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Abstract

Extracellular signal-regulated kinases such as ERK1 [p44
mitogen-activated protein kinase (MAPK)] and ERK2 (p42
MAPK) are activated in the CNS under physiological and
pathological conditions such as ischemia and epilepsy. Here,
we studied the activation state of ERK1/2 in rat hippocampal
slices during application of the K* channel blocker 4-amino-
pyridine (4AP, 50 um), a procedure that enhances synaptic
transmission and leads to the appearance of epileptiform
activity. Hippocampal slices superfused with 4AP-containing
medium exhibited a marked activation of ERK1/2 phos-
phorylation that peaked within about 20 min. These effects
were not accompanied by changes in the activation state of
c-Jun N-terminal kinase (JNK), another member of the MAP
kinase superfamily. 4AP-induced ERK1/2 activation
was inhibited by the voltage-gated Na* channel blocker

tetrodotoxin (1 pum). We also found that application of the ERK
pathway inhibitors U0126 (50 um) or PD98059 (100 um)
markedly reduced 4AP-induced epileptiform synchronization,
thus abolishing ictal discharges in the CAS3 area. The effects
induced by U0126 or PD98059 were not associated with
changes in the amplitude and latency of the field potentials
recorded in the CAS area following electrical stimuli delivered
in the dentate hylus. These data demonstrate that activation of
ERK1/2 accompanies the appearance of epileptiform activity
induced by 4AP and suggest a cause-effect relationship
between the ERK pathway and epileptiform synchronization.
Keywords: 4-aminopyridine, epileptogenesis, extracellular
regulated kinase, hippocampal slices, mitogen-activated
protein kinase, U0126.
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Extracellular stimuli such as neurotransmitters, neurotro-
phins, and growth factors regulate neuronal processes
including synaptic transmission, neuronal plasticity, morpho-
logical differentiation and survival. The extracellular signal-
regulated kinases ERK1/2, which are members of the
mitogen-activated protein kinase (MAPK) family, are abun-
dantly expressed in mature CNS neurons (Thomas and Hunt
1993; Ortiz et al. 1995) and are attractive candidates for
coordinating neuronal responses to extracellular signals.
Accordingly, the MAPK pathway regulates synaptic trans-
mission through long-term changes in protein synthesis and
gene expression under physiological and pathological con-
ditions (Fukunaga and Miyamoto 1998; Sweatt 2001). For
instance, MAPK are activated in the rat brain by electro-
convulsive shock (Baraban et al. 1993) or transient ischemia

(Campos-Gonzales and Kindy 1992). In addition, seizures
induced in vivo by injection of bicuculline stimulate MAPK
tyrosine phosphorylation in hippocampus and somatosensory
cortex (Gass et al. 1993).
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These observations suggest that stimulation of glutamate
receptors and/or neuronal depolarization do activate MAPK
during pathological events. In line with this view, ionotropic
and metabotropic glutamate receptor agonists can induce
MAPK in cultured cortical neurons (Bading and Greenberg
1991; Fiore et al. 1993; Kurino et al. 1995). Since ERKs can
modulate synaptic plasticity and neuronal excitability we
have analyzed whether the epileptogenic effects induced by
the K" channel blocker 4-aminopyridine (4AP) in rat
hippocampal slices is associated with MAPK/ERK activa-
tion. Previous studies have shown that 4AP causes the
appearance of epileptiform activity by enhancing neurotrans-
mitter release at both inhibitory and excitatory synapses by
increasing Ca®" entering nerve terminals (Buckle and Haas
1982; Rutecki et al. 1987). Moreover, in the hippocampus
these epileptiform discharges depend on conductances that
are mediated through the o-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptor subtype (Perreault
and Avoli 1991; Avoli et al. 1993). Here, we report that
hippocampal slices superfused with 4AP exhibit a specific
activation of ERKs that is abolished by the voltage-gated,
Na® channel blocker tetrodotoxin (TTX). Moreover, we
found that application of U0126 or PD98059, which inhibit
MEK (the kinase directly upstream of ERK), markedly
reduces the epileptiform activity induced by 4AP.

Materials and methods

Hippocampal slice preparation and electrophysiological
recordings
Wistar rats (10-24 day old) were decapitated under halothane
anesthesia according to the procedures established by the European
Union Council of Animal Care. Brains were quickly removed from
the skull and placed in cold artificial cerebrospinal fluid (aCSF).
Hippocampi were dissected and transverse slices (450 pm) were cut
by using a Mclllwain tissue chopper (Mickle Laboratory Engineer-
ing Co., Gomshall, UK). Slices were then transferred to an interface
tissue chamber and maintained between oxygenated aCSF and
humidified atmosphere gassed with 95% 0,/5% CO, at 33 £ 1°C.
The aCSF composition (in mm) was: NaCl 124, KCl 2, KH,PO,
1.25, MgSO0, 1.8, CaCl, 2, NaHCO; 26 and glucose 10 (pH 7.4).
Field potential recordings were made in the CA3 subfield by
using 2 M NaCl filled microelectrodes (resistance = 4-8 MQ).
Signals were fed to a high impedance DC amplifier and displayed
on a pen chart recorder. The following drugs were bath applied: 4AP
(50 pm; Merck, Darmstadt, Germany), TTX (1um; Sigma, Frechen,
Germany), UO126 (50 pm; Promega, Madison, WI, USA) and
PD98059 (50-100 pm; Promega, Milano, Italy). The rate of
occurrence and the duration of the 4AP-induced epileptiform
activity were measured under control conditions and during drug
treatment for periods lasting > 10 min.

Immunoblotting assays
Hippocampal slices used for the electrophysiological experiments
were processed for sodium dodecyl sulfate—polyacrylamide gel
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electrophoresis and immunoblot assays. After treatment, slices were
immediately frozen in liquid nitrogen and subsequently washed with
ice-cold phosphate-buffered saline and homogenized by sonication
in lysis buffer (Tris-acetate 20 mm pH 7.5, NaCl 150 mm, EDTA
I mM, EGTA 1 mMm, Na-pyrophosphate 2.5 mm, Ortovanadate
1 mM, PB-glycerolphosphate 1 mm, NaF 100 mMm, phenyl-
methylsulfonyl fluoride 1 mm, leupeptin 1 pg/mL). After sonica-
tion, cellular extracts were centrifuged at 4°C for 10 min at
13 000 x g and supernatants were recovered. Protein concentration
was determined using Bradford reagent (Sigma) and bovine serum
albumin as standard. Proteins (10 or 25 pg) were diluted 1 : 1 in
‘sample buffer’ (Tris-HCI 62.5 mm pH 6.8, sodium dodecyl sulfate
2%, glycerol 10%, dithiothreitol 50 mm, 0.1% bromophenol blue),
subjected to sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis on 10% polyacrylamide gels (Laemmli U.K. 1970) and
electrophoretically transferred to nitrocellulose membranes (assayed
by staining filters with ‘Ponceau’). Membranes were blocked in
Tris-buffered saline-Tween-20 (0.1%) with 5% non-fat dry milk for
2 h at room temperature and incubated overnight at 4°C with the
primary antibodies at the dilution 1 : 1000 in Tris-buffered saline
0.1% Tween-20 with 5% bovine serum albumin. After wash and
incubation for 1 h with the secondary antibodies, immunoreactivity
was detected using the chemiluminescence system (ECL, Amer-
sham Biotech, Milano, Italy) and autoradiography. Quantitation was
carried out by densitometric film analysis (Fluor-S, Bio-Rad,
Milano, Italy). Membranes were first processed to visualize the
phosphorylated forms of proteins, dehybridized (Restore Western
blot stripping buffer, Pierce, Rockford, IL, USA) and then reprobed
with antibodies directed against total proteins for normalization.
Protein loading was monitored by reprobing membranes with anti-
tubulin antibody (Sigma). Anti-ERK (p42 and p44), anti-JNK (c-Jun
N-terminal kinase), phospho-specific anti-ERK and phospho-speci-
fic anti-JNK antibodies were purchased from New England Biolabs
(NEB, Beverly, MA, USA). Secondary antibodies were acquired
from Amersham (Amersham Pharmacia Biotech, Milano, Italy).

Statistical analysis

Throughout the text measurements are expressed as mean = SEM
and » indicates the number of slices used for any given experimental
protocol. The effects of the treatments are expressed as percentage
changes with respect to control conditions following the formula
[( = Yeontrol)Veontrol X 100]. Each experiment was repeated at least
five times using different batches of proteins. Statistical analysis was
carried out by one-way anNova and the results were considered
statistically significant when p was <0.05.

Results

As reported in previous studies from our laboratories (Avoli
et al. 1993; Tancredi et al. 1998), field potential recordings
obtained in the CA3 subfield of rat hippocampal slices during
4AP application demonstrated the occurrence of interictal
(duration = 0.25-0.38 s; interval of occurrence = 1.7-5.5 s)
and/or ictal (duration = 3-15s; interval of occur-
rence = 80400 s) discharges (arrows and continuous lines
in Fig. la, respectively). These epileptiform events appeared
within  10-15 min after starting the application of
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Fig. 1 Effects induced by 4AP on network excitability and endog-
enous activation of MAPK/ERK1/2 and of SAPK/JNK1/2 in rat hippo-
campal slices. (a) Interictal (arrows) and ictal (continuous lines)
discharges occur in CA3 during 4AP application; numbers on the left of
each trace indicate the amount of time of 4AP application. (b) Immu-
noreactive levels of activated and total forms of ERK1/2 (upper panel)

4AP-containing medium and remained constant throughout
the experiment (up to 3 h) (Fig. 1a).

Hippocampal slices used for electrophysiology (n = 11)
were then analyzed for the activation of the parallel cascades
leading to activation of MAPK/ERK and stress-activated
protein kinase (SAPK)/JNK pathways. The band expression
of p44 (Erkl) and p42 (Erk2) over a given time period was
equivalent in all experiments. Quantification of the immu-
noreactive levels of the activated kinases normalized by the
total amount of the respective kinase for each slice revealed
that 4AP treatment increased ERK1/2 phosphorylation by
approximately 80% (Figs 1b, upper panels and c). The
activation of ERKs by 4AP peaked about 20 min after
treatment and remained about 30% above the basal level for
at least 2 h. The levels of total ERKs remained constant
during 4AP treatment, suggesting that there was no effect on
ERK protein expression. Moreover, there was no detectable
change in the activation state of JNK1/2 (Fig. 1b, lower
panels).

Next, we studied the effects induced by the voltage-gated
Na' channel blocker TTX (1 pum) on ERK1/2 activation
under control conditions and in the presence of 4AP. A near
50% inhibition of ERK phosphorylation was seen in both
cases after 40 min of treatment with either TTX (n = 6) or
TTX + 4AP (n = 6) (Figs 2a and b, respectively). However,
TTX never abolished ERK phosphorylation completely. As
expected, TTX application readily blocked the stimulus-
induced population responses seen with field potential
recordings in control medium as well as the appearance of
epileptiform discharges during 4AP application (data not
shown).
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and of JNK1/2 (lower panel) at different time of 4AP application in a
slice. (c) Time course of the effects induced by 4AP on ERK1/2 acti-
vation in different experiments. Values represent the percentage
changes (means + SEM) in ERK1/2 phosphorylation with respect to
control in 11 slices for each time sample; *p < 0.05, **p < 0.01 vs.
control values.

Finally, we established the role played by ERK activation
in 4AP-induced epileptiform discharges by using the specific
MEK inhibitor U0126 (DeSilva et al. 1998; Favatta et al.
1998; Yuan et al. 2002). MEK is the kinase directly upstream
of ERK and it is therefore responsible for its activation. As
illustrated in Fig. 3(a), application of medium containing
50 pum of UO126 inhibited the baseline phosphorylation of
both ERK1 and ERK2 by approx. 50% within 20 min (n = 8
slices), while 80% inhibition was seen after 40 min. As
illustrated in Fig. 3(b), administration of U0126 together
with 4AP abolished the increases in ERK1/2 phosphorylation
seen when 4AP only was added to the medium (n = §; cf.
Figs 1b, upper panel and c). In addition, ERK1/2 phos-
phorylation decreased by approximately 40%, and it was
almost undetectable after 40 and 120 min of treatment with
U0126 + 4AP, respectively (Fig. 3b).

Field potential recordings obtained during these experi-
ments revealed a marked reduction of the interictal dischar-
ges (not illustrated) and a complete abolition of the ictal-like
activity in all slices treated with U0126 + 4AP (n = 12)
(Fig. 3c). As illustrated in Fig. 3(c) (inserts), the disappear-
ance of epileptiform discharges was not accompanied by any
significant change in the amplitude and latency of the field
responses generated by CA3 pyramidal cells following
electrical stimuli delivered in the dentate hylus.

We also analyzed the effects induced by PD98059, another
MEK inhibitor (Endo and Launey 2003; Karasewski and
Ferreira 2003; Salvarezza et al. 2003), on the spontaneous
epileptiform discharges and on the stimulus-induced field
responses recorded in CA3 during 4AP application. Con-
centrations of PD98059 ranging between 50 and 80 um
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failed in consistently reducing the development of 4AP-
induced epileptiform activity (» = 3 slices; not illustrated).
In contrast, epileptiform synchronization along with ictal
discharges were effectively abolished by 100 pm PD98059
(n = 3, Fig. 3d). These effects which were accompanied by
a decrease in ERK1/2 phosphorylation, were not associated
with any significant change in the field potential responses
induced by dentate hylus stimulation (inserts in Fig. 3d).

Discussion

The main findings obtained from this study can be summar-
ized as follows: (i) hippocampal slices respond to 4AP
application by generating epileptiform discharges and by
displaying a marked activation of ERK1/2, but not of
JNK1/2; (i) TTX application abolishes the epileptiform
activity and prevents 4AP-induced ERK activation; (iii)
application of the ERK pathway inhibitors U0126 or
PD98059 in the presence of 4AP reduces and eventually
abolishes epileptiform synchronization without affecting
stimulus-induced synaptic responses.

The K" channel blocker 4AP induces epileptiform
synchronization in hippocampal networks by enhancing
neurotransmitter release at both inhibitory and excitatory
synapses, presumably by increasing Ca®" entering at nerve
terminals (Buckle and Haas 1982; Rutecki ef al. 1987;
Perreault and Avoli 1991; Avoli ef al. 1993). An involvement
of the MAP kinase cascade following stimulation of
glutamate receptors and/or depolarization has been previ-
ously reported under physiological and pathological condi-
tions (Baraban ef al. 1993; Bading and Greenberg 1991;
Fiore et al. 1993; Gass et al. 1993; Kurino ef al. 1995;
Perkinton ef al. 1999). Since the MAPK pathway can
modulate synaptic plasticity and neuronal excitability
(Sweatt 2001), we hypothesized that ERK activation plays
a role in the enhancement of synaptic transmission induced

by 4AP and thus in the implementation of epileptiform
synchronization. Indeed, our findings support a role for
ERK1/2 activation in 4AP-induced epileptiform activity.

First, we have observed that ERK activation is associated
with the appearance of epileptiform activity; such a finding is
consistent with the mechanism of 4AP action since ERK
activity is regulated by neurotransmitters as well as by
intracellular Ca®" elevations. Second, ERK activation
remains approximately 30% above the basal level for at
least 2 h, indicating that continuous neurotransmitter release
occurring during 4AP treatment maintains ERK phosphory-
lation elevated, which, in turn, may play a role in the
enhancement of synaptic transmission. This view is suppor-
ted by the findings obtained by applying the ERK pathway
inhibitors U0126 or PD98059. We have found that U0126
markedly reduced ERK phosphorylation after approximately
20 min of treatment in control medium, while in the presence
of 4AP this effect was delayed. Moreover, both U0126 and
PD98059 reduced interictal discharges and completely
abolished ictal activity induced by 4AP, indicating a cause—
effect relationship between ERK pathway activation and
epileptiform synchronization. Interestingly, the blockade of
4AP-induced ictal events by U0126 or PD98059 was not
associated with any change in the in the amplitude and
latency of the field potential responses to electrical stimuli
delivered in the dentate hylus. Hence, the blockade of 4AP-
induced epileptiform by both MEK inhibitors was presum-
ably not caused by a non-specific depressant effect basal
neuronal excitability. Finally, we have found that application
of the voltage-dependent Na* channel blocker TTX, although
unable to completely inhibit basal level of ERK1/2 phos-
phorylation, prevents 4AP-induced ERK activation. This
finding indicates that ERK activation occurs through an
action potential-dependent mechanism.

We have also found that 4AP treatment leading to the
appearance of epileptiform activity was not accompanied by
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any detectable change in the activation state of SAPK/JNK1/2.
This pathway has been shown to be activated during seizures,
though more transiently than ERK (Mielke ef al. 1999; Jeon
et al. 2000). These previous findings are not in contrast with
our results since JNK activation was observed in kainic acid
model of epilepsy which may involve different intracellular
molecular mechanism when compared with the 4AP model.
MAP-kinase families have, in fact, distinct upstream activa-
tors and different substrate specificities for transcription
factors. Furthermore, opposite effects of ERK and JNK/p38
MAP-kinase signaling have been observed in cultured fetal
neurons (Heidenreich and Kummer 1996).

Clearly, ERK activation leads to phosphorylation of
several target proteins having multiple functions on neural
activity. Thus, a key question is: what are the downstream
effectors that contribute to the induction and/or maintenance
of enhanced synaptic transmission during 4AP treatment. A

[N

(120 min)
b ~ 0.5 mV that follows the initial negative-going field
200 ms potential (asterisks); note also that in both
*\\_jo,s mv cases the disappearance of ictal activity is
0ms associated with no change in the amplitude

and latency of the stimulus-induced field
response.

possibility is that ERK regulates the shal-type K* channel
Kv4.2 that has been shown to be a substrate for MAPK
(Adams et al. 2000). Yuan et al. (2002) have indeed reported
that Kv4.2 is the target of MAPK phosphorylation in the
dendrites of CAl pyramidal neurons as well as that its
phosphorylation leads to an increase in action potential
amplitude and in dendritic excitability.

Early studies of ERK activation in the hippocampus have
focused on NMDA receptor coupling to ERK. However,
more recently, hippocampal ERK activation has been
identified during activation of metabotropic glutamate,
muscarinic and dopamine receptors (Roberson ez al. 1999;
Berkeley ef al. 2001, 2002). In addition, Perkinton et al.
(1999) have reported that in striatal neurons AMPA receptor
leads to Ca®"-dependent activation of ERKs. A similar
situation may occur in our experiments in which 4AP-
induced epileptiform discharges in the CA3 subfield are
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caused by a glutamatergic mechanism that depends on the
activation of AMPA receptors (Perreault and Avoli 1991;
Avoli et al. 1993).
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