons (Song et al., 1998; Kim et al., 2005; Khaliq and Bean., 2008). A-type K"
channel is a transient outward K’ current that activates rapidly upon suprathreshold,
inactivates quickly and recovers fast from inactivation (Jerng et al., 2004).
Electrophysiological studies have indicated that somatodendritic A-type currents (I)
modulates subthreshold dendritic signal integration (Ramakers and Storm, 2002; Goldberg ef
al., 2003; Cai et al., 2004; Kim et al., 2005).

Within the Shaker-related Voltage-dependent K™ (Kv) channels, four sub-families (Kvl,
Kv2, Kv3 and Kv4) are present in the nervous system of diverse organisms in the animal
kingdom (Salkoff et al., 1992; Gutman et al., 2003.). Although these Kv channels can
produce delayed-rectifier and I, all members of the Kv4 subfamily (Kv4.1, Kv4.2 and
Kv4.3) mediate I, (Birnbaum et al., 2004; Jerng et al., 2004). Kv channels are composed of
four a subunits that come together as either homotetrameric or heterotetrameric channels.
The two transient K channels Kv4.2 and Kvl.4 found in the hippocampal neurons by
immunohistochemical techniques; Kv4.2 is primarily located in the soma and dendrites
(Sheng et al., 1992; Serodio et al., 1994), whereas Kvl.4 is found mainly in axons and
within or near the pre-synaptic terminal (Sheng et al., 1992, 1994; Rhodes et al., 1997,

Cooper et al., 1998). Kv4.2 has also been found clustered on the postsynaptic membrane
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directly opposed to the presynaptic terminal (Alonso and Widmer, 1997). This clustering is
proposed to be attributable to interaction with post-synaptic density (PSD-95) via C-terminal
valine-serine-alanine-leucine (VSAL) motif of Kv4.2 channel (Wong ef al., 2002). The
Kv4.2 has six transmembrane domains (S1-S6) and N- and C- terminal cytoplasmic domains.
The Kv4.2 N-terminus contains a T1 domain that mediates subfamily specification (Papazian,
1999), and also binds to auxiliary subunits (Gulbis ef al., 2000; Sewing et al., 1996). Kv4.2
C-terminal phosphorylation sites modulate the channel’s trafficking and gating (Anderson et
al., 2000) and PKA phosphorylation is necessary for activity-dependent Kv4.2
internalization (Hammond et al., 2008). Whole-cell A-type currents are selectively
eliminated by Kv4 channels specific blocker heteropodatoxin-3 and by knockout of Kv4.2
gene (Ramakers and Storm, 2002; Chen et al., 2006), demonstrating that Kv4.2 is most
likely to encode somatodendritic I, channels.

Activity-dependent changes in synaptic function such as long-term potentiation (LTP) and
long-term depression (LTD) have been widely considered as mechanisms for learning and
memory (Bliss and Collingridge, 1993). In addition to these synaptic changes, activity-
dependent change in intrinsic excitability has been suggested to be the other side of the
engram for learning and memory (Zhang and Linden, 2003). Activity-dependent plasticity of
intrinsic excitability in postsynaptic neurons targets on modulation of Na", K™ and Ca**
channels. Recently, several studies have reported the activity —dependent modulation of A-
type currents and Kv4.2 channels in hippocampal neurons. Induction of LTP causes a
hyperpolarizing shift in the inactivation curve of I, of hippocampal neurons from adult rat
(Frick et al., 2004). This shift has the effect of increasing local dendritic excitability,
enhancing AP backpropagation. However, LTP also causes a decrease of AP firing, threshold
and a global phenomenon (Charvez et al., 1990). Increasing neuronal activity results in a

redistribution of Kv4.2 channels out of spines (Kim et al., 2007).

-2 -
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Glutamate acts as a major excitatory neurotransmitter in the CNS and plays a critical role in
neuronal plasticity (Hardingham and Bading., 2003). Several studies have described the
rapid redistribution of (£) a-Amino-3-hydroxy-5-methylisoxazole-4-propionic acid hydrate
(AMPA) receptors (Lissin et al., 1999) and Kv2.1 channels (Misnou et al., 2004). Brief
glutamate exposure leads to reduction of total Kv4.2 levels and Kv4.2 clusters. In addition,
the inactivation curve of I, is shifted toward more hyperpolarized potentials following
glutamate treatment (Lei et al., 2008). However, there is no electrophysiological evidence to
show the role of down-regulation of I, channels in excitotoxic conditions of hippocampal
neurons.

In the present study, I examined the down-regulation of Kv4.2 channels by both endo- and
exogenous glutamate treatment using whole-cell patch clamp recordings of I,. I observed
that the activation of NMDA receptors contributes to the reduction of A-type K' current
amplitude. Furthermore, selective activation of synaptic, but not extrasynaptic NMDA

receptors caused the same effect as glutamate on A-type K channels.
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II. Materials and Methods

1. Animals

Sprague-Dawley pregnant rats of 6~8 weeks were housed in a temperature (25 +3 C) and

humidity (50 = 10 %) controlled room on a 12 h light/dark cycle with pellet and water ad
libitum. Experiments and all procedures with animals were performed in accordance with the

Animal Care and Use Committee of Jeju National University.

2. Primary cultures of hippocampal neurons

Hippocampal primary cultures were prepared from embryonic day 21 Sprague-Dawley rats.
The embryonic rats were removed from deeply anesthetized rats, then transferred ice-cold

normal tyrode solution containing the following (in mM) : 140 NaCl, 5.4 KCI, 2.3

MgCl,-6H,0, 10 HEPES, 5 D(+)-glucose, pH 7.4 with NaOH. Embryos were removed from

uterine membranes and placentae, dissected head, and then washout by normal tyrode. For
hippocampal dissection, each head was transferred to the lid of a 100 mm-diameter dish
containing ice-cold normal tyrode and positioned under microscope in culture room. The
skin covering the skull was peeled away and the skull opened up using two pairs of fine-
tipped forceps and scissors. Dissected hippocampi were transferred to ice-cold plating

medium containing MEM (Sigma-Aldrich, St Louis, MO, USA) until the required number of
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heads has been dissected, then triturated using 1 ml pipette. After triturating hippocampi,
cells were resuspended in 5 ml pre-warmed (37 C) plating medium containing MEM
(Sigma-Aldrich) then quantified by obtaining and average of two tetragons from a
hemocytometer. Then cells were seeded on 12 mm-diameter glass cover slips (Fisher
Scientific, Pittsburgh, PA, USA) coated with poly-L-lysine (Sigma-Aldrich) at a density of

X

4.5 10* cells/well and put into a incubator (Nuaire, Plymouth, MN, USA) maintained at
37 T in 95 % air and 5 % CO,. A day after seeding whole plating medium was changed to

Neurobasal (Sigma-Aldrich) medium containing B-27 (Invitrogen, Carlsbad, CA, USA), and

a half medium was changed once DIVS5.

3. Culture treatments

Acute KClI protocol. 10 mM KCl treats pre-warmed (37 C) recording solution for 2 min.

Then cells were washed with normal recording solution until resting membrane potential

restoration.

Overnight treatment protocol. 20 mM KCl and 5 uM glutamate were treated in culture
medium and put into incubator for 24 hours. In some experiments, culture cells treat 20 mM
KCI and 5 uM glutamate with DL-2-Amino-5-phosphonopentaonic acid (APV, 100 uM, 24
hours, Sigma-Aldrich) for block of NMDA receptor. And 20 mM KCl added in culture
medium with (5S,10R)-(-)-5-Methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine
hydrogen maleate (MKS801, 25 uM, 24 hours, Tocris, Bristol, UK) for synaptic NMDA block,

-5-
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then 5 uM glutamate treats in culture medium for 24 hours.

Acute glutamate protocol. 5 pM glutamate was treated in 100 uM glycine contained
recording solution (either Mg®* or Mg®"-free) for 5 min, then cells were washed with normal
recording solution until resting membrane potential restoration. To blocked synaptic NMDA
receptors, 25 uM MKS801 (with 20 mM KCI) were treated in culture media for 24 hours

before treated acute glutamate application.

4. Electrophysiology

For patch clamp recordings, coverslips containing DIV 6~8 hippocampal primary culture
neurons were transferred to a recording chamber with a continuous flow of recording
solution containing the following (in mM) : 145 NaCl, 5 KCI, 2 CaCl,, 1.3 MgCl,, 10
HEPES, 10 glucose, pH 7.4 with NaOH, when bubbled with 95 % O, and 5 % CO,. For
recording acute glutamate groups, 100 uM glycine, 5 uM glutamate were included in the
MgCl,-free recording solution to treat neurons before recording. The patch pipettes (10 MQ)
were filled with an internal solution containing the following (in mM) : 20 KCl, 125 K D-
gluconate, 4 NaCl, 10 HEPES, 0.5 EGTA, 4 ATP, 0.3 tris GTP, 10 phosphocreatin, pH 7.2
with KOH. The osmolarity was 290 ~ 320 mOsm. Patch pipettes were pulled from
borosilicate glass (Warner Instruments, Hamden, CT, USA) with the PP-830 electrode puller
(Narishige, Tokyo, Japan). Whole-cell capacitances was 5 ~ 14 pF. Series resistances (5 ~ 30
MQ) were continuously monitored by digital phosphor oscilloscope TDS3012 (Tectronix,
Beaverton, OR, USA). Whole-cell currents were recorded in voltage-clamp mode from

pyramidal neurons using Axopatch 200B amplifier and Digidata 1322A (Axon Instruments,

@ jeju



Union City, CA, USA), low-pass filtered 5 kHz, and digitized at 10 kHz. Data were acquired

and stored using pClamp 8 (Axon Instruments).

5. Data analysis

All patch clamp recordings were analyzed using clampfit 8.2 (Molecular Devices,
Sunnyvale, CA, USA), Igor pro 6.0 (WaveMetrics, Lake Oswego, OR, USA) and Microsoft
Exel 2007 (Microsoft, Redmond, WA, USA). Results were expressed as the mean + SEM
from at least ten independent biological samples. Statistical significance was evaluated using

Student’s t test (unpaired). p values were represented with 0.05 or 0.01.
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III. Results

1. Short term activation of synaptic transmission by acute KCl application significantly

reduces somatic I,.

Whole-cell patch-clamp recordings from cultured pyramidal neurons, in the presence of
TTX to block voltage-dependent Na' channels, revealed a large outward current composed of
a rapidly inactivating component along with sustained or slowly inactivating component. The
A-type K" current was routinely isolated from the sustained current by the voltage protocol.
To examine down-regulation of I, channel by short-term endogenous glutamate in culture
condition, 10 mM KCI was added to recording solution for 2 min to induce depolarization of
presynaptic neurons, and then high K" ions was washed during resting membrane potential
(RMP) restoration (Fig 1).

The voltage dependence of I, peak amplitude was studied by holding the membrane
potential of neurons from -120 mV to 60 mV (Fig 2A, left trace). And a 200 ms prepulse to -
20mV inactivated the A-type K' channels, leaving the sustained current alone. The averaged
peak amplitude of I, before conditioning stimulation (control) is 1.82 + 0.13 nA (Fig 2A,
middle, Fig 2B). Applying acute KCI application (10 mM, 2 min), endogenous glutamate
significantly reduced peak amplitude of I, (Fig 2A, right). The I, was decreased 30 % in

acute KCl group, compaired with control group. The peak amplitude of I5is 1.24 + 0.14 nA
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in this group (Fig 2B, p = 0.002, compared with control group). All peak amplitude data are
contained in Table 1.

Figure 3 shows the kinetic change of I,by endogenous glutamate in hippocampal neurons.
Both inactivation and activation properties of I, using different voltage protocols were
measured in control group and in acute KCI group using whole-cell patch-clamp. First, the
voltage dependence of inactivation was assessed by measuring amplitudes of currents
evoked by a + 60 mV test pulse (400 ms), after a 200 ms prepulse followed by main pulses
between - 140 and - 20 mV with 10 ~ 40 mV steps (Fig 3, upper left trace). Second, the
voltage dependence of activation was assessed by measuring amplitudes of currents evoked
by pulses (400 ms) between - 60 ~ + 80 mV with 10 ~ 20 steps after a 200 ms prepulse
followed by a main pulse of - 120 mV (Fig 3, lower left trace).

The I voltage range of inactivation curve was unaltered by acute KCI (Fig 4A). In contrast
to inactivation curve, the I, voltage range of activation curve is shifted approximately 7 mV
to the hyperpolarized direction after the short-term release of endogenous glutamate by acute
KCI (Fig 4A), but there is no significance (p = 0.06, compared with control). Figure 4B
shows half I, voltage values (V) of inactivation (control V, = - 67.69 £ 1.96 mV; acute KCl
Vi = - 68.07 £ 2.40 mV, p = 0.90, compared with control) and activation (control V, = -
10.32 +3.03 mV; acute KC1 V,, =- 17.85 + 2.45 mV) curves.

This finding suggests that the short-term release of endogenous glutamate by high K"
concentration in recording solution altered I expression in hippocampal neurons. However,
short-term induction of endogenous glutamate is not altered inactivation and activation

properties. All kinetic properties data are contained in Table 2.
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control

without any application recording
5 min
acute KCl
10 mM KClI wash out recording
2 min 2 min

Figure 1. Experimental protocols of control and acute KCl groups.
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control acute KCI
V-step: +60mV
20
-60
-120
transient
sustained

- 4.0 1 O
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Figure 2. Acute KCI application significantly reduces somatic I, peak amplitude of
hippocampal neurons.
A. Example traces of A-type currents recorded in hippocampal neurons with and without

acute KCI application. Left traces are input pulses for recording transient currents. Scale
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bars: 0.5 nA, 50 ms.
B. The averaged values of I, peak with individual values with and without acute KCI

application. ** p < 0.01 by using student’s t-test (unpaired).

control acute KCl1
V-step : +60
-20
-60
-140
inactivation
V-step : +80 I_
i
-120
activation

Figure 3. Example traces of inactivation and activation properties.
Left traces are input pulses for recording kinetic properties. Acute KCI application reduces

the amplitude of I, by releasing endogenous glutamate. Scale bars: 0.5 nA, 50 ms.
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Figure 4. Kinetic properties of I, channels are unaltered by acute KCl in hippocampal

neurons.
A. Inactivation and activation curves of I, channels. This figure shows the effect of acute

KCI to induce the hyperpolarizing shift of activation properties.
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B. The averaged V; values of inactivation and activation curves of I, channels with and
without acute KCI.

2. Long-lasting synaptic release of endogenous glutamate induces the reduction of I, as
well as hyperpolarizing shift of inactivation Kkinetics of I, channels through NMDA

receptors.

Hyperpolarizing-shift of inactivation curve increase neuronal excitability in hippocampal
neurons (Frick et al, 2004). Short-term induction of endogenous glutamate simulation is not
enough to induce the hyperpolarizing-shift of inactivation curve. To examine peak amplitude
reduction and hyperpolarizing-shift of inactivation curve of I, channel by long-term
endogenous glutamate under a culture condition, 20 mM KCI was added in culture media for
24 hours to induces endogenous glutamate release from presynaptic neurons (Fig 5).

In applying KCl Ovnt application (20 mM, 24 hours), long-term release of endogenous
glutamate significantly reduces the peak amplitude of I, (Fig 6A, middle). The I, of
pyramidal cells were decreased up to 43% in KCI Ovnt group (Ia=1.03 + 0.12 nA, Fig 6B, p
< 0.00, compared with control group). Applying 100 pM non-specific NMDARs blocker
(APV) to culture media in the presence of 20 mM KCI abolished the reduction of I, peak (I
= 1.47 £ 0.16 nA, p = 0.04, compared with KCI Ovnt group). All peak amplitude data are
contained in Table 1.

Figure 7 shows kinetic change of I, by long-term endogenous glutamate release in
hippocampal neurons of rats. Both inactivation and activation properties of I, were measured
by using different voltage protocols in control group, KCI Ovnt, and KCIl + APV Ovnt group
using whole-cell patch-clamp. KCI Ovnt application reduced peak amplitude of inactivation
by long-term release of endogenous glutamate. KCI Ovnt application also reduced the peak

amplitude of activation. The reduction of both inactivation and activation peak amplitude

- 14 -
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was abolished by 100 uM APV.

In inactivation curve, it was found that the I, voltage range of inactivation curve was
shifted approximately 7 mV to the hyperpolarized voltage direction by the long-term release
of endogenous glutamate (Fig 8A, p = 0.02, compared with control). However, in activation
curve, the I, voltage range of activation curve was unaltered by KC1 Ovnt application (Fig
8A). In addition, Figure 8B shows half I, voltage values (V}) of inactivation (control Vj, = -
67.69 £ 1.96 mV; KCI Ovnt V}, = - 74.66 £+ 2.08 mV, p = 0.02, compared with control) and
activation (control Vj, = - 10.32 + 3.03 mV; KCI Ovnt V;, = - 11.95 + 2.15 mV, p = 0.66,
compared with control) curves. The hyperpolarizing-shift of inactivation curve was
abolished by 100 pM APV (inactivation Vj = - 68.68 + 3.19 mV, p = 0.80, compared with
control group, p = 0.15, compared with KCI Ovnt group; activation V;, = - 10.45 £ 2.08 mV,
p = 0.97, compared with control group, p = 0.62, compared with KCI Ovnt group).

This finding suggests that the long-term release of endogenous glutamate by high K alters
both I, expression and inactivation property in hippocampal neurons, but not activation

property. All kinetic properties data are contained in Table 2.
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control

without any application recording
S min
KCl1 Ovnt
20 mM KCl wash out recording
24 hours 2 min
KCI1, APV Ovnt
20 mM KCl, 100 uM APV wash out recording
24 hours 2 min

Figure 5. Experimental protocols of control, KCl Ovnt and KC1 APV Ovnt groups.
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Figure 6. KCl Ovnt application significantly reduces somatic I, peak amplitude of
hippocampal neurons.
A. Example traces of A-type currents recorded in cultured hippocampal neurons. Applying
KCI for 24 hrs induces the significant decrease of I, peak, and NMDA receptor blocker
(APV) prevents the significant decrease of peak amplitudes of I. Scale bars: 0.5 nA, 50 ms.
B. The averaged values of I, peak with individual values. ** p < 0.01, # p < 0.05 by using

student’s t-test (unpaired).
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control KCl Ovnt KCI, APV Ovnt

LA A

inactivation

-

activation

Figure 7. Example traces of inactivation and activation properties altered by KCI and
KCI1 APV for 24 hours in pyramidal neurons.
Long-term release of endogenous glutamate reduces 1, amplitude, and reduction of I, is

abolished by non-specific NMDAR blocker (APV). Scale bars: 0.5 nA, 50 ms.
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Figure 8. Long-term release of endogenous glutamate induces hyperpolarizing shift of
inactivation curve in hippocampal neurons.

A. Inactivation and activation curves of I, channels. This figure shows the effect of KCI
Ovnt to induce the hyperpolarizing shift of inactivation curve, and APV application abolishes
this effect of KCI Ovnt.

B. Averaged V), values of inactivation and activation curves of I, channels. * p < 0.05 by

using student’s t-test (unpaired).
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3. Blocking synaptic NMDARs prevents Glutamate-induced reduction of I, peak

amplitude.

Endogenous glutamate activatess NMDARs associated Ca®" influx. Either non-specific
(APV, 100 pM) or synaptic NMDAR blocker (MK801, 25 uM) was added in culture media
for 24 hours to activate extra synaptic NMDARs (Fig 9).

In glutamate Ovnt application (5 pM, 24 hours), long-term exogenous glutamate
significantly reduced peak amplitude of I, (Fig 10A). The I, of pyramidal cells was
approximately decreased up to 53% in glutamate Ovnt group. The peak amplitude of I, 1is
0.86 = 0.16 nA (Fig 10B, p < 0.01, compared with control group). Applying 100 uM non-
specific NMDARs blocker (APV) or 25 uM MK&801 (with 20 mM KCIl) with 5 pM
glutamate in culture media abolished the reduction of I, peak amplitude (Fig 10B, glutamate
APV Ovnt I, = 1.64 £ 0.27 nA, p = 0.46, compared with control group, p = 0.02, compared
with KCl Ovnt group, glutamate APV Ovnt I, = 1.57 + 0.14 nA, p = 0.14, compared with
control group, p = 0.00, compared with KCI Ovnt group). All peak amplitude data are
contained in Table 1.

Figure 11 shows kinetic changes of I, by long-term application of exogenous glutamate in
hippocampal neurons of rats. Glutamate Ovnt application reduced the peak amplitude of
inactivation. Glutamate Ovnt application also reduced peak amplitude of activation.
Reduction of both inactivation and activation peak amplitude was abolished by 100 uM APV
or 25 uM MK&01.

In inactivation and activation curves, it was found that the I, voltage ranges of inactivation
and activation curves were slightly shifted 4 and 2 mV (respectively) to the hyperpolarized
direction by the long-term application of exogenous glutamate (Fig 12A, inactivation p =

0.24, compared with control; activation p = 0.58, compared with control). However, there is
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no significant alteration by glutamate Ovnt application. Figure 12B shows half I, voltage
values (V) of inactivation (control V, = - 67.69 + 1.96 mV; glutamate Ovnt V, = - 71.64 +
2.64 mV, p = 0.24, compared with control) and activation (control V, = - 10.32 + 3.03 mV;
glutamate Ovnt V,, = - 12.56 = 2.46 mV, p = 0.58, compared with control) curves.

This finding suggests that the long-term application of exogenous glutamate to culture
media altered I, expression in hippocampal neurons. However, this application did not
alter both inactivation and activation properties. All kinetic properties data are contained in

Table 2.
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control

without any application recording

5 min

glutamate Ovnt

5 uM glutamate wash out recording
24 hours 2 min
glutamate, APV Ovnt
5 uM glutamate, 100 uyM APV wash out recording
24 hours 2 min
MKS8010vnt, glutamate Ovnt
20 mM KCI, 25 uM MK801 5 uM glutamate wash out recording
24 hours 24 hours 2 min

Figure 9. Experimental protocols of control, glutamate Ovnt, glutamate APV Ovnt and

MKS801 (with KCl) glutamate Ovnt groups.
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Figure 10. Glutamate Ovnt application significantly reduces the peak amplitude of
somatic I, and blocked by APV, MK801 of hippocampal neurons.

A. Example traces of A-type currents recorded in cultured hippocampal neurons. Applying
glutamate for 24 hrs induces significant decrease of I, and then both non-specific (APV)
and synaptic (MK801 with KCI) NMDAR blocker prevent this effect. Scale bars: 0.5 nA, 50
ms.

B. The averaged values of I, peak with individual values. ** p < 0.01, # p < 0.05, ## p <

0.01 by using student’s t-test (unpaired).
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control Glu Ovnt Glu, APV Ovnt  MKS8010vnt, Glu Ovnt

e A

inactivation

N -

activation

Figure 11. Example traces of inactivation and activation properties.
Long-term application of exogenous glutamate reduces I, amplitude by activates synaptic
NMDAR, and reduction of I, is abolished by both non-specific NMDAR blocker (APV) or

synaptic NMDAR blocker (MK801 with KCI). Scale bars: 0.5 nA, 50 ms.
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Figure 12. Inactivation and activation curves of I, channels in hippocampal neurons.
A. Inactivation and activation curves of I, channels. This figure shows the effect of
glutamate Ovnt on inactivation and activation properties.

B. Averaged V,, values of inactivation and activation curves of I, channels.
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4. Activation of synaptic NMDA receptors are obviously required for the activity-

dependent reduction of 1.

AMPA receptors mediate the postsynaptic depolarization that initiates neuronal firing
(David and Roger, 2003), and Mg* ions to block NMDARs are detached by activation of
AMPA receptor in synapses. But extra-synaptic site is no existence of APMARs. Thus, the
effects of the specific activation of either synaptic or extra-synaptic NMDARs by using
Mg*'-free recording solution were tested. To examine dominant contribution sites of
NMDARSs, non-specific (APV, 100 uM) or synaptic (MK801, 25 pM) NMDAR blocker in
culture media for 24 hours to selectively block either synaptic or extra synaptic NMDARs
(Fig 13).

In acute glutamate application (5 pM, 5 mins) in Mg”" or Mg**-free recording solution, the
short-term application of exogenous glutamate significantly reduced peak amplitude of I,
(Fig 14A). The peak of I,amplitudes were decreased in 37% (Mg*") and 31% (Mg*-free) in
acute glutamate group. The peak amplitude of I,is 1.18 £ 0.13 nA (Fig 14B, Mg*", p = 0.001,
compared with control group) and 1.14 £ 0.17 nA (Fig 14B, Mg*"-free, p = 0.003, compared
with control group). Applying 25 uM MKS801 (with KCI for 24 hours before acute glutamate
application) to culture media abolished the reduction of I, peak amplitude (MK801 acute
glutamate group I, = 1.69 £ 0.24 nA, p = 0.52, compared with control group, p = 0.08,
compared with acute glutamate group). All peak amplitude data are contained in Table 1.

Figure 15 shows kinetic changes of I, by the short-term application of exogenous glutamate
in hippocampal neurons of rats. Either inactivation or activation properties of I, was
measured by using different voltage protocols in control group and in acute glutamate in
Mg*"-containing recording solution, acute glutamate in Mg*'-free recording solution or

MKS801 acute glutamate solution. Acute glutamate application reduced the peak amplitude of
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inactivation and activation curves. And the reduction of both inactivation and activation peak
amplitude was abolished by 25 uM MK801 with KCI.

In inactivation and activation curves, it was found that the I, voltage ranges of inactivation
curve was shifted approximately 10 mV to the hyperpolarized voltage direction by the short-
term application of exogenous glutamate in Mg**-free contained recording solution. (Fig
16A, p = 0.03, compared with control). Figure 16B shows half I, voltage values (V) of
inactivation (control Vy = - 67.69 + 1.96 mV; acute glutamate (Mg*") V,, = - 65.75 + 3.45 mV,
p = 0.63, compared with control; acute glutamate (Mg”'-free) V,, = - 77.40 + 329 mV, p =

0.03, compared with control) and activation (control V, = - 10.32 £ 3.03 mV; acute

glutamate (Mg™") Vj, = - 13.28 = 2.78 mV, p = 0.48, compared with control; acute glutamate

(Mg*-free) Vy = - 14.93 = 3.17 mV, p = 0.31, compared with control) curves. The
hyperpolarizing-shift of inactivation curve was abolished by 25 pM MKS&801 pretreatment for
24 hours (inactivation Vj = - 67.86 £ 2.91 mV, p = 0.96, compared with control group, p =
0.05, compared with acute glutamate (Mg**-free) group; activation Vi = - 12.84 +2.37 mV, p
= 0.53, compared with control group, p = 0.61, compared with acute glutamate (Mg*'-free)
group).

This finding suggests that the activation of synaptic, but not extra-synaptic NMDARs alters

Iaexpression and inactivation property in hippocampal neurons. All kinetic properties data

are contained in Table 2.
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control

without any application recording
5 min
acute Glu(Mg**+)
5 uM glutamate(Mg?*+) wash out recording
l 5 min l 2min I
acute Glu(Mg?*-)
5 uM glutamate(Mg?*-) wash out recording
S min 2 min
MKS801, acute Glu
20 mM KCI, 25 uM MK801 5 uM glutamate  wash out recording
24 hours 5 min 2 min l l

Figure 13. Experimental protocols of control, acute glutamate (Mg**+), acute glutamate

(Mg**-) and MK801 acute glutamate groups.
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control acute GluMg?*+) acute Glu(Mg**-)  MKS801, acute Glu
transient
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B 6.0 4
<
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Figure 14. Acute glutamate application in Mg’* or Mg**-free recording solutions
significantly reduces somatic I, peak amplitude and this effect is blocked by APV or
MKS801 treatment.

A. Example traces of A-type currents recorded in cultured hippocampal neurons. Applying
glutamate (Mg”*-free recording solutions) for 5 min induces significant decrease of I, and
sustained currents, and MK801 (with KCI) pretreatment blocks the significant decrease of
transient amplitude in cultured hippocampal neurons. Scale bars: 0.5 nA, 50 ms.

B. The averaged values of I, peak with individual values. ** p < 0.01 by using student’s t-

test (unpaired).
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control acute Glu(Mg?*+) acute Glu(Mg**-) MKS801, acute Glu

inactivation

N .

activation
Figure 15. Example traces of inactivation and activation properties of I, altered by
acute glutamate application.
The short-term application of exogenous glutamate in Mg*" or Mg*'-free recording
solutions reduces I, amplitude, and the reduction of I, is abolished by synaptic NMDAR

blocker (MK801 with KCI). Scale bars: 0.5 nA, 50 ms.
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Figure 16. Exogenous glutamate induces hyperpolarizing shift of inactivation curve in

hippocampal neurons.

A. Inactivation and activation curves of I, channels. This figure shows the effect of acute
glutamate (Mg*'-free recording solution) induces the hyperpolarizing shift of inactivation
curve, and the alteration of inactivation curve is abolished by MK801 (with KCI).

B. Averaged V, values of inactivation and activation curves. * p < 0.05, # p < 0.05 using

student’s t-test (unpaired).
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conditions I, amplitude (nA) p-value
control 1.87+0.13
acute KCI 1.24+£0.14 0.002
KCI Ovnt 1.03+0.12 0.000
0.039 (compared with
KCI AVP Ovnt 1.47 +£0.1
v 7+0.16 KCI Ovnt)
glutamate Ovnt 0.86 +0.09 0.000
glutamate APV Ovnt 1.64 £0.27 0020 (compared with
glutamate Ovnt)
MKB801 glutamate Ovnt 1.57+0.14 0.001 (compared with
glutamate Ovnt)
acute glutamate (Mg®") 1.18 £0.13 0.001
acute glutamate (Mg*'-free) 1.14+0.17 0.003
0.079 (compared with
MKS801 acute glutamat
801 acute glutamate 1.69+0.24 acute glutamate (Mg”'-

(Mg* -free)

Table 1. Averaged peak amplitude of I, in condition.
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conditions Vh (mV, inact / act) p-value (inact / act)
Control -67.69+1.96/
- 10.32 +£3.03
-68.07+2.40/
acute KCI 17.85 4 2.45 0.903/0.068
-74.66 +2.08 /
.020/0.
KCI Ovnt 11.9542.15 0.020/ 0.666
0.145/0.622
-68.68+3.19/ .
KCI AVP Ovnt 1045 £ 2,08 (compared with KC1
Ovnt)
-71.64+2.64/
242 /0.
glutamate Ovnt 12.55 42,46 0 /0.575
-71.12+3.61/ 0'909/0'50.4
glutamate APV Ovnt (compared with
- 8.67£5.00
glutamate Ovnt)
-67.17+237/ 0226/ 0'47.0
MKS801 glutamate Ovnt (compared with
-9.40+3.35
glutamate Ovnt)
P -65.75+3.45/
.634/04
acute glutamate (Mg™) 13284278 0.634/0.483
2 -77.40+3.29/
acute glutamate (Mg~ -free) 1493 £3.17 0.029/0.313
0.049/0.610
MKS801 acute glutamate -67.86+291/ (compared with acute
(Mg* -free) -12.84+£2.37 glutamate (Mg~

Table 2. Kinetic properties of I, in each condition.
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IV. Discussion

Voltage-dependent A-type K' channels in hippocampal neurons are primary regulators of
membrane excitability (Hoffman and Johnston, 1998). Modulation of these channels
dynamically and selectively control signals propagation through dendrites. Somatodendritic
A-type currents play important roles in regulating suprathreshold excitability of neurons,
such as the back-propagation of dendritic APs, Ca®" plateau potential, AP initiation, half-
width of APs and frequency-dependent AP broadening (Hoffman et al., 1997; Goldberg et
al., 2003; Cai et al., 2004; Kim et al., 2005). Several evidences indicate that I, channels are
involved in LTP. First, heteropodatoxin-3, a selective blocker of the Kv4 channels, reduces
the threshold for LTP induction (Ramakers and Storm, 2002). Second, mitogen-activated
protein kinase inhibitors PD098059 or UO0126 shift I, activation curve to more
hyperpolarized potentials and suppress the induction of LTP (Watanabe et al., 2002). Third,
a hyperpolarized shift in the inactivation curve of A-type currents occurs with LTP induction
(Frick et al., 2004). Fourth, deletion of Kv4.2 gene results in a lower threshold than that of
wild-type littermates for LTP induction (Chen ef al., 2006).

Glutamate is a principle excitatory neurotransmitter in the CNS, acting via NMDA
receptors, non-NMDA (AMPA and kainite) receptors, and metabotropic glutamate receptors
(Ozawa et al. 1998). It has been proposed that the activation of post-synaptic NMDA
receptors is required for both LTP and LTD and that Ca*" influx through the activated
NMDA receptors triggers a series of intracellular cascades that lead to persistent changes in
the numbers and properties of post-synaptic AMPA receptors (Malenka and Bear 2004).

Furthermore, a recent study has found that a brief glutamate application leads to reduction of
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Kv4.2 channels expression levels and Kv4.2 clusters in hippocampal neurons of rat. In
addition, the steady state inactivation of A-type currents is shifted toward more
hyperpolarized potentials following glutamate treatment (Lei ef al., 2008).

In the present study, the down-regulation of I, channels in hippocampal neurons by
activation of NMDA receptors is studied. Both short- and long-lasting activation of synaptic
transmission induce the reduction of A-type currents, indicating that the expression level of
somatic [, channels may be targeted by synaptic activities of neurons for higher efficiency of
EPSP-AP coupling. Activation of NMDA receptors and the subsequent Ca®" influx through
activated NMDA receptors are critical for the glutamate-induced reduction of I, channels
expression. Long-lasting activation of synaptic transmission but not short-lasting induces the
hyperpolarizing shift of inactivation kinetics of I, channels, suggesting a possibility that
additional kinetic changes of I, channels contribute to somatic regulations induced by
stronger synaptic activities.

Several evidences indicate NMDA receptors are heteromeric complexes of NR1 and the
NR2A-NR2D subunits, resulting in a tetrameric or pentameric complex (Dingledine et al.,
1999). In addition, it has been reported that the pharmacological blockade of NMDAR
subtypes proposed that the NR2A type is responsible for inducing LTP (Tang et al., 1999;
Wong et al., 2002), whereas the NR2B type induces LTD (Liu et al., 2004; Massey et al.,
2004). In this study, with blocking synaptic NMDA receptors, glutamate did not show any
influence on somatic A-type currents in Mg*'-free solution. This means that only synaptic
NMDA receptors play may critical roles to modulate somatic I4 channels for input-output
correlations in hippocampal neurons.

Consequently, synaptic NMDA receptors act as potent factors to regulate somatic
signaling processes induced by synaptic transmission and decide somatic responses

reflecting synaptic plasticity through I, channels regulation.
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VI. Abstract in Korean
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