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Abstract
Extracellular signal-regulated kinase 1/2 (ERK1/2) that belongs to a subfamily of mitogen-
activated protein kinases (MAPKs) plays diverse roles in the central nervous system. Activation of
ERK1/2 has been observed in various types of neuronal excitation, including seizure activity in
vivo and in vitro, as well as in NMDA-receptor (NMDA-R)-dependent long-term potentiation in
the hippocampus. On the other hand, recent studies in cultured neurons have shown that NMDA-R
stimulation could result in either ERK1/2 activation or non-activation, depending on the
pharmacological manipulations. To assess NMDA-R-dependent regulation of ERK1/2 activity in
vivo, here we examined the effect of NMDA-R-induced seizure activity on ERK1/2 activation by
using rat cortical slice preparations. NMDA-R-dependent seizure activity introduced by Mg2+-free
condition did not cause ERK1/2 activation. On the other hand, when picrotoxin was added to
concurrently suppress GABAA-receptor-mediated inhibition, profound ERK1/2 activation
occurred, which was accompanied by strong phospho-ERK1/2-staining in the superficial and deep
cortical layer neurons. In this case, prolonged membrane depolarization and enhanced burst action
potential firings, both of which were much greater than those in Mg2+-free condition alone, were
observed. Differential ERK1/2 activation was supported by the concurrent selective increase in
phosphorylation of a substrate protein, phospho-site 4/5 of synapsin I. These results indicate that
NMDA-R activation through a release from Mg2+-blockade, which accompanies enhancement of
both excitatory and inhibitory synaptic transmission, was not enough, but concurrent suppression
of GABAergic inhibition, which leads to a selective increase in excitatory synaptic transmission,
was necessary for robust ERK1/2 activation to occur within the cortical network.
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1. Introduction
Extracellular signal-regulated kinase (ERK) is a subfamily of mitogen-activated protein
kinases (MAPKs) that have been implicated in diverse cellular processes (Chang and Karin,
2001; Sweatt, 2001). Aside from its major roles in cellular proliferation and differentiation,
ERK1/2 in the central nervous system plays a variety of roles in neuronal survival or death,
synaptic plasticity, and learning and memory through phosphorylation of various substrates,
such as transcription factors, cytoskeletal proteins, regulatory enzymes and kinases in
postmitotic neurons (Hardingham and Bading, 2010; Subramaniam and Unsicker, 2006;
Sweatt, 2004; Thomas and Huganir, 2004). A number of classical studies using neuronal
cultures showed that ERK1/2 is activated in response to excitatory glutamatergic stimulation
and following Ca2+-influx into neurons (Bading and Greenberg, 1991; Fiore et al., 1993;
Kurino et al., 1995; Murphy et al., 1994). In addition, tetanic stimulation at the Schaffer
collateral-CA1 synapse induces N-methyl-D-aspartate receptor (NMDA-R)-dependent long-
term potentiation that requires ERK1/2 activation, and ERK1/2 activation seems to be
necessary for hippocampus-dependent memory as well (Atkins et al., 1998; English and
Sweatt, 1997; Sweatt, 2004; Thomas and Huganir, 2004).

Recent detailed studies in cultured neurons revealed that NMDA-R activation can cause
either stimulatory or inhibitory effects on ERK1/2 activation depending on the level of
NMDA-R activation (Chandler et al., 2001) or on the location of activated NMDA-Rs on
neuronal cell surface, i.e., synaptic or extrasynaptic (Ivanov et al., 2006; Léveillé et al.,
2008). On the other hand, robust activation of ERK1/2 has been observed in various seizure
models, implicating a close relationship between neuronal excitation and ERK1/2 activation
(Baraban et al., 1993; de Lemos et al., 2010; Gass et al., 1993; Kim et al., 1994; Merlo et al.,
2004; Murray et al., 1998; Yamagata et al., 2002). However, how NMDA-R activation
regulates ERK1/2 activation at a neuronal network level remains to be established.

Here we employed a cortical slice model of seizure activity and showed that NMDA-R
activation through a release from Mg2+-blockade did not cause activation of ERK1/2.
However, when combined with a blockade of inhibitory γ-aminobutyric acid type A
receptor (GABAA-R), NMDA-R activation resulted in robust activation of ERK1/2, which
was accompanied by a concurrent increase in substrate phosphorylation. In the latter
condition, pyramidal and non-pyramidal neurons revealed longer depolarization with more
spike firings than in the former condition, suggesting amplified excitatory glutamatergic
synaptic transmission through suppression of the inhibitory cortical network.

2. Results
2.1. ERK1/2 activity during NMDA-R-induced seizure activity in cortical slices

NMDA-R-dependent synchronized seizure activity can be induced in cortical slices by
omission of extracellular Mg2+ (Flint and Connors, 1996; Silva et al., 1991; Thomson and
West, 1986). In this condition, strong depolarization with many spikes occurred in
pyramidal neurons, which was accompanied by a corresponding change in field potentials
(Kawaguchi, 2001). According to these studies, we examined the effects of Mg2+-free
condition on ERK1/2 activity in cortical slices (Fig. 1). After incubation in Mg2+-free ACSF
for 40–60 min, cortical slices showed no change in ERK1/2 activity, compared to control
slices incubated in normal ACSF containing 1.2 mM Mg2+ (Fig. 1A, left two columns;
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95.6±6.5% of control value, n=5). Immunoblot analysis also revealed that the level of
phospho-ERK1/2, the active form, was unchanged, as was the total ERK1/2 level (Fig. 1B,
left two panels). The results demonstrate that no activation of ERK1/2 occurred in cortical
slices incubated in Mg2+-free condition.

Next, we examined the effects of concurrent blockade of GABAA-R on ERK1/2 activity. In
a condition where picrotoxin (100 μM) was included in Mg2+-free ACSF, a marked increase
in ERK1/2 activity was observed, compared to control slices incubated in normal ACSF
(Fig. 1A, right two columns; 217.9±22.0% of control value, n=5). Similarly, the phospho-
ERK1/2 level was increased distinctively, while the total ERK1/2 level remained unchanged
(Fig. 1B, right two panels). The results demonstrate that robust ERK1/2 activation occurred
only when slices were exposed to GABAA-R blockade in addition to Mg2+-free condition.

To examine whether such an increase in ERK1/2 activity was indeed dependent on NMDA-
R activation, we performed additional experiments using an NMDA-R antagonist, D-2-
amino-5-phosphonovaleric acid (D-APV). When D-APV (50 μM) was included in Mg2+-free
ACSF in addition to picrotoxin, the level of ERK1/2 activation was significantly reduced
compared to that without D-APV (Fig. 1C; Compare the left and middle columns). A similar
result was observed when a non-NMDA-R antagonist, 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX, 10 μM) was instead included (Fig. 1C; Compare the left and right columns). These
results indicate that ERK1/2 activation observed in Mg2+-free condition with picrotoxin was
dependent on NMDA-Rs, as well as on non-NMDA-Rs

We also examined the distribution of phospho-ERK1/2-positive neurons by
immunohistochemistry (Fig. 2). In slices incubated in Mg2+-free ACSF with picrotoxin, the
number of neurons positive with phospho-ERK1/2 was increased and the extent of staining
was markedly enhanced in the superficial and deep cortical layers, compared to control
slices incubated in normal ACSF (Fig. 2B), while ERK1/2-staining was unchanged in either
condition (Fig. 2A). Among phospho-ERK1/2-positive neurons, pyramidal neurons were
prominent, which are characterized by a pyramidal-shaped soma and an extending apical
dendrite arising from the pial side of the soma (Fig. 2C).

2.2. Substrate phosphorylation during NMDA-R-induced seizure activity in cortical slices
To examine whether such ERK1/2 activation was accompanied by an increase in substrate
phosphorylation, we measured the phosphorylation state of an ERK1/2 substrate, synapsin I
that has multiple phosphorylation sites (Greengard et al., 1993; Hilfiker et al., 1999; Cesca
et al., 2010) (Fig. 3). The level of phospho-site 4/5 of synapsin I that is dependent on
ERK1/2 was decreased in slices incubated in Mg2+-free ACSF, compared to control slices
incubated in normal ACSF containing 1.2 mM Mg2+ (Fig. 3A, left panels; B, left graph). On
the other hand, it showed a large increase in slices incubated in Mg2+-free ACSF containing
picrotoxin, compared to control slices incubated in normal ACSF (Fig. 3A, right panels; B,
right graph). We also checked the level of phospho-site 3 that is dependent on Ca2+/
calmodulin-dependent protein kinase II (CaMKII), but not on ERK1/2, in the same
conditions. The phospho-site 3 level showed no change in Mg2+-free condition alone, while
it showed a profound decrease in Mg2+-free condition with picrotoxin (Fig. 3A, B). The
total synapsin I level remained unchanged in either condition. These results demonstrate that
not only ERK1/2 activity, but also substrate phosphorylation, was increased in slices
exposed to GABAA-R blockade in addition to Mg2+-free condition.
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2.3. Electrophysiological changes during NMDA-R-induced seizure activity in cortical
slices

We next performed electrophysiological recording from the same slice preparations to
examine the actual changes in neuronal activity during the above-mentioned seizure-
inducing conditions. When slices were incubated in Mg2+-free ACSF, layer V pyramidal
neurons (input resistance, 130±11.6 MΩ, n=6) (Fig. 4A) continuously exhibited phasic
spontaneous depolarization with spike firings in whole cell current-clamp recordings (n=39)
(Fig. 4B, Mg2+-free). Such neuronal activities were not observed when slices were
incubated in normal ACSF containing 1.2 mM Mg2+ (4 cells from 3 slices) (Fig. 4C). Bath-
application of D-APV (50 μM), an NMDA-R antagonist completely abolished spontaneous
depolarization with spike firings that was observed in Mg2+-free condition (5 cells from 5
slices) (Fig. 4B, APV). Washing D-APV out of the bathing solution resulted in an abrupt
appearance of large depolarization with burst firings followed by phasic regular-spike firings
(Fig. 4B, Wash of APV). These results demonstrate the dependence of such spontaneous
neuronal activities on NMDA-Rs. Layer II/III pyramidal neurons also exhibited rhythmic
spontaneous depolarization with spike firings when incubated in Mg2+-free ACSF (n=5)
(Fig. 4D), but not in normal ACSF (5 cells from 4 slices) (Fig. 4E). The results confirmed
enhanced neuronal activity in different cortical layers, supporting synchronized seizure
activity (Kawaguchi, 2001).

In addition, non-pyramidal neurons in layer V (input resistance, 353.9±11.7 MΩ, n=8) (Fig.
5A, left) exhibited repetitive events of spontaneous depolarization with intense burst spike
firings in Mg2+-free condition (6 cells from 5 slices) (Fig. 5A, Mg2+-free). Such neuronal
activities were not observed in normal ACSF containing 1.2 mM Mg2+ (6 cells from 6
slices) (Fig. 5B, Normal ACSF). Non-pyramidal neurons in layer II/III also exhibited
spontaneous depolarization with spike discharges in Mg2+-free condition (Fig. 5B, Mg2+-
free). These spontaneous spike firings almost completely disappeared during bath-
application of D-APV (50 μM) (4 cells from 4 slices) (Fig. 5B, APV). Thus, Mg2+-free
condition enhanced neuronal activity, not only in the major excitatory pyramidal neurons,
but also in non-pyramidal neurons including inhibitory GABAergic interneurons, in an
NMDA-R-dependent manner, leading to an elevation of GABAergic inhibition.

On the other hand, in a condition where picrotoxin (100 μM) was included in Mg2+-free
ACSF, a repetitive appearance of longer depolarization with more spike firings was
observed in layer V pyramidal neurons (8 cells from 8 slices) (Fig. 6A, Compare Mg2+-free
+ PTX with Mg2+-free). The duration of depolarization (a size of more than 2 mV) was
significantly longer in the presence (6.1 ± 1.5 s) than in the absence (1.1 ± 0.7 s) of
picrotoxin in Mg2+-free condition (p<0.01, paired t-test, n=8) (Fig. 6A, See the traces with
fast time scales). Such prolonged depolarization and increased burst spike firings were
observed in non-pyramidal neurons as well (n=2) (Fig. 6B, Mg2+-free + PTX), which
became much less when picrotoxin was removed from Mg2+-free ACSF (Fig. 6B, Wash of
PTX). Thus, the blockade of GABAA-R amplified glutamatergic excitatory synaptic
transmission in both pyramidal and non-pyramidal neurons through suppression of the
inhibitory cortical network.

3. Discussion
In this study, we employed two different conditions: (1) omission of extracellular Mg2+

alone and (2) with concurrent application of picrotoxin, to elicit NMDA-R-induced seizure
activity in slice preparations from rat somatosensory cortex, and analyzed ERK1/2 activity
biochemically and neuronal activity electrophysiologically. Incubation of cortical slices in
Mg2+-free medium, which caused phasic spontaneous depolarization with spike firings in
both pyramidal and non-pyramidal neurons in different cortical layers (Figs. 4 and 5), did
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not induce a detectable level of ERK1/2 activation (Fig. 1). On the other hand, in a condition
where picrotoxin was included in Mg2+-free medium to suppress GABAA-R-mediated
inhibition, which resulted in more prolonged membrane depolarization and enhanced burst
action potential firings in both pyramidal and non-pyramidal neurons (Fig. 6), robust
ERK1/2 activation occurred (Fig. 1). Such ERK1/2 activation was dependent on NMDA-Rs,
as well as on non-NMDA-Rs. In Mg2+-free condition with picrotoxin, phospho-ERK1/2-
positive neurons were markedly increased in the superficial and deep cortical layers, and
among them, pyramidal neurons were distinct, which are characterized by a pyramidal-
shaped soma and a prominent apical dendrite (Fig. 2). We cannot rule out the possibility that
non-pyramidal neurons that lack apparent apical dendrites may also be positive with
phospho-ERK1/2, but they are difficult to be identified by morphological analysis.
Pronounced phospho-ERK1/2-staining in the soma and dendrites (Fig. 2) clearly indicates
activation of ERK1/2 on the postsynaptic side. Thus, our study demonstrated that NMDA-R
activation through a release from Mg2+-blockade, did not cause detectable ERK1/2
activation, but concurrent suppression of GABAergic inhibition that further enhances
excitatory glutamatergic transmission did cause robust activation of ERK1/2 in cortical
slices.

Such differential ERK1/2 activation was supported by a selective increase in the phospho-
site 4/5 level of synapsin I in Mg2+-free condition exclusively with picrotoxin (Fig. 3).
Synapsin I is a presynaptic vesicle-associated protein and the presynaptic pool of ERK1/2 is
much smaller than its postsynaptic pool. However, seizure activity is considered to involve
the entire cortical network that includes both pre- and post-synaptic compartments, and we
previously demonstrated that phospho-site 4/5 of synapsin I was indeed regulated by
ERK1/2 activity during acute seizure activity in the brain in vivo (Yamagata et al., 2002).
Therefore, we expected that it could be a good marker for ERK1/2 activation when its
activation was so robust as in the current study, and it turned out to be the case. On the other
hand, a large decrease in the phospho-site 4/5 level in Mg2+-free condition (Fig. 3) seems to
be caused by Ca2+/calmodulin-dependent protein phosphatase 2B, i.e., calcineurin, as this
site was preferentially dephosphorylated by calcineurin not only in vitro, but also in
synaptosome preparations in a depolarizing condition (Jovanovic et al., 2001). It should also
be noted that the level of phospho-site 3 that is dependent on CaMKII, but not on ERK1/2,
showed a profound decrease in Mg2+-free condition with picrotoxin (Fig. 3), demonstrating
the selectivity of the changes in phospho-site 4/5 in that condition. The decrease in the level
of CaMKII-dependent phospho-site 3 is in agreement with a previous observation showing a
similar decrease in the phospho-site 3 level, along with a decrease in the Ca2+/calmodulin-
independent, autonomous activity of CaMKII in the brain during acute seizure activity in
rats in vivo (Yamagata and Obata, 1998; Yamagata et al., 2002; Yamagata, 2003).

Many classical studies in cultured neurons showed activation of ERK1/2 by NMDA-R-
dependent and non-NMDA-R-dependent glutamatergic stimulation (Bading and Greenberg,
1991; Fiore et al., 1993; Murphy et al., 1994; Kurino et al., 1995), and pronounced ERK1/2
activation has been observed in various seizure models in vivo and in vitro (Baraban et al.,
1993; de Lemos et al., 2010; Gass et al., 1993; Kim et al., 1994; Merlo et al., 2004; Murray
et al., 1998; Yamagata et al., 2002). Thus, there seems to be a close relationship between
neuronal excitation and ERK1/2 activation. On the other hand, recent studies in cultured
neurons revealed that NMDA-R stimulation could result in either ERK1/2 activation or non-
activation depending on the level of NMDA-R activation or on the location of activated
NMDA-Rs on neuronal cell surface (Chandler et al., 2001; Ivanov et al., 2006; Léveillé et
al., 2008). Chandler et al. (2001) reported that after a blockade of a high basal level of
phospho-ERK1/2 in cortical neuronal cultures, application of NMDA produced a bell-
shaped dose-response curve for stimulation of phospho-ERK1/2. Ivanov et al. (2006) and
Léveillé et al. (2008) reported in hippocampal and cortical neuronal cultures, respectively,
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that pharmacological manipulation that stimulated synaptic NMDA-Rs resulted in activation
of ERK1/2, whereas one that stimulated extrasynaptic NMDA-Rs did not or may even
inactivate ERK1/2. According to these previous studies, it was expected that relatively mild
NMDA-R activation would stimulate ERK1/2 activation, and that strong NMDA-R
activation would trigger extrasynaptic NMDA-R activation and might suppress ERK1/2
activation (Hardingham and Bading, 2010). However, that was not the case in our present
study using cortical slice preparations.

Using a cortical slice model of seizure activity, we examined how NMDA-R activation
regulates ERK1/2 activity at a cortical network level. It should be noted that in cortical
slices in normal Mg2+ condition, spontaneous neuronal firing was rare, and the network
activities were almost absent (Fig. 4C, E; Fig. 5B, Normal ACSF), as reported in previous
studies (Kawaguchi, 2001; Luhmann and Prince, 1990). In addition, a very low basal level
of phospho-ERK1/2 was detected in this control condition (Fig. 1B, Cont). By omission of
extracellular Mg2+, NMDA-R-dependent seizure activity could be readily induced, and our
electrophysiological recordings showed that NMDA-R activation enhanced not only
excitatory glutamatergic, but also inhibitory GABAergic transmission (Figs. 4 and 5). The
enhanced GABAergic inhibition apparently suppressed NMDA-R-mediated inward currents
postsynaptically and/or glutamate release presynaptically, and thereby limiting the duration
of depolarization of excitatory neurons. With both excitatory glutamatergic and inhibitory
GABAergic transmission enhanced, long but limited depolarization may not be enough to
cause activation of ERK1/2 in neurons. With concurrent blockade of GABAA-R-mediated
inhibition, however, the duration of depolarization became prolonged (Fig. 6), leading to
activation of ERK1/2 probably through increased Ca2+-influx into neurons. Such ERK1/2
activation was suppressed not only by NMDA-R blockade, but also by non-NMDA-R
blockade (Fig. 1C), probably because non-NMDA-R activation further enhances excitability
of neurons, which in turn increases glutamate release and induces more activation of
NMDA-Rs. Our results indicate that moderate stimulation of synaptic NMDA-Rs is not
enough, but profound glutamatergic excitation that involves both NMDA-R and non-
NMDA-R activation is necessary for robust ERK1/2 activation to occur at a cortical network
level.

We cannot rule out the possibility that enhanced glutamatergic transmission in Mg2+-free
condition with GABAA-R blockade may have caused spillover of glutamate to extrasynaptic
sites, leading to activation of extrasynaptic NMDA-Rs. However, that is unlikely, given that
extrasynaptic NMDA-R activation would be to suppress ERK1/2 activation (Ivanov et al.,
2006; Léveillé et al., 2008; Hardingham and Bading, 2010). Rather, activation of synaptic
NMDA-Rs is strongly suggested in the current seizure models, based on our
electrophysiological observations showing enhanced synaptic activity in Mg2+-free
condition and more profound activity with concurrent GABAA-R blockade (Figs. 4–6). Our
results implicate that robust ERK1/2 activation that had been observed in various seizure
models in vivo (Baraban et al., 1993; de Lemos et al., 2010; Gass et al., 1993; Kim et al.,
1994; Yamagata et al., 2002) may also have been caused by profound synaptic NMDA-R
and non-NMDA-R activation.

In conclusion, our study clearly demonstrated that: (1) NMDA-R activation by omission of
extracellular Mg2+ was not enough, but (2) additional strong glutamatergic excitation by
concurrent GABAA-R blockade, which involves both NMDA-R and non-NMDA-R
activation, was necessary for ERK1/2 activation to occur at a cortical network level. Our
results indicate the importance of the network-level analysis toward the understanding of
activity-dependent regulation of ERK1/2 in vivo.
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4. Experimental Procedures
4.1. Animal experiments

Male Wistar rats (5 weeks old) (Japan SLC, Hamamatsu, Japan) were used for experiments.
All animal experiments were reviewed and approved by the Institutional Animal Care and
Use Committee of National Institutes of Natural Sciences. All experiments were conducted
in accordance with the Guide for Animal Experimentation in the Institute. Animals were
housed in cages with ad libitum access to water and food and maintained on a 12 h light/
dark cycle.

4.2. Neocortical slice preparation
Rats were deeply anesthetized with pentobarbital (50 mg/kg i.p.; Dainippon Sumitomo
Pharma, Osaka, Japan) and then decapitated. The brains were rapidly removed and placed in
ice-cold modified artificial cerebrospinal fluid (modified ACSF) containing (in mM):
choline chloride 120, KCl 2.5, NaHCO3 26, NaH2PO4 1.25, glucose 15, MgCl2 7, CaCl2 0.5
(Kaneko et al., 2008). Coronal slices (400-μm-thick) containing somatosensory cortex were
cut from the bilateral hemispheres using a vibratome (Series 1000, Technical Products
International, St. Louis, MO, USA) in modified ACSF, and subcortical structures were
removed. These slices were placed alternately in two holding interface chambers (ca. 10
slices in each chamber) filled with normal ACSF composed of (in mM): NaCl 125, KCl 2.5,
NaHCO3 26, NaH2PO4 1.25, CaCl2 2.5, MgCl2 1.2, glucose 15, and bubbled continuously
with a mixture of 95% O2 - 5% CO2 (pH 7.4). Slices in both chambers were allowed to
recover in normal ACSF for at least one hour at room temperature under humid gas of 95%
O2-5% CO2.

After that, slices in one chamber were exposed to either one of the following seizure-
inducing conditions: (1) Mg2+-free condition, in which Mg2+ concentration in ACSF was
reduced to nominally zero to enhance the activation of NMDA-Rs; and (2) Mg2+-free
condition with picrotoxin, in which picrotoxin (100 μM; Sigma, St. Louis, MO, USA), a
GABAA-R blocker was added to Mg2+-free condition to further increase the excitability of
neuronal circuits within the slices. On the other hand, slices in the other chamber were
incubated in parallel in normal ACSF containing 1.2 mM Mg2+ to serve as controls. After
40–60 min of incubation at around body temperature, eight slices from each chamber were
processed for biochemical studies, and the remaining one or two slices were used for
electrophysiological recording or immunohistochemistry.

To assess the effect of NMDA-R or non-NMDA-R inhibition in Mg2+-free condition with
picrotoxin, D-APV (50 μM; Tocris, Bristol, UK), an NMDA-R antagonist or CNQX (10
μM; Tocris), a non-NMDA-R antagonist was included in Mg2+-free ACSF in addition to
picrotoxin. Control condition remained the same (normal ACSF).

4.3. Sample preparation for biochemical analyses
Eight slices from each chamber were transferred separately to a 1 ml-Teflon-glass
homogenizer on ice and immediately homogenized in 0.5 ml of homogenization buffer
consisting of 20 mM Tris/HCl, pH 7.5, 5 mM EDTA, 1 mM EGTA, 10 mM sodium
pyrophosphate, 50 mM NaF, 1 mM Na3VO4 (ortho), 1 mM dithiothreitol, 10 μg/ml each of
leupeptin, antipain, pepstatin, and chymostatin, and 0.1 mM phenylmethylsulfonyl fluoride.
Each homogenate was immediately separated into the soluble and particulate fractions by
ultracentrifugation at 175,000 g for 35 min at 4°C. The soluble and particulate fractions
were recovered, and aliquots were saved for measurement of protein concentration, sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and kinase activity assay as described
(Yamagata et al., 2006).
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4.4. ERK1/2 activity assay
ERK1/2 activity was determined by using a p42/p44 MAP kinase enzyme assay system
(Amersham, Buckinghamshire, UK), according to manufacturer's procedures with some
modifications as described (Yamagata et al., 2002). The amount of protein used was 0.8 μg
from the soluble fraction where ERK1/2 was enriched. The reaction was linear in terms of
both protein concentration and incubation time.

4.5. Immunoblot analyses
Immunoblot analysis to detect the phospho- and total ERK1/2 was performed by using
monoclonal anti-phospho-p44/42 MAPK antibody (anti-phospho-ERK1/2; Cell Signaling,
Beverly, MA, USA) directed to dually phosphorylated ERK1/2 at Thr202/Tyr204, and
polyclonal anti-p44/42 MAPK antibody (anti-ERK1/2; Cell Signaling) as previously
described (Yamagata et al., 2002). The amount of protein used was 10 μg from the soluble
fraction where ERK1/2 was enriched.

Quantitative immunoblot analysis for synapsin I was performed by using anti-phospho-site
4/5 (Ser-62 and Ser-67) (G-526; Jovanovic et al., 1996), anti-phospho-site 3 (Ser-603)
(RU20; Czernik et al., 1995; Yamagata et al., 1995) and anti-synapsin I (G-454/455; Czernik
et al., 1995) as previously described (Yamagata et al., 2002). The amounts of protein used
were 30 μg for anti-phospho-site 4/5 and 6.5 μg for anti-phospho-site 3 and anti-synapsin I
from the particulate fraction where synapsin I was localized. The measured
immunoreactivity was linear in terms of protein amounts used for each antibody.

4.6. Immunohistchemistry
A brain slice from each chamber was fixed by immersion in 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4) overnight at 4°C. Slices were resectioned to a thickness of 50 μm
using a vibratome, and processed for fluorescence immunohistochemistry, except for one
section that was subjected to Nissl staining. After blocking in 50 mM phosphate buffered
saline (PBS) containing 5% BSA and 0.3% Triton X-100, sections were incubated with anti-
phospho-ERK1/2 (1:1000) or anti-ERK1/2 (1:500) in the blocking buffer over three nights
at 4°C. After washing in PBS, they were incubated in an Alexa 594-conjugated secondary
antibody (Donkey anti-mouse IgG or Goat anti-rabbit IgG, 1:250; Molecular Probes,
Eugene, OR) in PBS containing 2.5% BSA and 0.3% Triton X-100 for 2 h at 4°C. Sections
were then mounted on gelatin-coated slides, coverslipped with Vectashield (Vector
Laboratories, Burlingame, CA) and observed using epifluorescence (BX51WI, Olympus,
Tokyo, Japan). When comparing the sections from control and stimulated slices, images
were taken consecutively across the cortical layers using the same exposure time between
control and stimulated slices, and were reconstructed afterwards. Cortical layers were
determined based on Nissl staining of adjacent sections. For observation with a higher
magnification, a confocal laser-scanning microscope (FV1000, Olympus) was used. The
contrast and brightness of digital images were adjusted using Adobe Photoshop (Adobe
Systems, San Jose, CA), and images were saved as TIFF files.

4.7. Electrophysiology
A brain slice from either one of the holding chambers (Normal ACSF, Mg2+-free ACSF or
Mg2+-free ACSF with picrotoxin) was transferred to a submerged chamber mounted on an
upright microscope (BX50WI, Olympus) with a ×40 water-immersion objective, and
continuously perfused with the corresponding oxygenated ACSF at a flow rate of 2 ml/min
at 30–32°C. Whole-cell recordings were made from pyramidal and non-pyramidal neurons
in layers V and II/III in the somatosensory cortex using infrared differential interference
contrast techniques. Pyramidal and non-pyramidal neurons were identified as such based on
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their locations, shape of the soma, input resistance and spike-firing patterns as previously
described (Kawaguchi, 1993). Electrodes (3–5 MΩ) were filled with a pipette solution
containing (in mM): KCH3SO3 133, KCl 7, HEPES/KOH 10, MgATP 5, and Na2GTP 0.4,
EGTA 0.5 (pH 7.2 with KOH).

Whole cell current-clamp recordings were made with an EPC-9 amplifier (HEKA
Elektronik, Lambrecht, Germany), filtered at 3 kHz, digitized at 4 kHz or 20 kHz, and
analyzed offline with PULSE (HEKA Elektronik) and Igor Pro (WaveMetrics, Lake
Oswego, OR) as described (Kaneko et al., 2008). Only cells with resting membrane potential
more negative than −55 mV and with overshooting spikes were analyzed. To investigate the
firing properties of neurons, seven current injection steps (400 ms) were applied from −150
to +300 pA in 75 pA increments. After examining the pattern of evoked firings, spontaneous
activity was recorded in current-clamp mode at around resting membrane potential of the
recorded cells.

In some electrophysiological recordings, superfusing solution was switched from normal
ACSF to Mg2+-free ACSF, from Mg2+-free ACSF to Mg2+-free ACSF with D-APV (50
μM), from Mg2+-free ACSF to Mg2+-free ACSF with picrotoxin (100 μM), or vice versa to
directly compare spontaneous activity of the same neurons in different conditions.

4.8. Data analysis
All data are expressed as mean ± SEM.
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Abbreviations

ACSF artificial cerebrospinal fluid

anti-ERK1/2 anti-p44/42 MAPK antibody

anti-phospho-ERK1/2 anti-phospho-p44/42 MAPK antibody

CaMKII Ca2+/calmodulin-dependent protein kinase II

CNQX 6-cyano-7-nitroquinoxaline-2,3-dione

D-APV D-2-amino-5-phosphonovaleric acid

ERK1/2 extracellular signal-regulated kinase 1/2

GABAA-R γ-aminobutyric acid type A receptor

MAPK mitogen-activated protein kinase

MEK ERK kinase

NMDA-R N-methyl-D-aspartate-type glutamate receptor
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Highlights

Cortical slices were used for electrophysiological and ERK1/2 activation analyses.

NMDA-R activation by omission of extracellular Mg2+ did not cause ERK1/2
activation.

Additional strong excitation by GABAA-R blockade was necessary for ERK1/2
activation.

Network-level analysis is important to understand activity-dependent ERK
regulation.
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Fig. 1. Marked activation of ERK1/2 in cortical slices in Mg2+-free condition with GABAA-R
blockade, but not in Mg2+-free condition alone
A, ERK1/2 activity measured by kinase activity assay in cortical slices incubated in Mg2+-
free ACSF alone and with concurrent GABAA-R blockade by picrotoxin (PTX, 100 μM)
(black columns), as compared to control slices incubated in parallel in normal ACSF
containing 1.2 mM Mg2+ (Cont, white columns). Kinase activity was unaltered in Mg2+-free
condition alone (left two columns), while it was markedly increased with concurrent
blockade of GABAA-R by picrotoxin, compared to control condition (right two columns; **
p<0.01, unpaired t-test, n=5). B, Representative immunoblots showing the phospho-ERK1/2
(P-ERK1/2) and total ERK1/2 levels in cortical slices. The phospho-ERK1/2 level was
unchanged in Mg2+-free condition, while it showed a marked increase when picrotoxin was
included in Mg2+-free medium. The total ERK1/2 level remained unchanged in either
condition. C, The effect of NMDA-R and non-NMDA-R inhibition on the increase in
ERK1/2 activity in Mg2+-free condition with concurrent blockade of GABAA-R by
picrotoxin. D-APV (50 μM), an NMDA-R antagonist or CNQX (10 μM), a non-NMDA-R
antagonist was included in the incubation solution. Data are expressed as a percentage of
control values from slices incubated in parallel in normal ACSF containing 1.2 mM Mg2+. *
p<0.05, ** p<0.01, ANOVA followed by Bonferroni's test; n=3, 6, 4 for the left, middle,
right columns, respectively.
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Fig. 2. Increased phospho-ERK1/2-staining in cortical slices in Mg2+-free condition with
GABAA-R blockade
Representative staining with anti-ERK1/2 (A) and with anti-phospho-ERK1/2 (P-ERK1/2)
(B) in control slices incubated in normal ACSF containing 1.2 mM Mg2+ (Cont) and in
stimulated slices incubated in Mg2+-free ACSF with concurrent GABAA-R blockade by
picrotoxin (PTX, 100 μM). When comparing the sections from control and stimulated slices,
images were taken consecutively across the cortical layers using the same exposure time
between control and stimulated slices, and were reconstructed afterwards. The number of
phospho-ERK1/2-positive neurons and the extent of staining were markedly enhanced in the
superficial and deep cortical layers of stimulated slices, compared to control slices (B),
while ERK1/2-staining was unchanged in either condition (A). Similar results were obtained
in three independent experiments (n=3). Cortical layers are indicated based on Nissl staining
of adjacent slices. C, Enlarged confocal images of phospho-ERK1/2-staining in stimulated
slices in the superficial (Layer II/III) and deep (Layer V/VI, the border between layers V and
VI) cortical layers. Among phospho-ERK1/2-positive neurons, pyramidal neurons are
prominent, which are characterized by a pyramidal-shaped soma and an extending apical
dendrite arising from the pial side of the soma. Scale bars, 100 μm in A and B, 20 μm in C.
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Fig. 3. Increased phospho-site 4/5 level of synapsin I in cortical slices in Mg2+-free condition with
GABAA-R blockade, but not in Mg2+-free condition alone
A, Representative immunoblots showing the phospho-site 4/5 (P-site 4/5), phospho-site 3
(P-site 3) and total levels of synapsin I in cortical slices incubated in different conditions.
The ERK1/2-dependent-phospho-site 4/5 level was decreased in slices incubated in Mg2+-
free condition alone, while it showed a marked increase in slices treated with concurrent
GABAA-R blockade by picrotoxin (PTX, 100 μM), compared to control slices incubated in
parallel in normal ACSF (Cont). In contrast, the phospho-site 3 level that is dependent on
CaMKII, but not on ERK1/2, was unaltered in Mg2+-free condition alone, and largely
decreased in Mg2+-free condition with picrotoxin. The total synapsin I level remained
unchanged in either condition. B, Quantitative data obtained by immunoblot analyses,
expressed as a percentage of control levels. ** p<0.01, *** p<0.001, one group t-test, n=5.

Yamagata et al. Page 15

Brain Res. Author manuscript; available in PMC 2014 April 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4. NMDA-R-dependent seizure activity caused by Mg2+-free condition in pyramidal neurons
in cortical slices
A, Representative whole-cell current-clamp recording from a layer V pyramidal neuron.
Current injection of −150 and +150 pA induced hyperpolarization and action potential
firings, respectively, at resting membrane potential of −63 mV. B, Recording from another
layer V pyramidal neuron. This neuron showed repetitive spontaneous depolarization with
accompanying spike firings in Mg2+-free condition (Mg2+-free), which was abolished by
bath-application of D-APV (50 μM), an NMDA-R antagonist for five min (APV), but
resumed by washing D-APV out of the bathing medium (Wash of APV). C, Recording from
a layer V pyramidal neuron in control condition containing 1.2mM Mg2+ (Normal ACSF).
The neuron was silent in control condition. D, Recording from a layer II/III pyramidal
neuron exhibiting rhythmic spontaneous depolarization with regular-spikings in Mg2+-free
condition. E, Recording from a layer II/III pyramidal neuron, which was silent, in control
condition.
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Fig. 5. NMDA-R-dependent seizure activity caused by Mg2+-free condition in non-pyramidal
neurons in cortical slices
A, Representative recording from a layer V non-pyramidal neuron. Current injection of
−150 and +150 pA induced hyperpolarization and action potential firings, respectively, at
resting membrane potential of −66 mV (left). Non-pyramidal neurons are characterized by
higher-frequency firings and higher input resistance than pyramidal neurons in the same
cortical layer (Compare with Fig. 4A). This neuron fired tonic spike discharges of ~33 s
followed by phasic burst firings in Mg2+-free condition (Mg2+-free). B, Recording from a
layer II/III non-pyramidal neuron. This neuron was silent in normal ACSF containing
1.2mM Mg2+ (Normal ACSF), but showed spontaneous depolarization with spike
discharges in Mg2+-free condition (Mg2+-free). Bath-application of D-APV (50 μM), an
NMDA-R antagonist abolished spontaneous depolarization with spike discharges (APV).
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Fig. 6. Enhancement of seizure activity in Mg2+-free condition with concurrent GABAA-R
blockade in cortical slices
A, Recording from a layer V pyramidal neuron. Incubation in Mg2+-free condition induced
spontaneous depolarization and burst spike firings (Mg2+-free). Application of picrotoxin
(PTX, 100 μM) caused prolonged depolarization and increased burst spike firings (Mg2+-
free + PTX). Two typical depolarization events are shown with faster time scales [(i) and
(ii)]. The duration of these depolarization events (a size of more than 2 mV) was 0.89 s [(i)]
and 5.8 s [(ii)], respectively. B, Recording from a layer V non-pyramidal neuron. Prolonged
depolarization and increased burst spike firings observed in Mg2+-free condition with
picrotoxin (Mg2+-free + PTX) became much less when picrotoxin was washed out of the
bathing medium (Wash of PTX).
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