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Abstract
Somatodendritic Kv4.2 channels mediate transient A-type potassium currents (IA), and play critical
roles in controlling neuronal excitability and modulating synaptic plasticity. Our studies have shown
a NMDA receptor-dependent downregulation of Kv4.2 and IA. NMDA receptors are heteromeric
complexes of NR1 combined with NR2A-NR2D, mainly NR2A and NR2B. Here, we investigate
NR2B receptor-mediated modulation of Kv4.2 and IA in cultured hippocampal neurons. Application
of glutamate caused a reduction in total Kv4.2 protein levels and Kv4.2 clusters, and produced a
hyperpolarized shift in the inactivation curve of IA. The effects of glutamate on Kv4.2 and IA were
inhibited by pretreatment of NR2B-selective antagonists. NR2B-containing NMDA receptors are
believed to be located predominantly extrasynaptically. Like application of glutamate, selective
activation of extrasynaptic NMDA receptors caused a reduction in total Kv4.2 protein levels and
Kv4.2 clusters, which was also blocked by NR2B-selective antagonists. In contrast, specific
stimulation of synaptic NMDA receptors had no effect on Kv4.2. In addition, the influx of Ca2+ was
essential for extrasynaptic modulation of Kv4.2. Calpain inhibitors prevented the reduction of total
Kv4.2 protein levels following activation of extrasynaptic NMDA receptors. These results
demonstrate that the glutamate-induced downregulation of Kv4.2 and IA is mediated by NR2B-
containing NMDA receptors and is linked to proteolysis by calpain, which might contribute to the
development of neuronal hyperexcitability and neurodegenerative diseases.
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Voltage-gated potassium channels (Kvs) play a critical role in regulating neuronal excitability
and synaptic plasticity in the hippocampus. IA is a voltage-dependent, transient outward K+

current that activates rapidly upon depolarization (threshold ~ −50 mV), inactivates quickly
and recovers fast from inactivation (Jerng et al., 2004). Electrophysiological studies have
indicated that somadendritic IA modulates sub-threshold dendritic signal integration
(Ramakers and Storm, 2002, Goldberg et al., 2003, Cai et al., 2004, Kim et al., 2005a). Kv
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channels are composed of four α subunits that come together as either homotetrameric or
heterotetrameric channels. Among the Kv α subunits, Kv4 subunits (Kv4.1, Kv4.2 and Kv4.3)
are the major subunits that give rise to somatodendritic IA in hippocampal neurons.
Immunohistochemical studies have shown that Kv4.2 is robustly detected on the soma and
dendrites of CA1–CA3 pyramidal neurons and granule cells in dentate gyrus (Sheng et al.,
1992, Serodio et al., 1994, Serodio and Rudy, 1998, Rhodes et al., 2004). Whole-cell IA in
CA1 pyramidal neurons is selectively eliminated by knockout of Kv4.2 gene (Chen et al.,
2006, Andrasfalvy et al., 2008), demonstrating that Kv4.2 is most likely to encode
somatodendritic IA in CA1 pyramidal neurons. The distribution of Kv4.2 on the neuronal
surface is highly uneven. Kv4.2 locates in a cluster pattern on the surface of soma and dendrites
of pyramidal neurons (Petrecca et al., 2000, Wong et al., 2002, Jinno et al., 2005). This
clustering is proposed to be attributable to interaction with post-synaptic density (PSD-95) via
C-terminal VSAL motif of Kv4.2 (Wong et al., 2002). Recently, synaptic and extrasynaptic
localization of Kv4.2 have been carefully investigated by immunoelectron microscopic
analysis (Jinno et al., 2005, Burkhalter et al., 2006). Kv4.2 is expressed synaptically in
GABAergic synapses, but extrasynaptically in glutamatergic synapses. This extrasynaptic
distribution of Kv4.2 is likely to be related to IA properties and neuronal excitability.

Recent evidence suggests that neuronal activity and glutamatergic neurotransmission regulate
Kv4.2 expression and subsequently IA function. Induction of long-term potentiation (LTP)
causes a hyperpolarized shift in the inactivation curve of IA, resulting in an increased
excitability of hippocampal neurons in rat brain slices (Frick et al., 2004). Two recent studies
have found an activity-dependent and PKA-mediated internalization of Kv4.2 in primary
cultured hippocampal neurons (Kim et al., 2007, Hammond et al., 2008). Dysregulation of
Kv4.2 and IA has also been described in many neurodegenerative diseases (Birnbaum et al.,
2004). Our previous studies have shown that glutamate reduces total Kv4.2 levels, diminishes
Kv4.2 clusters and shifts voltage-dependent inactivation of IA in the hyperpolarization
direction (Lei et al., 2008). Activation of NMDA receptors and Ca2+ influx through open
NMDA receptors contribute to these changes. NMDA receptors are assembled from the NR1
subunit and at least one type of NR2 subunit, mainly NR2A and/or NR2B. NR2A-containing
NMDA receptors are believed to be located predominantly at synaptic sites, whereas NR2B-
containing NMDA receptors are located predominantly extrasynaptically. Distinct roles of
NR2A- versus NR2B-containing or synaptic versus extrasynaptic NMDA receptors have been
extensively studied in synaptic plasticity and neurodegenerative diseases (Hardingham et al.,
2002, Liu et al., 2004, Massey et al., 2004, Liu et al., 2007, Papadia et al., 2008).

In the present study, we examined the involvement of NR2B-containing NMDA receptors in
the glutamate-induced Kv4.2 downregulation. We observed that specific NR2B-selective
antagonists inhibited the effect of glutamate on Kv4.2 protein levels, Kv4.2 clusters and IA
properties. Furthermore, selective activation of extrasynaptic, but not synaptic NMDA
receptors caused the same effect as glutamate on Kv4.2. The extrasynaptic modulation of Kv4.2
was also blocked by NR2B-selective antagonists. Calpain inhibitors could prevent the
reduction of total Kv4.2 protein levels following the activation of extrasynaptic NMDA
receptors. Together, our findings suggest that activation of NR2B-containing NMDA receptors
is essential for the downregulation of Kv4.2 induced by glutamate and that calpain-dependent
proteolysis is involved in this process.

Experimental procedures
Primary hippocampal neuronal culture

Dissociated hippocampal neurons were prepared and maintained as previously described (Lei
et al., 2006). Briefly, hippocampal tissues were collected from embryonic days 18 Wistar rat
embryos. After digestion and centrifuge, cells were re-suspended in Neurobasal medium
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(Invitrogen, Carlsbad, CA, USA) containing 2% B27 (Invitrogen). Then cells from a single
pregnant rat were seeded on glass coverslips (Fisher Scientific, Pittsburgh, PA, USA) or in 60
mm culture dishes (BD Biosciences, San Jose, CA, USA) coated with 0.01% (w/v) poly-L-
lysine (Sigma, St Louis, MO, USA) at a density of 1.0 X 105 cells/cm2, and put into a standard
incubator (Taibai Espec, Osaka, Japan) maintained at 37°C in 95% air, 5% CO2. A half medium
was changed once a week. Experimental protocols were institutionally approved in accordance
with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All
efforts were made to minimize both the suffering and number of animals used.

Treatments
Cultures were washed 3 times with pre-warmed (37 °C) Locke’s solution (154 mM NaCl, 5.6
mM KCl, 5 mM HEPES, 5 mM glucose, 2 mM CaCl2, 1 mM MgCl2, pH 7.4, osmolarity 300
mOsm/L) (Misonou et al., 2004). Cultures were exposed to 10 µM glutamate in Locke’s
solution supplemented with 1 µM glycine for 10 min at 37 °C. Synaptic NMDA receptors were
selectively stimulated by treatment with 50 µM bicuculline plus 2.5 mM 4-aminopyridine (4-
AP) in Mg2+ free Locke’s solution for 10 min. To selectively activate extrasynaptic NMDA
receptors, synaptic NMDA receptors were blocked by treatment with 50 µM bicuculline in the
presence of 10 µM MK-801 for 10 min in Mg2+ free Locke’s solution, followed by thorough
washes with Locke’s solution 3 times to remove any trace of MK-801. Then extrasynaptic
NMDA receptors were selectively activated by treatment of 10 µM glutamate plus 1 µM
glycine in Locke’s solution. NMDA receptor antagonist, MK-801 (10 µM); NR2B receptor
antagonists, ifenprodil (10 µM), Ro 25–6981 (0.5 µM, Tocris, Ellisville, MO, USA) and Co
101244 (5 µM, Tocris); membrane-permeable Ca2+ chelator, BAPTA-AM (10 µM), voltage-
dependent Ca2+ channel blocker, nimodipine (10 µM); irreversible inhibitor of the endoplasmic
reticulum (ER) Ca2+-ATPase, thapsigargin (10 µM); and calpain inhibitors, MDL-28170 (20
µM) and ALLN (25 µM) were added to the bath medium 15 min before and throughout the
treatments. For Ca2+-free solution, 2 mM CaCl2 was substituted with 5 mM EGTA. All
treatments were performed at 37 °C in the culture incubator. All chemicals were purchased
from Sigma, unless otherwise indicated.

Western blotting
After treatments, cultures were washed 3 times with cold PBS and lysed with ice-cold RIPA
buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% Sodium deoxycholate, 0.1%
SDS; Boston BioProducts, Worcester, MA, USA) supplemented with a protease inhibitor
cocktail (Roche, Indianapolis, IN, USA). Cell lysates were harvested with a cell scraper, and
incubated an additional 15 min on ice. After brief sonication on ice, cell lysates were
centrifuged at 12,000 g for 20 min at 4°C to pellet nuclei and debris, and the resulting
supernatants were collected for analysis. Protein concentration was determined by BCA protein
assay (Bio-Rad, Hercules, CA, USA). Protein samples were boiled in 2 × SDS gel-loading
buffer (Invitrogen) prior to SDS-PAGE. Proteins (20 µg) were separated on 10% SDS-PAGE
gels and transferred to nitrocellulose membranes (Millipore, Bedford, MA, USA). The
membranes were rinsed with distilled water, blocked with 1% bovine serum albumin (BSA;
Sigma) in TBS-0.1% Tween20 (TBST) for 1 h, and then incubated with primary antibodies
overnight in a blocking buffer at 4°C. We used rabbit polyclonal anti-Kv4.2 (1:1,000;
Chemicon, Temecula, CA, USA), anti-Kv4.3 (1:1,000; Chemicon), anti-Kv1.4 (1:1,000;
Chemicon), or mouse monoclonal anti-β-actin antibodies (1:20,000; Sigma). The membranes
were washed with TBST, and incubated at room temperature for 1 h with HRP-conjugated
anti-rabbit (1:5,000; Chemicon) or anti-mouse secondary antibodies (1:20,000; Chemicon).
Bands were detected by the enhanced chemiluminescence (ECL; Amersham, Piscataway, NJ,
USA) and visualized by exposing the membrane to X-ray films (Fuji, Tokyo, Japan). Band
densitometry analysis of the membrane was performed using scanned images of non-saturated
immunoblot films, using NIH ImageJ 1.37 analysis software.
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Immunocytochemical staining
After treatments, cultures on glass coverslips were fixed with 4% paraformaldehyde in PBS
for 15 min. Cultures were blocked and permeabilized with 10% goat serum, 0.1% Triton X-100
in PBS for 1 h at room temperature. Cultures were then incubated overnight at 4°C with rabbit
polyclonal anti-Kv4.2 antibody (1:1,000; Chemicon). After being washed with PBS 3 times
for 10 min each, cultures were incubated with a fluorescein-conjugated anti-rabbit secondary
antibody (1:100; Vector Labs, Burlingame, CA, USA) for 1 h at room temperature. Finally,
cultures were washed with PBS 3 times for 10 min each and mounted with Vectashield
mounting medium (Vector Labs). Cells were imaged using a microscope (BX50; Olympus,
Tokyo, Japan) equipped with a reflected light fluorescence attachment (BX-FLA; Olympus).
Fluorescence images were acquired with a digital camera coupled to control software (DP70-
BSW; Olympus) at 100 × magnification.

Electrophysiological Recording
Recording electrodes were prepared from borosilicate glass (Warner Instruments, Hamden,
CT, USA) using a horizontal electrode puller (P-97; Sutter Instruments, Novato, CA, USA).
To record IA, electrodes had resistance of 2–4 MΩ when filled with an intracellular solution
containing: 120 mM KMeSO4, 12 mM KCl, 1 mM MgCl2, 1 mM EGTA, 0.2 mM CaCl2, 10
mM HEPES, and 2 mM Mg-ATP, pH 7.3, 290–295 mOsm/L. The extracellular solution was
Locke’s solution described above. To record spontaneous excitatory postsynaptic currents
(sEPSCs), electrodes were filled with an intracellular solution containing: 43 mM CsCl, 92
mM CsMeSO4, 5 mM TEA, 2 mM EGTA, 1 mM MgCl2, 10 mM HEPES, and 4 mM Mg-
ATP, pH 7.3, 290–295 mOsm/L. The flow rate of extracellular solution was adjusted to 2–3
ml/min. Recordings were carried out at room temperature. Cells were visualized with an
infrared-differential interference contrast microscope (BX50WI; Olympus) and a CCD camera.
Whole-cell patch-clamp recordings were performed with an Axopatch 200B amplifier
(Molecular Devices, Palo Alto, CA, USA). After tight-seal (> 1 GΩ ) formation, the electrode
capacitance was compensated. The membrane capacitance, series resistance and input
resistance of the recorded neurons were measured by applying a 5 mV (10 ms) hyperpolarizing
voltage pulse from a holding potential of −70 mV. The series resistance was 8–15 MΩ. Cells
with a series resistance > 10% of the input resistance were discarded. The membrane
capacitance reading was used as the value for whole cell capacitance. During the experiment,
the membrane capacitance and series resistance were periodically monitored. Cells with a
series resistance change > 20% during the experiment were excluded from the analysis. Signals
were filtered at 2 kHz and digitized at a sampling rate of 5 kHz using a data-acquisition program
(Axograph 4.6; Molecular Devices).

At a holding potential of −70 mV, the voltage-dependent outward potassium currents were
evoked by voltage steps (from −90 mV to +60 mV in 10 mV increments, 400 ms) following a
300 ms hyperpolarizing pulse of −130 mV in the presence of TTX (1 µM) and CdCl2 (300
µM) to block voltage-activated Na+ and Ca2+ currents, as well as Ca2+-activated potassium
currents. Taking advantage of the rapid inactivation at depolarized membrane potential, IA was
isolated by subtracting the currents evoked after depolarized pre-pulses (0 mV, 100 ms) from
those evoked without depolarized pre-pulses.

The current density of IA for each neuron was obtained by dividing the membrane capacitance
from current amplitude. The current amplitude of IA was measured at the peak of each current
(~ 4 ms after the onset of the command pulses). The steady-state activation curves were
established similarly to those previously reported (Deng et al., 2004). Briefly, the conductance
(G) was calculated using the following equation: G = I/(Vm − Vk), where I was the current
amplitude, Vm was the command potential and Vk was the reversal potential of potassium
(Vk = −98 mV). The conductance was then normalized with respect to the maximum value and
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plotted as a function of the membrane potential during the test pulse. The resulting activation
curves were fitted with a normalized Boltzmann distribution: G/Gmax = 1/[1 + exp(Vm - V1/2)/
Vc], where Gmax was the maximum conductance at +60 mV, V1/2 was the membrane voltage
at which the current amplitude was half-maximum and Vc was the slope factor. The steady-
state inactivation properties of IA were determined by measuring the current availability with
a testing pulse of +10 mV following 2 s pre-pulse between −130 mV and −10 mV in 10 mV
increments. The plot of mean normalized peak currents as a function of pre-pulse voltage was
fitted with a normalized Boltzmann distribution: I/Imax = 1/[1 +exp(V1/2 − Vm)/Vc], where
Imax was the maximum current at +10 mV following the pre-pulse of −130 mV.

Data Analysis
The values were presented as mean ± SEM. The significance of the results was tested using a
one-sample T-TEST or one-way ANOVA followed by a post hoc Scheffe’s test using a
commercially available software (StatView 5.0; Abacus Concepts, Berkeley, CA, USA).
Changes were considered significant if p < 0.05.

Results
NR2B-selective antagonists block the glutamate-induced reduction in total Kv4.2 protein
levels

Consistent with our previous studies (Lei et al., 2008), at DIV 18, brief glutamate treatment
(10 µM, 10 min) caused a profound reduction in total Kv4.2 levels in cultured hippocampal
neurons (42.1 ± 6.3% of control, n = 6, p < 0.01 versus control, Fig. 1A). We first determined
the effect of ifenprodil, a preferential antagonist for NR2B-containing NMDA receptors.
Application of ifenprodil (10 µM, 15 min) completely blocked the glutamate-induced reduction
in total Kv4.2 levels (106.2 ± 10.7% of control, n = 6, p > 0.05 versus control), while ifenprodil
alone had no effect on total Kv4.2 levels (103.0 ± 8.2% of control, n = 6, p > 0.05 versus control,
Fig. 1A). Due to possible interactions of ifenprodil with α-adrenergic receptors, serotonin
receptors and especially calcium channels (Chenard et al., 1991, Church et al., 1994, McCool
and Lovinger, 1995), we further used more potent and selective antagonists of NR2B receptors,
Ro 25–6981 and Co 101244, to test the regulation of total Kv4.2 levels by NR2B-containing
NMDA receptors. Ro 25–6981 is a widely used and well characterized NR2B-containing
NMDA receptor antagonist. Co 101244 is a novel and selective NR2B-containing NMDA
receptor antagonist. IC50 values of Co 101244 are 0.043 and >100 µM for NR2B- and NR2A-
containing NMDA receptors respectively (Zhou et al., 1999). Like ifenprodil, both 0.5 µM Ro
25–6981 and 5 µM Co 101244 were able to abolish the glutamate-induced reduction in total
Kv4.2 levels (Ro 25–6981: 96.8 ± 15.7% of control, n = 4, p > 0.05 versus control; Co 101244:
93.2 ± 10.0% of control, n = 4, p > 0.05 versus control, Fig. 1B). Zn2+ is highly potent at
inhibiting NR2A-containing NMDA receptors (in the nanomolar range) and displays strong
selectivity for NR2A-containing NMDA receptors over NR2B-containing NMDA receptors
(> 100-fold) (Paoletti et al., 2000, Rachline et al., 2005). A concentration of 100 nM Zn2+

produces more than 70% inhibition of NR1/NR2A activity, whereas it only blocks NR1/NR2B
activity by 10% (Rachline et al., 2005). The glutamate-induced reduction in Kv4.2 protein
levels was not influenced by Zn2+ at a concentration of 100 nM (33.3 ± 5.2% of control, n =
4, p < 0.01 versus control, Fig. 1C). Together, the results suggest that the regulation of Kv4.2
by glutamate is selectively coupled to NR2B-containing NMDA receptors.

NR2B-containing NMDA receptors are involved in the effect of glutamate on the cellular
distribution of Kv4.2

To provide further evidence to complement our Western blotting data, we tested whether
NR2B-containing NMDA receptors are involved in the effect of glutamate on the cellular
distribution of Kv4.2 in cultured hippocampal neurons by immunocytochemical staining. At
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DIV 18, hippocampal neurons showed strong immunoreactivity for Kv4.2 (Maletic-Savatic et
al., 1995). Kv4.2 immunoreactivity displayed a dense cluster pattern throughout soma and
dendrites in control neurons (Fig. 2A), in agreement with previous studies (Petrecca et al.,
2000, Wong et al., 2002, Lei et al., 2008). Brief glutamate exposure dramatically reduced the
abundance of Kv4.2 clusters in both neuronal soma and dendrites, as compared with control
neurons (Fig. 2B). The glutamate effect on Kv4.2 clusters was completely attenuated in the
presences of ifenprodil, Ro 25–6981 and Co 101244 (Fig. 2C–E).

Glutamate alters IA properties through NR2B-containing NMDA receptors
Since Kv4.2 underlies the majority of somatodendritic IA in hippocampal neurons, it is rational
to hypothesize that IA should be changed with Kv4.2. To test this hypothesis, we performed
whole-cell voltage-clamped recording to measure IA in cultured hippocampal neurons (DIV
18) after different treatments. Voltage steps from −90 mV to +60 mV evoked an outward
current composed of two distinct components, a transient component (IA) and a sustained
component (Ikd). IA was isolated by subtracting the sustained component from the total
potassium currents. Subsequently, the voltage dependence of steady-state inactivation was
recorded at +10 mV following 2 s conditioning voltage steps from −130 to −10 mV. As shown
in Fig. 3, glutamate shifted the V1/2 of inactivation for IA by approximately 16 mV in the
hyperpolarization direction (glutamate-treated neurons −77.8 ± 2.5 mV, n = 10, p < 0.05 versus
control neurons −61.5 ± 2.3 mV, n = 16). Similar to the non-selective NMDA receptor blocker
MK-801 (10 µM), all of the tested NR2B-selective antagonists prevented the shift in V1/2 of
inactivation for IA after glutamate treatment (MK-801 + glutamate: −62.6 ± 1.9 mV, n = 8, p
> 0.05 versus control; ifenprodil + glutamate: −61.3 ± 2.6 mV, n = 12, p > 0.05 versus control;
Ro 25–6981 + glutamate: −60.6 ± 1.6 mV, n = 16, p > 0.05 versus control; Co 101244 +
glutamate: −62.1 ± 2.5 mV, n = 10, p > 0.05 versus control). None of the tested chemicals alone
changed the V1/2 of inactivation for IA (MK-801: −63.1 ± 3.8 mV, n = 6, p > 0.05 versus
control; ifenprodil: −61.4 ± 1.9 mV, n = 6, p > 0.05 versus control; Ro 25–6981: −60.2 ± 2.1
mV, n = 12, p > 0.05 versus control; Co 101244: −59.3 ± 2.1 mV, n = 7, p > 0.05 versus control).
In contrast to the V1/2 of inactivation, the V1/2 of activation for IA was unaltered after these
treatments (data not shown).

Activation of extrasynaptic NMDA receptors reduces total Kv4.2 levels and Kv4.2 clusters
through NR2B-containing NMDA receptors

In contrast to the predominant expression of NR2A-containing NMDA receptors inside
synapses, NR2B-containing NMDA receptors are widely believed to be the predominant
NMDA receptors expressed at extrasynaptic sites in mature hippocampal neurons (Tovar and
Westbrook, 1999). In our previous studies (Lei et al., 2008), we applied 50 µM bicuculline, a
GABAA receptor inhibitor, to activate synaptic NMDA receptors. We found that bicuculline,
unlike glutamate, had no significant effect on total Kv4.2 levels, which suggests that the
glutamate-induced reduction of Kv4.2 expression might be mediated by extrasynaptic NMDA
receptors. In the present study, we stimulated synaptic NMDA receptors with 50 µM
bicuculline plus 2.5 mM 4-AP, a weak K+ channel blocker. It has been proved that this
treatment increases synaptic glutamate release, activates synaptic NMDA receptors and
elevates the Ca2+ plateau induced by synaptic NMDA receptors (Hardingham et al., 2002).
The treatment with 50 µM bicuculline and 2.5 mM 4-AP dramatically increased the frequency
of sEPSCs, reflecting an enhancement of synaptic activity (Fig. 4A). Application of bicuculline
together with 4-AP failed to dramatically decrease total Kv4.2 levels (89.2 ± 7.9% of control,
n = 6, p > 0.05 versus control, Fig. 4B). These results confirm that synaptic NMDA receptors
are not involved in the glutamate-induced reduction of total Kv4.2 levels. Given the results
demonstrating that total Kv4.2 levels were decreased by a bath application of glutamate but
not by activation of synaptic NMDA receptors, we next examined the possibility that NMDA
receptor modulation of Kv4.2 was associated with activation of extrasynaptic NMDA
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receptors. To test this hypothesis, we used a well-established method to selectively activate
extrasynaptic NMDA receptors (Hardingham et al., 2002). First, synaptic NMDA receptors
were blocked by co-application of 50 µM bicuculline and 10 µM MK-801 for 10 min.
Bicuculline selectively activates synaptic NMDA receptors. Meanwhile, MK-801 is an
irreversible blocker of open NMDA receptors and can only block the bicuculline-activated
synaptic NMDA receptors. After the treatment with 50 µM bicuculline and 10 µM MK-801,
synaptic NMDA components of sEPSCs was significant decreased, indicating an inhibition of
synaptic NMDA receptors (Fig. 4A) (Ivanov et al., 2006). After thorough washout of
bicuculline and MK-801, the residual extrasynaptic NMDA receptors were then selectively
activated by the bath application of glutamate (10 µM, 10 min). Similar to the bath application
of glutamate, selective activation of extrasynaptic NMDA receptors significantly deceased
total Kv4.2 levels (40.2 ± 13.6% of control, n = 3, p > 0.05 versus control, Fig. 4B).
Furthermore, we used 50 µM bicuculline and 2.5 mM 4-AP to activate synaptic NMDA
receptors, and meanwhile used 10 µM MK-801 to block activated synaptic NMDA receptors.
We found that this treatment caused the same degree of blockade of synaptic NMDA receptors
as bicuculline/MK-801 treatment, because the following application of glutamate resulted in
a similar reduction in Kv4.2 protein levels (41.2 ± 6.9% of control, n = 3, p < 0.01 versus
control, Fig. 4C). As a result, we only used 50 µM bicuculline together with 10 µM MK-801
to block synaptic NMDA receptors in the following experiments. Ifenprodil (10 µM) could
prevent the reduction in total Kv4.2 levels induced by activation of extrasynaptic NMDA
receptors (91.5 ± 20% of control, n = 3, p > 0.05 versus control, Fig. 4D). Furthermore, both
0.5 µM Ro 25–6981 and 5 µM Co 101244 inhibited the decrease of total Kv4.2 levels after
activation of extrasynaptic NMDA receptors (Ro 25–6981: 95.4 ± 12.3% of control, n = 4, p
> 0.05 versus control; Co 101244: 120.9 ± 12.6% of control, n = 4, p > 0.05 versus control,
Fig. 4E). In agreement with changes of total Kv4.2 levels, no obvious change in Kv4.2 clusters
was observed after selective synaptic NMDA stimulation (Fig. 5A). However, selective
extrasynaptic NMDA stimulation caused a dramatic decrease of Kv4.2 clusters (Fig. 5B),
which could also be eliminated by ifenprodil, Ro 25–6981 and Co 101244 (Fig. 5C–E).

The properties of extrasynaptic NMDA receptor-mediated Kv4.2 modulation
First, we examined the specificity of extrasynaptic NMDA receptor-mediated K+ channels
modulation. Among the Kv4 members (Kv4.1, Kv4.2 and Kv4.3), Kv4.1 expression is quite
low in the hippocampus. In CA1, Kv4.2 is abundantly expressed in pyramidal neurons, whereas
Kv4.3 is only expressed in interneurons. Kv4.3 is colocalized with Kv4.2 in CA2–CA3 and
the dentate gyrus. Although Kv4.3 shows 73% identity with Kv4.2 in their protein sequences
(Serodio et al., 1996), total Kv4.3 levels were unchanged after activation of extrasynaptic
NMDA receptors (89.0 ± 7.6% of control, n = 6, p > 0.05 versus control, Fig. 6A). We also
examined whether activation of extrasynaptic NMDA receptors could reduce total Kv1.4
levels. Kv1.4 assembled with Kv β subunits encodes presynaptic IA in hippocampal neurons
(Maletic-Savatic et al., 1995, Rhodes et al., 1995, Rhodes et al., 1997, Monaghan et al.,
2001). No significant alteration was observed in total Kv1.4 levels after activation of
extrasynaptic NMDA receptors (93.6 ± 14.8% of control, n = 3, p > 0.05 versus control, Fig.
6A). These data suggest that the reduction in total Kv4.2 levels after extrasynaptic NMDA
stimulation is not a general effect on all IA channels. The composition of NMDA receptors
changes during the development of cultured hippocampal neurons (Rao et al., 1998). Early in
development, hippocampal neurons only express NR2B-containing NMDA receptors. Later,
NR2A-containing synaptic NMDA receptors increase during a period of rapid synapse
formation. Likewise, the sensitivity of Kv4.2 to activation of extrasynaptic NMDA receptors
changed during the development of cultured hippocampal neurons. Total Kv4.2 levels showed
no response to activation of extrasynaptic NMDA receptors before DIV 10 (DIV 7: 85.9 ±
12.9% of control, n = 3, p > 0.05 versus control; DIV 10: 91.3 ± 8.2% of control, n = 3, p >
0.05 versus control, Fig. 6B). In addition, the effect of extrasynaptic NMDA stimulation on
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Kv4.2 was reversible, in that total Kv4.2 levels partially recovered to control levels at 1 h after
washout (79.1 ± 13.2% of control, n = 3, p > 0.05 versus control, Fig. 6C), and totally returned
to control levels at 4 h after washout (106.6 ± 10.3% of control, n = 3, p > 0.05 versus control,
data not shown).

The influx of Ca2+ is essential for the effect of extrasynaptic NMDA stimulation on Kv4.2
NMDA receptors are highly permeable to Ca2+, and Ca2+ influx through NMDA receptors is
critical for long-lasting changes in synaptic efficacy and excitotoxicity. Therefore, we assessed
the involvement of Ca2+ in the regulation of Kv4.2 by extrasynaptic NMDA stimulation. We
pretreated neurons with 10 µM BAPTA-AM (a fast membrane-permeable Ca2+ chelator) for
15 min to remove Ca2+ from the neuronal cytosol, followed by extrasynaptic NMDA
stimulation. BAPTA-AM completely inhibited the reduction in total Kv4.2 levels caused by
extrasynaptic NMDA stimulation (110.2 ± 17.8% of control, n =3, p > 0.05 versus control, Fig
7A). These data suggest that cytosolic Ca2+ is required for the regulation of Kv4.2 by
extrasynaptic NMDA receptors. Like other cells, neurons use both extracellular and
intracellular sources to control cytosolic Ca2+ concentration (Berridge, 1998). These sources
include Ca2+ influx through NMDA receptors and L-type voltage-dependent Ca2+ channels,
and Ca2+ release from ER. We removed Ca2+ from the extracellular solution with 5 mM EGTA.
Removal of extracellular Ca2+ resulted in a complete inhibition of the reduction of total Kv4.2
levels following extrasynaptic NMDA stimulation (117.1 ± 11.6% of control, n = 3, p > 0.05
versus control, Fig. 7B). We then pretreated neurons with 10 µM nimodipine for 15 min to
block L-type voltage-dependent Ca2+ channels. In contrast to EGTA, nimodipine failed to fully
block the reduction in total Kv4.2 levels after extrasynaptic NMDA stimulation (62.0 ± 7.5%
of control, n = 3, p < 0.05 versus control, Fig. 7B). To test whether Ca2+ release from ER was
involved in this process, we depleted intracellular Ca2+ stores of hippocampal neurons with
10 µM thapsigargin, an irreversible inhibitor of the ER Ca2+-ATPase. Extrasynaptic NMDA
receptor modulation of Kv4.2 was not inhibited by thapsigargin (36.4 ± 7.5% of control, n =
3, p < 0.05 versus control, Fig. 7B). These results strongly suggest that Ca2+ entry through
open extrasynaptic NMDA receptors is essential for extrasynaptic NMDA receptor modulation
of Kv4.2.

The calpain-mediated proteolysis is involved in the effect of extrasynaptic NMDA stimulation
on Kv4.2

Our experiments demonstrate that Ca2+ influx contributes to the extrasynaptic NMDA receptor
modulation of Kv4.2. The Ca2+ influx through open NMDA receptors is known to activate
Ca2+-dependent proteases including calpain. The decrease in total Kv4.2 protein levels after
extrasynaptic NMDA stimulation suggests that proteolytic activity may be responsible for this
phenomenon. We therefore investigated whether calpain inhibitors, MDL-28170 and ALLN,
could prevent the Kv4.2 protein’s alteration. We found that both MDL-28170 (20 µM) and
ALLN (25 µM) significantly attenuated the decrease in Kv4.2 protein levels following
extrasynaptic NMDA stimulation, as seen in Fig. 8 (MDL-2817: 90.0 ± 4.4% of control, n =
4, p > 0.05 versus control; ALLN: 91.3 ± 9.3% of control, n = 4, p > 0.05 versus control). These
data indicate that the calpain-mediated proteolysis is involved in the effect of extrasynaptic
NMDA stimulation on Kv4.2.

Discussion
The present report provides the evidence showing NR2B-containing NMDA receptor-
mediated modulation of Kv4.2 potassium channels. This conclusion is based on three major
findings. First, brief glutamate treatment leads to a reduction of total Kv4.2 levels and Kv4.2
clusters, together with a hyperpolarized shift in the inactivation curve of IA. These effects are
fully blocked by NR2B-selective antagonists. Second, like glutamate stimulation, selective
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activation of extrasynaptic NMDA receptors causes the reduction in total Kv4.2 levels and
Kv4.2 clusters. Third, in contrast, selective activation of synaptic NMDA receptors has no
effect on total Kv4.2 levels and Kv4.2 clusters.

The finding that selective inhibitors of NR2B-containing NMDA receptors prevent the
glutamate-induced downregulation of Kv4.2 and IA demonstrates the involvement of this
subtype of glutamate receptors in Kv4.2 modulation. It is well known that NR2B subunits are
predominantly present at extrasynaptic sites, but they are also incorporated in synapses (Tovar
and Westbrook, 1999). Furthermore, NMDA receptors are highly dynamic and can move
bidirectionally between synaptic and extrasynaptic sites (Tovar and Westbrook, 2002, Bellone
and Nicoll, 2007). NR2B-selective antagonists are unable to discriminate between synaptic
and extrasynaptic pools of NR2B. As a result, we next addressed the role of extrasynaptic
NR2B-containing NMDA receptors in Kv4.2 modulation. We found that selective activation
of extrasynaptic NMDA receptors displays the same effect as glutamate on Kv4.2, which is
also eliminated by NR2B-selective antagonists. Together, these results strongly suggest that
extrasynaptic NR2B-containing NMDA receptors mediate the glutamate-induced
downregulation of Kv4.2.

Why are NR2A- and NR2B-containing NMDA receptors different in Kv4.2 modulation?
NR2A- and NR2B-containing NMDA receptors differ in a range of ways such as localizations,
physiological properties, binding partners and downstream signaling molecules. Therefore,
many mechanisms can be proposed, one of which is the differential Ca2+ influx. Our data
indicate that only Ca2+ influx through activated extrasynaptic NMDA receptors is essential for
Kv4.2 modulation. Although both NR2A-and NR2B-containing NMDA receptors are highly
permeable to Ca2+, Ca2+ influx through NR2A- or NR2B-containing NMDA receptors
determines the Ca2+ profile, leading to the activation of specific signaling pathways. Compared
to NR2A-containing NMDA receptors, NR2B-containing NMDA receptors have slower decay
kinetics and cause more sustained increase in intracellular Ca2+ concentration (McBain and
Mayer, 1994, Hardingham and Bading, 2003, Vanhoutte and Bading, 2003). Calpain is a
neutral, Ca2+-activated protease that regulates numerous downstream targets and participates
in synaptic modification and excitotoxic neuronal death (Saido et al., 1994, Chan and Mattson,
1999). Only activation of NR2B- but not NR2A-containing NMDA receptors can result in
calpain activation (Zhou and Baudry, 2006). Our results indicate that calpain-dependent
proteolysis is involved in this process. Moreover, the intracellular domains of NR2A and NR2B
subunits may differentially bind and regulate downstream signaling molecules. The calcium/
calmodulin-dependent protein kinase II (CaMKII) is another signaling downstream of NMDA
receptors and Ca2+. CaMKII is reported to bind preferentially to the cytoplasmic tail of NR2B
rather than NR2A (Barria and Malinow, 2005). Besides CaMKII, the extracellular signal-
regulated kinases (ERK) are also activated by Ca2+ influx through NMDA receptors and play
an important role in neuronal plasticity and survival. In hippocampal neurons, NR2A-
containing NMDA receptors promote, whereas NR2B-containing NMDA receptors inhibit
ERK signaling cascades (Krapivinsky et al., 2003, Kim et al., 2005b, Ivanov et al., 2006). It
is reported that Kv4.2 is directly phosphorylated and regulated by both CaMKII and ERK
(Birnbaum et al., 2004). Phosphorylation of various proteins by kinases has been shown to
control their proteolysis by calpain (Goll et al., 2003). Thus, the Kv4.2 phosphorylation state
is likely to determine the susceptibility of Kv4.2 to calpain cleavage.

What are then functional implications of the modulation of Kv4.2 and IA mediated by NR2B-
containing NMDA receptors? It has been proposed that activation of the postsynaptic NMDA
receptors is required for both LTP and LTD, and that Ca2+ influx through activated NMDA
receptors triggers a series of intracellular cascades that lead to persistent changes in the number
and properties of postsynaptic AMPA receptors (Malenka and Bear, 2004). Whether NR2A-
and NR2B-containing NMDA receptors have differential roles in synaptic plasticity is a hot
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ongoing debate (Liu et al., 2004, Massey et al., 2004, Berberich et al., 2005, Weitlauf et al.,
2005, Fox et al., 2006, Bartlett et al., 2007, Morishita et al., 2007). Somatodendritic IA plays
a central role in regulating membrane excitability of neurons, such as the back-propagation of
dendritic action potentials and Ca2+ plateau potential, action potential initiation and half-width,
and frequency-dependent action potential broadening (Hoffman et al., 1997, Goldberg et al.,
2003, Cai et al., 2004, Kim et al., 2005a). Therefore, changes in somatodendritic IA are
suggested to play an important role in synaptic plasticity (Ramakers and Storm, 2002,
Watanabe et al., 2002, Frick et al., 2004, Chen et al., 2006, Losonczy et al., 2008). Since
molecular biological and pharmacological studies have implicated Kv4.2 as a key subunit
contributing to somatodendritic IA in the brain, knocking out Kv4.2 leads to a lower threshold
for LTP induction (Chen et al., 2006), whereas augmenting Kv4.2 blocks LTP (Jung et al.,
2008). A recent electron microscopic study shows that Kv4.2 is excluded from excitatory
synapses in the hippocampus (Jinno et al., 2005). In agreement with this study, our results
demonstrate a functional coupling of extrasynaptic NR2B-containing NMDA receptors and
Kv4.2. Under the circumstances of LTP induction, high frequency stimulation of synaptic
activity can elevate the extracellular concentration of glutamate sufficient to activate
extrasynaptic NMDA receptors (Clark and Cull-Candy, 2002). Our observations demonstrate
a downregulation of Kv4.2 and IA following activation of extrasynaptic NMDA receptors. It
is proposed that the downregulation of Kv4.2 is likely to cause an enhanced amplitude of back-
propagating action potential (BAP), provide a stronger postsynaptic depolarization to unblock
NMDA receptors, and facilitate the induction of LTP. In addition, it has recently been shown
that alterations of Kv4.2 are able to directly reorganize the NMDA receptor composition at
synapses and influence the induction of LTP. Upregulation of Kv4.2 causes a decreased
fraction of synaptic NR2B/NR2A and a reduced LTP, whereas downregulation of Kv4.2 results
in an increased proportion of synaptic NR2B/NR2A and an increased LTP (Jung et al.,
2008). It is also well known that a hyperpolarized shift in IA currents causes an increase in
intrinsic neuronal excitability. It is reported that the induction of LTP is accompanied by a
hyperpolarized shift in the inactivation curve of IA leading to an increase in dendritic
excitability (Frick et al., 2004). The hyperpolarized shift in IA inactivation curve occurred under
pathological conditions is also reported to be associated with neuronal hyperexcitability
(Takeda et al., 2006, Xu et al., 2006).

The activation of extrasynaptic NMDA receptors is attributed mainly to excessive glutamate
release occurring during pathological conditions, including ischemic and epileptic brain
damage (Arundine and Tymianski, 2004, Sierra-Paredes and Sierra-Marcuno, 2007).
Dysregulation of Kv4.2 and IA has also been described in epilepsy and ischemia (Chi and Xu,
2000, Bernard et al., 2004, Zou et al., 2005). Therefore, extrasynaptic NMDA receptors might
initiate the cascade to reduce Kv4.2 levels and inhibit IA function, resulting in neuronal
hyperexcitability and excitotoxic neuronal death. Although our data suggest that Ca2+ influx
through activated extrasynaptic NMDA receptors and calpain-mediated proteolysis are
involved in this process, a full understanding of how Kv4.2 and IA is down-regulated after
activation of extrasynaptic NMDA receptors will need further study.

In summary, the present study indicates that glutamate modulation of Kv4.2 and IA is mediated
by NR2B-containing NMDA receptors that are located outside of synapses. Ca2+ influx
through open extrasynaptic NMDA receptors and subsequently activated calpain are critical
to Kv4.2 modulation. The downregulation of Kv4.2 and IA mediated by NR2B-containing
NMDA receptors is prone to increase neuronal intrinsic excitability, and might play a role in
long-term synaptic plasticity and excitotoxic neuronal death.

Abbreviations
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AMPA (±) α-Amino-3-hydroxy-5-methylisoxazole-4-propionic acid hydrate

4-AP 4-aminopyridine

BAP back-propagating action potential

BSA bovine serum albumin

CaMKII Ca/calmodulin dependent kinase II

Co 101244 1-[2-(4-Hydroxyphenoxy)ethyl]-4-piperidinol hydrochloride

CREB cAMP response element binding protein

DIV days in vitro

ECL enhanced chemiluminescence

EGTA ethylene glycol-bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid

ER endoplasmic reticulum

ERK extracellular-regulated kinases

HRP horseradish peroxidase

IA A-type K+ currents

Kv voltage-dependent K+ currents

LTD long-term depression

LTP long-term potentiation

MAP-2 microtubule-associated protein-2

MDL-28170 Z-Val-Phe-CHO

MK-801 (5S, 10R)-(+)-5-methyl-10, 11-dihydro-5H-dibenzo-[a, d]-cyclo-hepten-5,
10- imine hydrogen maleate

PBS phosphate-buffered saline

PKA cAMP-dependent protein kinase

PKC protein kinase C

PSD-95 post-synaptic density

Ro 25-6981 (αR, βS)-α-(4-hydroxyphenyl)-β-methyl-4-(phenylmethyl)-1-
piperidinepropanol maleate

SDS sodium dodecyl sulfate

sEPSCs spontaneous excitatory postsynaptic currents

TBS tris-buffered saline

TBST TBS-0.1% Tween20

TTX tetrodotoxin
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Fig. 1.
The glutamate-induced reduction in total Kv4.2 levels is mediated by NR2B-containing
NMDA receptors. (A) Ifenprodil blocks the glutamate-induced reduction in total Kv4.2 levels.
Cultured hippocampal neurons (DIV 18) were treated with ifenprodil (Ifen, 10 µM, 15 min)
before and during glutamate exposure (Glu, 10 µM, 10 min). After treatment, cell lysates were
Western blotted with anti-Kv4.2 and anti-β-actin antibodies. Β-actin works as a loading control.
(B) Both Ro 25–6981 (Ro) and Co 101244 (Co) block the glutamate-induced reduction in total
Kv4.2 levels. Neurons were treated with Ro 25–6981 (0.5 µM, 15 min) or Co 101244 (5 µM,
15 min) before and during glutamate exposure. (C) Zn2+ fails to block the glutamate-induced
reduction in total Kv4.2 levels. Neurons were treated with Zn2+ (100 µM, 15 min) before and
during glutamate exposure. Blots are representative of three to six independent experiments.
The dashed line indicates the control value against which the other values are measured. Data
are presented as mean ± SEM. Statistical analysis was performed by one-sample T-TEST. **
p < 0.01 versus control (Con).
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Fig. 2.
Glutamate causes a reduction of Kv4.2 clusters on the soma and dendrites of cultured
hippocampal neurons through NR2B-containing NMDA receptors. (A) A control neuron (DIV
18) was incubated in Locke’s solution for 10 min before fixation and immunostaining for
Kv4.2. Insert is the high magnification image of indicated region, showing Kv4.2 clusters
(Scale bar, 2 µm). (B) A neuron was treated with 10 µM glutamate (Glu) for 10 min. Insert is
the high magnification image of indicated region. (C) A neuron was pretreated with 10 µM
ifenprodil (Ifen) for 15 min, and then treated with 10 µM glutamate in the presence of 10 µM
ifenprodil for 10 min. (D) A neuron was pretreated with 0.5 µM Ro 25–6981(Ro) for 15 min,
and then treated with 10 µM glutamate in the presence of 0.5 µM Ro 25–6981 for 10 min. (E)
A neuron was pretreated with 5 µM Co 101244 (Co) for 15 min, and then treated with 10 µM
glutamate in the presence of 5 µM Co 101244 for 10 min. Kv4.2 clusters were dramatically
decreased following glutamate treatment. This effect was attenuated in the presence of NR2B-
selective NMDA antagonists ifenprodil, Ro 25–6981 or Co 101244. Scale bar, 10 µm.
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Fig. 3.
Glutamate alters properties of IA currents in cultured hippocampal neurons through NR2B-
contraining NMDA receptors. (A) Representative traces of IA for determining the voltage
dependence of inactivation. The protocol is shown at the bottom. Neurons were pretreated with
MK-801 (MK, 10 µM), ifenprodil (Ifen, 10 µM), Ro 25–6981 (Ro, 0.5 µM) or Co 101244 (Co,
5 µM) for 15 min, and then were treated with glutamate (Glu, 10 µM, 10 min) in the presence
of MK-801, ifenprodil, Ro 25–6981 or Co 101244. (B) Group data showing inactivation curves
for IA (n = 8 ~ 16). Glutamate shifted the V1/2 of inactivation for IA approximately 16 mV in
the hyperpolarization direction. Like MK-801, NR2B-selective antagonists ifenprodil, Ro 25–
6981 and Co 101244 prevented the shift in V1/2 of IA after glutamate treatment.
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Fig. 4.
Activation of extrasynaptic NMDA receptors causes a reduction in total Kv4.2 levels in
cultured hippocampal neurons, which is blocked by NR2B-selective antagonists. (A) Left
panel: sample traces of continuous recording of sEPSCs show that the treatment with 50 µM
bicuculline and 2.5 mM 4-AP increases the frequency of sEPSCs, reflecting an enhancement
of synaptic activity. Right panels: sample traces of sEPSCs show that the treatment with 50
µM bicuculline and 10 µM MK-801 results in a reduction of synaptic NMDA components of
sEPSCs, indicating an inhibition of synaptic NMDA receptors. Vh = −70 mV. Arrows indicate
NMDA components of sEPSCs. (B) Selective activation of extrasynaptic, but not synaptic
NMDA receptors causes a reduction in total Kv4.2 levels. Synaptic NMDA receptors were
selectively stimulated by treatment with 50 µM bicuculline (Bic) plus 2.5 mM 4-AP in Mg2+

free Locke’s solution for 10 min. Extrasynaptic NMDA receptors were selectively activated
by glutamate (Glu, 10 µM, 10 min) after the blockage of synaptic NMDA receptors with
bicuculline (Bic, 50 µM) plus MK-801 (MK, 10 µM) for 10 min. (C) The blockage of synaptic
NMDA receptors by 50 µM bicuculline/10 µM MK-801 is similar to that by 50 µM bicuculline/
2.5 mM 4-AP/10 µM MK-801. (D) Ifenprodil (Ifen, 10 µM) blocks extrasynaptic NMDA
receptor-induced reduction in total Kv4.2 levels. (E) Both Ro 25–6981 (Ro, 0.5 µM) and Co
101244 (Co, 5 µM) block extrasynaptic NMDA receptor-induced reduction in total Kv4.2
levels. Blots are representative of three or four independent experiments. The dashed line
indicates the control value against which the other values are measured. Data are presented as
mean ± SEM. Statistical analysis was performed by one-sample T-TEST. * p < 0.05, ** p <
0.01 versus control (Con).
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Fig. 5.
NR2B-containing NMDA receptors are involved in the decrease of Kv4.2 clusters on the soma
and dendrites of cultured hippocampal neurons after activation of extrasynaptic NMDA
receptors. (A) A neuron was incubated with 50 µM bicuculline (Bic) plus 2.5 mM 4-AP for
10 min to selectively activate synaptic NMDA receptors. (B) A neuron was incubated with 10
µM glutamate (Glu) for 10 min to selectively activate extrasynaptic NMDA receptors after the
blockage of synaptic NMDA receptors with 50 µM bicuculline (Bic) plus 10 µM MK-801
(MK) for 10 min. The inserts in (A) and (B) show the high magnification images of indicated
region (Scale bar, 2 µm). (C) A neuron was pretreated with 10 µM ifenprodil (Ifen) for 15 min,
and then extrasynaptic NMDA receptors were selectively stimulated in the presence of 10 µM
ifenprodil. (D) A neuron was pretreated with 0.5 µM Ro 25–6981 (Ro) for 15 min, and then
extrasynaptic NMDA receptors were selectively stimulated in the presence of 0.5 µM Ro 25–
6981. (E) A neuron was pretreated with 5 µM Co 101244 (Co) for 15 min, and then
extrasynaptic NMDA receptors were selectively stimulated in the presence of 5 µM Co 101244.
Activation of extrasynaptic, but not synaptic, NMDA receptors decreased Kv4.2 clusters. This
effect was attenuated in the presence of NR2B-selective NMDA antagonists ifenprodil, Ro 25–
6981 or Co 101244. Scale bar, 10 µm.
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Fig. 6.
Extrasynaptic modulation of Kv4.2 is reversible. (A) Specificity of extrasynaptic modulation
of Kv4.2. Activation of extrasynaptic NMDA receptors had no influence on total Kv4.3 levels
and total Kv1.4 levels. Extrasynaptic NMDA receptors were selectively activated by glutamate
(Glu, 10 µM, 10 min) after the blockage of synaptic NMDA receptors with bicuculline (BiC,
50 µM) plus MK-801 (MK, 10 µM) for 10 min. (B) Age dependence of extrasynaptic
modulation of Kv4.2 in cultured hippocampal neurons. Activation of extrasynaptic NMDA
receptors did not cause a reduction of total Kv4.2 levels in 7- and 10-day-old neurons. (C) Time
course of extrasynaptic modulation of Kv4.2. Neurons were treated with extrasynaptic NMDA
stimulation, washed and then incubated for 5, 15, 30, 45 or 60 min in culture medium. Total
Kv4.2 levels began to recover 15 min after treatment. Blots are representative of three to six
independent experiments. The dashed line indicates the control value against which the other
values are measured. Data are presented as mean ± SEM. Statistical analysis was performed
by one-sample T-TEST. * p < 0.05, ** p < 0.01 versus control (Con).
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Fig. 7.
Ca2+ influx is essential for extrasynaptic modulation of Kv4.2 in cultured hippocampal
neurons. (A) Intracellular Ca2+ is required for extrasynaptic modulation of Kv4.2. Neurons
were pretreated with BAPTA-AM (10 µM) for 15 min, and then extrasynaptic NMDA
receptors were selectively activated for 10 min in the presence of BAPTA-AM (10 µM).
Extrasynaptic NMDA receptors were selectively activated by glutamate (Glu, 10 µM, 10 min)
after the blockage of synaptic NMDA receptors with bicuculline (Bic, 50 µM) plus MK-801
(MK, 10 µM) for 10 min. (B) Extrasynaptic modulation of Kv4.2 is dependent on Ca2+ influx.
Neurons were incubated with EGTA (5 mM), nimodipine (10 µM) or thapsigargin (10 µM)
for 15 min, and then extrasynaptic NMDA receptors were activated in the presence of EGTA
(5 mM), nimodipine (10 µM) or thapsigargin (10 µM). Blots are representative of three
independent experiments. The dashed line indicates the control value against which the other
values are measured. Data are presented as mean ± SEM. Statistical analysis was performed
by one-sample T-TEST. * p < 0.05, ** p < 0.01 versus control (Con).
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Fig. 8.
Calpain activity is required for extrasynaptic modulation of Kv4.2 in cultured hippocampal
neurons. Neurons were pretreated with MDL-28170 (20 µM) or ALLN (25 µM) for 15 min,
and then extrasynaptic NMDA receptors were selectively activated for 10 min in the presence
of MDL-28170 (20 µM) or ALLN (25 µM). Extrasynaptic NMDA receptors were selectively
activated by glutamate (Glu, 10 µM, 10 min) after the blockage of synaptic NMDA receptors
with bicuculline (Bic, 50 µM) plus MK-801 (MK, 10 µM) for 10 min. Blots are representative
of four independent experiments. The dashed line indicates the control value against which the
other values are measured. Data are presented as mean ± SEM. Statistical analysis was
performed by one-sample T-TEST. ** p < 0.01 versus control (Con).
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