
s
o
u
r
c
e
:
 
h
t
t
p
s
:
/
/
d
o
i
.
o
r
g
/
1
0
.
7
8
9
2
/
b
o
r
i
s
.
7
4
7
9
3
 
|
 
d
o
w
n
l
o
a
d
e
d
:
 
1
9
.
4
.
2
0
2
4

Behavioral/Systems/Cognitive

Activation of Metabotropic Glutamate 5 and NMDA
Receptors Underlies the Induction of Persistent Bursting and
Associated Long-Lasting Changes in CA3 Recurrent
Connections
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The aim of this study was to describe the induction and expression mechanisms of a persistent bursting activity in a horizontal slice
preparation of the rat limbic system that includes the ventral part of the hippocampus and the entorhinal cortex. Disinhibition of this
preparation by bicuculline led to interictal-like bursts in the CA3 region that triggered synchronous activity in the entorhinal cortex.
Washout of bicuculline after a 1 hr application resulted in a maintained production of hippocampal bursts that continued to spread to the
entorhinal cortex. Separation of CA3 from the entorhinal cortex caused the activity in the latter to become asynchronous with CA3 activity
in the presence of bicuculline and disappear after washout; however, in CA3, neither the induction of bursting nor its persistence were
affected. Associated with the CA3 persistent bursting, a strengthening of recurrent collateral excitatory input to CA3 pyramidal cells and
a decreased input to CA3 interneurons was found. Both the induction of the persistent bursting and the changes in synaptic strength were
prevented by antagonists of metabotropic glutamate 5 (mGlu5) or NMDA receptors or protein synthesis inhibitors and did not occur in
slices from mGlu5 receptor knock-out mice. The above findings suggest potential synaptic mechanisms by which the hippocampus
switches to a persistent interictal bursting mode that may support a spread of interictal-like bursting to surrounding temporal lobe
regions.

Key words: epilepsy; mGluR5 knockout; interictal bursting; synaptic plasticity; CA3 recurrent collaterals; persistent bursting; horizontal
slice

Introduction
In brains of epileptic patients, short spontaneous “interictal
bursts” are observed between epileptic seizures. Although the
exact relationship between interictal bursts and seizure activity is
poorly understood, it appears that their development is closely
related with the epileptic pathology. Interictal bursts have been
suggested to both being predictive of seizure activity (Ralston,
1958; Cascino et al., 1996; Holmes et al., 1996) and playing a role
in the control of epileptic activity (Avoli, 2001; de Curtis et al.,
2001). An understanding of the mechanisms that lead to the de-
velopment and maintenance of interictal bursting may thus shed
additional light on the nature of epileptic pathology. In in vitro
slice preparations of the hippocampus, discharges resembling in-
terictal activity can be readily provoked by a blockade of GABAA-
mediated inhibitory transmission. Anatomical (Ishizuka et al.,

1990; Gomez-Di Cesare et al., 1997) and electrophysiological
(Miles and Wong, 1986) studies have shown that a combination
of spontaneous bursting in pyramidal cells and recurrent excita-
tory circuitry underlies the development of this interictal-like
bursting in the hippocampus (for review, see Traub and Jefferys,
1994). Synaptic plasticity has been extensively described in this
region, but its effects on the function of recurrent excitatory cir-
cuitry have been poorly characterized. Activity-dependent long-
lasting modifications of synapses in recurrent loops may have
drastic implications for the function of such networks and may
push them into states of permanently altered network behavior
(Bains et al., 1999; McEwen, 2001).

In the present study, we show that 30 – 60 min of bicuculline-
mediated disinhibition induces a persistent interictal-like burst-
ing that spreads from the CA3 region to the entorhinal cortex,
where it triggers and maintains a synchronized interictal-like ac-
tivity. Our data suggest that bursting is maintained because of a
persistent potentiation of the recurrent collateral synapses on
CA3 pyramidal cells and long-lasting depression of projections
from the recurrent collaterals on CA3 interneurons. The induc-
tion, but not the maintenance of these persistent changes, de-
pends on the activation of metabotropic glutamate 5 (mGlu5)
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and NMDA receptors and requires protein synthesis. These find-
ings show how a restricted period of enhanced endogenous activ-
ity in the normal hippocampus can cause permanent changes in
synaptic transmission and a persistent interictal-like activity that
can control bursting activity in other parts of the temporal lobe.

Materials and Methods
Slice preparation. Male and female C57B1/6 mice (3– 4 weeks old) were
used throughout the study of either the wild type or, where indicated,
lacking mGlu5 receptors [metabotropic glutamate 5 receptor (mGluR5)-
knock-out (KO)] (Chiamulera et al., 2001). Horizontal slices were pre-
pared using methods similar to those described for the slice preparation
from the rat brain (Stoop and Pralong, 2000). Slices were transferred to
the recording chamber (Fine Science Tools, Heidelberg, Germany), in
which they were maintained on a nylon grid at the interface between
humidified carbogen and a constant flow (1.5 ml/min) of artificial CSF
(ACSF) containing the following (in mM): 118 NaCl, 25 NaHCO3, 10
glucose, 2 KCl, 2 MgCl2�6H2O, 2 CaCl2�2H2O, and 1.2 NaH2PO4 at
31°C, saturated with carbogen [95% O2 (5% CO2)], pH 7.4. After 1 hr of
recovery in the bath, extracellular K � concentration was augmented to 5
mM by the addition of KCl, and the slices were left for 1 hr in this condi-
tion before the experiments began.

Electrophysiological recordings. Extracellular recordings were made us-
ing 0.5 M� tungsten microelectrodes (Frederick Haer Company, Bow-
doinham, ME); signals were preamplified 20 times and additionally am-
plified 100 times by a Cyberamp380 amplifier (Axon Instruments, Foster
City, CA). Conventional intracellular voltage recordings were made from
neurons in the CA3 pyramidal cell layer using an Axoclamp 2A amplifier
(Axon Instruments) in the bridge mode and sharp glass electrodes filled
with potassium acetate (4 M) with resistances ranging from 80 to 120 M�.
The membrane potential was monitored on a digital recording oscillo-
scope (Kombigraf 4; Gould Instruments, Valley View, OH). Membrane
currents were obtained from visually guided whole-cell patch-clamp re-
cording under infrared videomicroscopy (DMLFS; Leica, Bensheim,
Germany) using 5–10 M� borosilicate pipettes filled with the following
(in mM): 150 KOH, 150 HCH3SO3, 10 HEPES, 2 MgCl2�6H2O, 0.1
BAPTA, 2 ATP (Na � salt), and 0.4 GTP (Na � salt), adjusted with KOH,
pH 7.2, and held at �70 mV. The holding potential of �40 mV was used
for measuring IPSCs when they were not pharmacologically isolated.
Pharmacologically isolated IPSCs were measured at �70 mV, in which
case KOH and HCH3SO3 were replaced with KCl (150 mM) in the intra-
cellular solution, and the blockers of excitatory glutamate receptors D(�)-
2-amino-5-phosphonopentanoic acid (AP-5) (100 �M) and 1,2,3,4-tetra-
hydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-7-sulfonamide (NBQX) (10
�M) were added to the ACSF immediately before the recordings. GABAergic
identity of these currents was confirmed post hoc by perfusion with bicucul-
line (20 �M). For the patch-clamp recordings, the Axopatch 200B amplifier
(Axon Instruments) was used.

Extracellular stimulation was performed using a bipolar tungsten elec-
trode of 1 M� with a tip separation of 125 �m (Frederick Haer Com-
pany) that was connected to a Grass S88 stimulator. Single stimuli were
delivered at 0.1– 0.2 Hz frequency. NBQX (10 �M) and AP-5 (100 �M)
were used to isolate IPSPs. Their averages were made of five consecutive
traces. ACSF-filled glass pipettes were used for minimal stimulation of
the mossy fiber or recurrent collateral pathway (0.1 Hz; 30 –50 �sec).
Stimulus intensities were adjusted to a level at which the mean amplitude
of the EPSCs and failure rate were independent of the stimulus intensity
over a range of approximately �5% (see Fig. 7B), suggesting activation of
a single presynaptic fiber (Raastad, 1995). Our pilot experiments showed
that this “minimal stimulation protocol” induced �40 –50% transmis-
sion failures (see Fig. 7D). Because the construction of a detailed stimu-
lus–response curve (see Fig. 7B) was time consuming and could induce
activity-dependent changes of synaptic efficacy, we typically used a sim-
pler procedure to ensure activation of one presynaptic fiber (or only a
few): the stimulus strength was set at the level corresponding to �40 –
50% of transmission failures. Evoked EPSCs were accepted for analysis if
they appeared in the interval between 2 and 7 msec after stimulation,
their latency was stable within �1 msec, and they exhibited characteristic

fast rising and exponential decay phases and peak amplitudes that ex-
ceeded two SDs of the baseline noise. Stimulus trials that did not produce
events meeting these criteria were considered transmission failures and
were not used for additional analysis.

Data acquisition and statistical analysis. Data acquisition was per-
formed using a Digidata 1200 interface (Axon Instruments) and an IBM-
compatible computer running Axotape 7 software or pClamp 5.7.1
(Axon Instruments). Extracellular, intracellular, or patch-clamp signals
were filtered at 1, 2, or 5 kHz, respectively, and digitized at a rate of 2, 5,
or 10 kHz. For automated analysis of extracellular signals, Labview 4.1
software (National Instruments, Austin, TX) was used. Events with �700
msec delays between the end of one population spike and the beginning
of the next were considered to belong to the same interictal burst. Effects
of pharmacological agents or other treatments were quantified by mea-
suring burst parameters (frequency and duration). Statistical signifi-
cance was assessed using ANOVA test ( p � 0.05, considered significant).

Postsynaptic currents obtained with whole-cell patch-clamp record-
ings were automatically detected and analyzed using the Strathclyde Elec-
trophysiological Data Recorder V2.1.2 software and Whole Cell Program
V3.1.4 software (Dr. John Dempster, University of Strathclyde, Glasgow,
UK). Detected spontaneous synaptic currents or those evoked by mini-
mal stimulation were visually inspected, and the events that immediately
preceded or followed (within 50 msec before and 100 msec after) inter-
ictal bursts were manually removed. One to three cells were recorded
from each slice. Two hundred to 300 spontaneous events were measured
in each cell before and after bicuculline application, and respective mean
values for each cell were calculated. The sets of these mean data were used
afterward for calculations of general means across all recorded cells, and
�SEM is given in the text and tables. Rise time was defined as the time
from 10 to 90% of the peak amplitude, and decay time was defined as the
time to 50% of the peak amplitude. In general, the values before and after
the treatments were derived from different cells. They were also com-
pared using ANOVA (Van der Kloot, 1991). Cells were classified into
pyramidal cells and interneurons according to their position relative to
the pyramidal cell layer and their spiking behavior after current injec-
tions (van Hooft et al., 2000). Excitatory AMPA receptor-mediated cur-
rents were measured as inward currents and inhibitory GABAA receptor-
mediated (Cl �) currents as outward currents at �70 mV. Only
recordings in which all inward currents could be blocked by NBQX (10
�M) were used for analysis.

Pharmacological treatments. All drugs were applied by bath perfusion.
Application of 20 �M bicuculline was started 1 hr after increasing extra-
cellular KCl to 5 mM to ensure development of interictal bursting events
(Tancredi and Avoli, 1987). NBQX, AP-5, cycloheximide, and actinomy-
cin D were purchased from Sigma, and mGluR5 antagonist 2-methyl-6-
(phenylethynyl)-pyridine (MPEP) and group II agonist (2S,2�R,3�R)-2-
(2�,3�-dicarboxycyclopropyl)glycine (DCG-IV) were purchased from
Tocris Cookson (Bristol, UK). Antagonists were perfused for 30 min
before the start of the bicuculline application until bicuculline washout
unless otherwise indicated.

Results
Persistence of bursting activity after bicuculline washout
Extracellular recordings were obtained from the CA3 region of
the ventral hippocampus and superficial layers (I–III) of the en-
torhinal cortex, starting 1 hr after the mouse brain slices were
transferred to the experimental chamber. Similar to previous
findings in the rat horizontal slice preparation (Stoop and
Pralong, 2000), regular interictal-like bursts (hereafter also re-
ferred to as bursts) started to appear in both regions within 5–10
min after bicuculline application (Fig. 1). Individual bursts con-
sisted of a large amplitude spike, followed by a variable number of
so-called “afterdischarges” (Fig. 1, bottom left). Although burst
onsets in both the CA3 and entorhinal cortex were always syn-
chronous, afterdischarges showed more autonomous patterns
(Fig. 1, bottom row). After 20 –30 min of bicuculline application,
synchronous interictal-like bursting in both regions reached an
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average frequency of 6.6 � 0.7 bursts per
minute and an average burst duration of
331 � 47 msec in the hippocampus and
403 � 35 msec in the entorhinal cortex
(Fig. 2A,B, respectively) (n 	 35 slices).
The burst onset in the entorhinal cortex
occurred on average with a delay of 24 � 4
msec after the burst onset in the hip-
pocampal CA3 region (n 	 30).

Washout of bicuculline from the slice
preparation started 1 hr after the begin-
ning of its application. An immediate ef-
fect of the bicuculline washout was a de-
crease in the duration of the bursts,
accompanied by a transient increase in
their frequency (Fig. 1, middle column).
Maximum average bursting frequencies
were reached 30 – 40 min after bicuculline
washout (20 � 0.9 and 19.8 � 0.8 bursts
per minute in the hippocampus and ento-
rhinal cortex, respectively) (Fig. 2A). Pro-
longed washout of bicuculline over a pe-
riod of 2 hr resulted in a decrease in the
bursting frequency in the CA3 region to
the mean value of 9 � 1.2 bursts per
minute. Bursting in this region persisted at
this level for as long as we could measure
(�8 hr). In the entorhinal cortex, the av-
erage burst frequency decreased to a lower
steady level of 3.4 � 1.2 bursts per minute.
All bursts that could still be detected in this
structure were synchronous with the
bursts in the CA3 region. The changes in
burst frequencies after bicuculline wash-
out were accompanied by decreases in the
average burst duration to 195 � 66 msec in
the hippocampus and 74 � 33 msec in the
entorhinal cortex (Fig. 2B, Table 1).

To test the effects of bicuculline wash-
out on GABAergic inhibition, we recorded
IPSPs intracellularly from CA3 pyramidal
cells. The IPSPs were evoked by stimula-
tion in the CA3 stratum radiatum, close to
the recording site. They were measured
from the same cell before and after bicu-
culline application and pharmacologically
isolated by the application of 10 �M NBQX
and 100 �M AP-5 throughout the record-
ing (Fig. 2A, top traces). The IPSPs were similar before and 2 hr
after bicuculline washout. Their mean amplitudes, measured at a
holding potential of �55 mV, were �6.1 � 1.1 mV before bicu-
culline washout and �5.9 � 0.6 mV after bicuculline washout
( p 
 0.05; ANOVA; n 	 8 cells). The data indicate that the
washout of bicuculline leads to a full recovery of GABAergic
inhibition.

CA3 as the source of persistent bursting
To assess whether the connection between the CA3 hippocampal
region and entorhinal cortex plays a role in the maintenance of
the persistent bursting, we separated the CA3 from the entorhinal
cortex 1 hr after bicuculline application. Two cuts were made
with the tip of a fine syringe needle that led to complete isolation
of the CA3 region (Fig. 2C, inset). Extracellular bursts were re-

corded from the isolated CA3 region and layers I–III of the ento-
rhinal cortex in the remaining part of the slice preparation. The
separation did not affect the burst appearance in CA3 (Fig. 2C,
top right trace). Neither the average burst frequency (Fig. 2C,
graph) nor the average burst duration was changed (Table 1).
However, in the entorhinal cortex, the bursts started to appear at
a lower frequency (Fig. 2C, graph). Moreover, they no longer
synchronized with the CA3 bursts, resulting in a total loss of the
previous temporal relationship between bursting in the CA3 and
entorhinal cortex (EC) (Fig. 2C, bottom right trace). The average
bursting frequency in this region decreased immediately after
separation to a value of 4 � 0.6 bursts per minute (Fig. 2C) (n 	
15), whereas the average burst duration increased to 950 � 42
msec (Table 1).

Fifteen minutes after separation, bicuculline washout was

Figure 1. Effects of bicuculline application and washout on spontaneous bursting activity in the hippocampus and entorhinal
cortex. Top traces represent examples of extracellular recordings of bursting activity in the hippocampal CA3 region and EC before,
during, and after bicuculline application. Insets represent enlarged parts of the top two traces to show the regularity of the
bursting activity (middle traces) as well as the individual bursts with afterdischarges (bottom traces). Bicuculline application is
indicated by the gray bar.
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started from both regions. As shown in Figure 2C (graph), bicu-
culline washout resulted in a gradual decrease in the frequency of
the bursts in the entorhinal cortex. They disappeared completely
after �3 hr of washout. In contrast, bursting continued in the
CA3 region (Fig. 2C). These findings suggest that in the intact
slice preparation, the persistent bursting originates in the CA3
region from where it drives the bursting in the entorhinal cortex.
Therefore, in the following experiments, recordings were made
only from the CA3 region.

Induction of persistent bursting requires activation of
NMDA receptors
The enhanced excitability of the hippocampus resulting in a per-
sistent bursting activity could be a direct result of underlying
changes in synaptic strength. We studied whether NMDA recep-
tor activation, often implicated in modifications of synaptic
strength (Bliss and Collingridge, 1993), was needed to induce
persistent bursting. To this purpose, the NMDA receptor antag-
onist AP-5 (100 �M) was added before and during bicuculline
application (Fig. 3A, filled circles) (n 	 15 slices). After bicucul-
line application, interictal-like bursting developed, although at
somewhat higher frequency (11.5 � 1.7 bursts per minute) com-
pared with control (6.6 � 0.7 bursts per minute; n 	 35; p � 0.05)
(Table 1, Fig. 2). The bursts were of shorter duration (115 � 21

4

Figure 2. Summary of the effects of bicuculline application and washout on spontaneous
bursting activity in intact slices and after separation of the hippocampus from the entorhinal
cortex. A, Average burst frequencies before, during, and after 60 min of bicuculline application
in the hippocampus (CA3; filled circles) and layers I–III of the entorhinal cortex (open circles). In
all graphs, bicuculline application (BIC; 20 �M) is indicated by gray bars, and dotted lines
indicate average frequencies obtained during 60 min bicuculline incubation. Insets show rep-
resentative intracellular recordings from the same CA3 pyramidal neuron after stimulation of
recurrent collaterals before (left) and 3 hr after bicuculline washout (right) in the presence of
AP-5 (100 �M) and NBQX (10 �M) at holding potentials of �55, �70, �85, and �95 mV. B,
Effects of 1 hr bicuculline application on the average burst duration in the same experiments as
shown in A (n 	 35 slices). C, Average frequencies of bursting activity in the hippocampus and
entorhinal cortex before and after their separation (as indicated at the top) followed by bicu-
culline washout (n 	 15 slices). Example traces show CA3 and EC bursting activity before and
after separation. Notice the lower frequency in the EC after its separation from the CA3 area and
the loss of synchrony with CA3 bursts.

Table 1. Average burst durations and frequencies of bicuculline-provoked bursts in
CA3 region of the ventral hippocampus (CA3) and layers I–III of the entorhinal
cortex (EC) under different conditions

Burst duration (msec) Burst frequency (bursts per min)

During bicuculline
Control (CA3) 331 � 47 6.6 � 0.7 (n	35)
Control (EC) 403 � 35 6.6 � 0.7 (n	35)
After separation (CA3) 342 � 59 6.7 � 0.6 (n	15)
After separation (EC) *950 � 42 *4 � 0.6 (n	15)
� AP-5 (CA3) *115 � 21 *11.5 � 1.7 (n	15)
� Cycloheximide (CA3) *200 � 40 *11.3 � 2.2 (n	 8)
� Actinomycin D (CA3) 346 � 28 4.6 � 0.9 (n	 9)
� MPEP (CA3) 320 � 32 6.8 � 1.2 (n	12)
� mGluR5 knock-out (CA3) 298 � 67 5.9 � 0.4 (n	15)

After bicuculline
Control (CA3) *195 � 66 *9 � 1.2 (n	35)
Control (EC) *74 � 33 *3.5 � 1.1 (n	35)
AP-5 (CA3) *120 � 42 *11.9 � 1.6 (n	17)

After bicuculline, Data obtained 3 hr after the beginning of bicuculline washout. After separation, The values ob-
tained immediately after separation of CA3 from the EC (Fig. 2C). Pharmacological treatments lasted from 30 min
before bicuculline application until bicuculline washout; AP-5 application after bicuculline was started concomitant
with bicuculline washout. Mean values � SEM are given. Asterisks indicate significant differences (ANOVA; p �
0.05) compared with control before bicuculline. n indicates number of slices.
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msec; n 	 15 slices) compared with control (331 � 47 msec; n 	
35 slices; p � 0.05), similar to previous findings in rat horizontal
slices (Stoop and Pralong, 2000).

In the slices pretreated with the NMDA receptor antagonist
AP-5 (100 �M), the interictal-like bursting activity disappeared
within 60 min after the start of bicuculline washout (Fig. 3A, filled
circles). In contrast, when AP-5 was applied only after the start of
bicuculline washout, bursting activity continued (Fig. 3A, open
circles). In this case, a gradual increase in frequency was seen that
reached a final level of 11.9 � 1.6 bursts per minute after 120 min

of bicuculline washout (Fig. 3A, open circles) (n 	 17 slices).
Thus, it appears that NMDA receptor activation is a necessary
condition for the induction of the permanent bursting activity
but not for its final expression.

A known type of persistent synaptic plasticity, hippocampal
long-term potentiation (LTP), has been shown to have a certain
threshold in terms of the strength and duration of challenges used
for its induction (Bliss and Collingridge, 1993). Therefore, we
explored the effects of different time periods of bicuculline appli-
cation. We found that its 15 min application was sufficient to
cause a development of bursting activity but was insufficient to
induce a persistent bursting. Bursting in this case completely dis-
appeared 3 hr after the start of bicuculline washout (Fig. 3B, open
circles). Although 30 min of bicuculline application was able to
induce a persistent bursting, the resulting final level after bicu-
culline washout (4.5 � 1.9 bursts per minute; n 	 15 slices) (Fig.
3B, gray circles) was lower than that resulting from 1 hr of bicu-
culline application (9 � 1.2 bursts per minute; n 	 35 slices; p �
0.05). These findings indicate that a process taking at least 30 min
needs to be activated to induce the permanent hippocampal
bursting activity.

Induction of persistent bursting requires protein synthesis
It is possible that the establishment of persistent bursting requires
de novo protein synthesis. To determine the involvement of pro-
tein synthesis, we preincubated slices from wild-type mice with
either the mRNA translation inhibitor cycloheximide (50 �M)
(Fig. 4A) or DNA transcription inhibitor actinomycin D (25 �M)
(Fig. 4B). The incubation started 30 min before and continued
throughout the 1 hr bicuculline application. Preincubation with
neither of these two inhibitors blocked the development of burst-
ing activity during bicuculline application. Although in the pres-
ence of cycloheximide the average frequency of bursting was
somewhat elevated and the individual burst duration was shorter
compared with the untreated slices, these values were unaffected
by actinomycin D (Fig. 4, Table 1). Either treatment completely
prevented the development of persistent bursting so that washout
of bicuculline resulted in a rapid decrease in bursting frequency
and led to a disappearance of the bursting after a 2 hr washout
(Fig. 4A,B). It therefore appears that protein synthesis consti-
tutes an essential step in the development of the persistent burst-
ing activity.

Induction of persistent bursting requires mGlu5
receptor activation
Activation of metabotropic glutamate receptors, group I
(mGluR1 and mGluR 5) in particular, has been implicated in the
induction of hippocampal long-term synaptic plasticity (Con-
quet et al., 1994; Lu et al., 1997). To test the involvement of
mGluR5 in the development of persistent bursting, we used slices
from a recently generated strain of transgenic mice lacking these
receptors (Chiamulera et al., 2001). We found that the bursting
activity developed normally after bicuculline application and was
indistinguishable in both extracellular and intracellular record-
ings from the activity in slices of wild-type mice (Fig. 5A). The
average bursting frequency was 5.9 � 0.4 bursts per minute and
the average burst duration was 298 � 67 msec (n 	 15 slices),
which is not significantly different from the wild-type values (Ta-
ble 1) ( p 
 0.05).

When bicuculline was washed from the slices lacking
mGluR5, an immediate decrease of bursting frequency followed,
leading to a total suppression of the bursting activity after a 2 hr
washout (Fig. 5B, left graph). This behavior did not result from

Figure 3. Requirement of NMDA receptor activation and effects of different time spans of
bicuculline application on the induction of persistent bursting. A, Application of an NMDA re-
ceptor blocker AP-5 (100 �M) during (black bar; filled circles; n 	 15 slices) or after (white bar;
open circles; n 	 17 slices) bicuculline application (BIC; 20 �M; gray bar). Notice that AP-5
prevents the persistence of the bursting only when applied during bicuculline application (filled
circles), indicating the need for NMDA receptor activation for the induction but not for the
expression of the persistent bursting activity. B, Average burst frequencies before, during, and
after 15, 30, and 60 min of bicuculline application (white, gray, and black bars corresponding
with open, gray, and filled circles in n 	 8, 15, and 35 slices, respectively); the dotted line
indicates the average frequency reached during 60 min bicuculline incubation.
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unspecific developmental or compensatory changes caused by
the absence of mGluR5. Indeed, slices from wild-type mice that
were preincubated with the mGluR5 antagonist MPEP (Gaspa-
rini et al., 1999) showed a similar rapid decrease of the bursting
frequency and total halt of bursting after a 2 hr bicuculline wash-
out (Fig. 5B, right graph). Neither the average frequency nor
duration of the bursts during bicuculline application was affected
by the preincubation with MPEP (Table 1). Furthermore, when
MPEP was applied only after bicuculline application, bursting
activity persisted as in untreated wild-type slices (data not
shown). Thus, it appears that the activation of mGluR5 is essen-
tial for the induction of the persistent bursting activity, but that it
is not needed for its expression.

Bursting increases pyramidal cell excitation and decreases
that of interneurons
It follows from the previous findings that several signaling path-
ways often implicated in long-term synaptic plasticities in the

hippocampus are also necessary for the induction of the persis-
tent bursting. To determine which synaptic changes could under-
lie the persistent bursting, we performed whole-cell patch-clamp
recordings from CA3 neurons in the pyramidal cell layer as well
as from interneurons close to stratum pyramidale on either stra-
tum radiatum or stratum oriens side. Examples of spontaneous
postsynaptic currents recorded from a pyramidal cell and an in-
terneuron are shown in Figure 6A and B. Spontaneous EPSCs
appeared at a holding potential of �70 mV as downward inflec-
tions with average intervals of 2.4 � 0.5 sec in pyramidal cells and
2.8 � 0.4 sec in interneurons (n 	 30 neurons of each type re-
corded from a total of 18 slices). Compared with EPSCs of the
pyramidal cells, EPSCs of the interneurons exhibited shorter rise
and decay times (Table 2). These values did not significantly
change in slices that were still bursting after a 3 hr bicuculline
washout.

However, the amplitudes of EPSCs recorded at 3 hr after bicu-
culline washout increased in pyramidal cells and decreased in
interneurons (Fig. 6C,D). On average, EPSC amplitudes in-
creased �50% of control in pyramidal cells and decreased to
approximately one-half of their initial amplitude in interneurons
(Table 2). We also measured IPSCs in the pyramidal cells at �40
mV, which appeared as upward inflections at this holding poten-

Figure 4. Requirement of protein synthesis for bicuculline-induced persistent bursting ac-
tivity. Protein translation inhibitor cycloheximide (50 �M) (A, black bar) and mRNA transcrip-
tion inhibitor actinomycin D (25 �M) (B, black bar) added to the slices 30 min before and kept
throughout the bicuculline application (BIC; 20 �M; gray bar) inhibited the induction of the
persistent bursting activity by bicuculline (n 	 8 and 9 slices, respectively) (compare Fig. 2 A).

Figure 5. Requirement of mGlu5 receptor activation for bicuculline induced persistent
bursting activity. A, Examples of bursts in the CA3 region of slices from mGluR5-KO (left) and
wild-type (right) mice. Top and middle traces represent simultaneous extracellular and intra-
cellular recordings, respectively. Insets below show respective bursts on an expanded time
scale. B, Bicuculline (BIC; 20 �M) applied during the period indicated by the gray bar did not
induce persistent bursting activity in slices of either mGluR5-KO mice (left graph; n 	 15 slices)
or wild-type mice treated with MPEP (50 �M; right graph, black bar; n 	 12 slices).
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tial. The average interval between these currents was 10.3 � 3.1
sec and the average amplitude was 11.7 � 2.2 pA (n 	 21 neu-
rons). Neither the amplitude distributions (Fig. 6C, positive val-
ues) nor the mean amplitudes changed after a 3 hr bicuculline
washout (Fig. 6E, positive values). Neither of the postsynaptic
response characteristics depended on the time of the response
relative to the interictal bursts.

In another series of experiments, we measured pharmacolog-
ically isolated spontaneous IPSCs under conditions when gluta-
matergic synaptic transmission was blocked by an addition of
AP-5 (100 �M) and NBQX (10 �M). The blockers were added to

the ACSF either before or 3 hr after bicuculline application.
KCH3SO3 in the patch pipette was replaced with KCl (see Mate-
rials and Methods). This allowed a measurement of these cur-
rents at a holding potential of �70 mV and provided a better
signal-to-noise ratio and improved IPSC detection. The mean
average IPSC amplitude in the control was 35.9 � 3.9 pA and the
mean interval between IPSCs was 0.5 � 0.2 sec (n 	 10 neurons).
However, 1 hr bicuculline incubation also had no statistically
significant effect on the average amplitudes of these pharmaco-
logically isolated IPSCs. After a 3 hr bicuculline washout, the
mean amplitude was 32.8 � 2.6 pA and the mean interval was

Figure 6. Spontaneous postsynaptic current amplitudes before and 3 hr after bicuculline washout. A, B, Examples of spontaneous EPSCs recorded from CA3 pyramidal cells ( A) and interneurons
( B) before bicuculline application. Insets show sample traces on an expanded time scale. C, D, Cumulative amplitude distributions of spontaneous EPSCs (negative values) and IPSCs (positive values)
in pyramidal cells ( C) and interneurons ( D) before (solid line) and 3 hr after washout of bicuculline applied for 1 hr (dotted line). E, F, Mean amplitudes of EPSCs and IPSCs recorded from pyramidal
cells ( E) and interneurons ( F) before (black columns) and 3 hr after bicuculline (20 �M) washout (gray columns). Each column represents the means from 10 –20 cells. Recordings were made from
slices of wild-type and mGluR5-KO (m5KO) mice. Recordings from slices of wild-type mice were made under control conditions and after treatments with AP-5 (100 �M) and MPEP (50 �M) as
indicated. The drugs were applied 30 min before and subsequently throughout the 1 hr bicuculline incubation. All experiments were performed at a holding potential of �70 mV, except for the
positive IPSCs, which were recorded at �40 mV. The IPSCs recorded at �70 mV were pharmacologically isolated by adding AP-5 (100 �M) and NBQX (10 �M); recording electrodes filled with
KCl-based solution were used (see Materials and Methods). Their GABAergic identity was confirmed by the application of bicuculline (20 �M) at the end of the recordings. Notice the lack of persistent
effects of bicuculline on IPSCs recorded under both conditions and significant effects on EPSC amplitudes (*p � 0.05; ANOVA test).

Table 2. Characteristics of spontaneous EPSCs recorded from CA3 pyramidal cells and interneurons before bicuculline application was started (before bicuculline) or 3 hr
after beginning its washout (after bicuculline)

Treatment CA3 pyramidal cells CA3 interneurons

Amplitude
(pA)

Rise time
(msec)

Decay time
(msec) n

Amplitude
(pA)

Rise time
(msec)

Decay time
(msec) n

Wild type (WT)
Before bicuculline 25 � 2 2.2 � 0.3 7.6 � 1.4 30 40 � 6 1.3 � 0.2 3.3 � 0.2 30
After bicuculline *39 � 2 2.1 � 0.4 6.7 � 1.1 21 *21 � 3 1.2 � 0.4 4.3 � 0.9 19

mGluR5 KO
Before bicuculline 26 � 4 2.1 � 0.3 6.5 � 1.3 15 34 � 3 1.5 � 0.2 4.5 � 0.9 18
After bicuculline 23 � 3 2.3 � 0.9 6.8 � 0.9 13 36 � 3 1.1 � 0.5 4 � 0.4 17

WT � MPEP
Before bicuculline 27 � 5 2.2 � 0.4 6.7 � 1.3 17 39 � 3 1.3 � 0.3 3.4 � 0.4 15
After bicuculline 26 � 3 2.4 � 0.5 6.5 � 1.4 15 38 � 2 1.4 � 0.2 3.5 � 0.5 11

WT � AP-5
Before bicuculline 27 � 5 2.2 � 0.8 5.2 � 1.4 14 37 � 4 1.4 � 0.6 2.8 � 0.5 13
After bicuculline 28 � 3 2.4 � 0.7 4.7 � 1.1 12 38 � 3 1.3 � 0.9 2.5 � 0.4 10

Incubations with MPEP and AP-5 were started 30 min before bicuculline application until bicuculline washout. Mean values � SEM are given. Asterisks indicate significant differences (ANOVA; *p � 0.05) compared with wild type before
bicuculline. n indicates number of cells.
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0.6 � 0.2 sec, also demonstrating that the long-term effects of
bicuculline application are specifically related to changes in the
excitatory rather than inhibitory circuitry (Fig. 6E, negative val-
ues). Together, these findings indicate that the effect of bicucul-
line treatment on the synaptic circuitry in the CA3 region is two-
fold, namely, a persistent increase in the excitatory drive on
pyramidal cells and a persistent decrease in the excitatory drive
on interneurons.

The activation of mGlu5 and NMDA receptors appeared nec-
essary also for the observed changes in EPSC amplitudes. To
establish the involvement of mGluR5, we measured the ampli-
tudes of spontaneous EPSCs in both pyramidal cells and inter-
neurons recorded in slices from mGluR5-KO mice. Before bicu-
culline application, there were no significant differences in the
EPSC amplitude, rise time, decay time, and intervals compared
with respective values obtained from wild-type slices (Table 2).
However, in the slices from mGluR5-KO mice in distinction
from the wild-type slices, no significant changes in EPSC ampli-
tudes occurred 3 hr after bicuculline washout. Moreover, no sig-
nificant changes could be seen in slices obtained from wild-type
mice but incubated either with MPEP or AP-5 during bicuculline
application (Fig. 6E,F). These findings suggest that both NMDA
and mGlu5 receptors are essential for the induction of the per-
manent changes in the synaptic drives provoked by bicuculline
application.

Minimal stimulation reveals changes in recurrent
collateral input
To determine which pathways are responsible for the observed
changes in the amplitudes of spontaneous EPSCs, we performed
a series of experiments with stimulation of two different path-

ways. The minimal stimulation protocol (Raastad, 1995) was
used (see Materials and Methods). Whole-cell patch-clamp re-
cordings were made from CA3 pyramidal cells and interneurons,
whereas stimulation was given to either the commissural–asso-
ciative pathway (recurrent collateral) or the mossy fiber pathway
(Fig. 7A). Specificity of the pathway stimulation was verified by
comparison of the EPSC kinetics (Henze et al., 2000; our obser-
vations) and by the addition of the type II mGluR agonist
DCG-IV (1 �M) (data not shown), which is known to block
mossy fiber-evoked responses (Kamiya et al., 1996; Maccaferri et
al., 1998).

Minimal stimulation was first established in the different
pathways by varying stimulus intensities in such a way that mea-
surable responses (successes) (Fig. 7C) showed no changes in
amplitudes over changes in stimulus intensities of 5% (Fig. 7B).
This corresponded to 40 –50% failure rates as illustrated in the
amplitude distribution (Fig. 7D) (n 	 100 trials at 0.1 Hz). In
most experiments, stimulus intensities were therefore chosen at
the level that corresponded to failure rates of 40 –50%, from
which point the stimulus intensity was varied in both directions
to verify that indeed no significant changes in failure rate or am-
plitude resulted from small changes in intensity. Post hoc analysis
showed that these values did not vary as a function of the time of
their occurrence relative to the interictal bursts. Figure 7C shows
several example traces that resulted from minimal stimulation of
the recurrent collateral pathway. It shows one sweep with re-
sponse failure and four with successes. The response latency was
stable within �1 msec in each cell. It ranged from 2 to 7 msec for
different cells with most typical values of 3– 4 msec (Fig. 7C).
Successes were used for kinetic analysis and amplitude measure-
ments. The mean rise and decay times were 2.9 � 0.5 and 9.6 �

Figure 7. Evoked EPSCs before and 3 hr after bicuculline washout A, Diagram of the slice preparation indicating the sites of the recordings (filled circles) and stimulation (arrows). B, Plot of EPSC
amplitudes at different stimulus intensities (n 	 5 measurements per point) from a representative experiment. C, Example traces of evoked EPSCs recorded in a CA3 pyramidal cell after minimal
stimulation of the recurrent collaterals. D, Amplitude histogram from the same experiment illustrated in B and C. E, F, Mean amplitudes of the minimal evoked EPSCs recorded from pyramidal cells
( E) and interneurons ( F) before (black columns) and 3 hr after bicuculline (20 �M) washout (gray columns). All data were obtained from wild-type mice, except for the columns that indicated m5KO,
which were from mGluR5-KO mice. �AP-5 and �MPEP indicate treatments with AP-5 (100 �M) and MPEP (50 �M). All experiments were performed at a holding potential of �70 mV. The drugs
were applied 30 min before and kept throughout the 1 hr bicuculline incubation (n 	 5–20 cells per bar). The stimulated pathways are indicated below the columns in F (*p � 0.05; ANOVA).
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1.1 msec (n 	 19), respectively, after recurrent collateral stimu-
lation and 1.6 � 0.2 and 5.8 � 0.9 msec (n 	 10) after mossy fiber
stimulation.

The mean amplitudes of the minimal EPSCs recorded from
the pyramidal cells are shown in Figure 7E. On average, they were
not significantly different for EPSCs evoked by the mossy fiber or
recurrent collateral stimulation. However, after bicuculline ap-
plication and its 3 hr washout, mossy fiber EPSCs showed no
significant amplitude change, whereas the amplitudes of collat-
eral fiber EPSCs significantly increased (from 22 � 3 to 29 � 4
pA; p � 0.05; n 	 19 cells before and 17 cells after bicuculline
application) (Fig. 7E). No changes in EPSC amplitudes were
found in slices pretreated with either AP-5 or MPEP, or in slices
from mGluR5-KO animals (Fig. 7E).

The same positions of the electrodes were used to evoke min-
imal responses from CA3 interneurons (Fig. 7A). In the interneu-
rons, the amplitudes of the EPSCs resulting from recurrent col-
lateral stimulation were also not significantly different from those
after mossy fiber stimulation (Fig. 7F). Three hours after bicu-
culline washout, the mean amplitudes of the mossy fiber EPSCs
did not change (Fig. 7F), whereas the EPSCs evoked by recurrent
collateral stimulation significantly decreased (from 33 � 4 to
19 � 4 pA; p � 0.05; n 	 21 neurons from 10 slices). This decrease
was prevented by treatments with AP-5 or MPEP, and it was also
absent in slices from mGluR5-KO animals (Fig. 7F). Together,
these findings suggest that opposite changes in the synaptic in-
puts from recurrent collaterals to the pyramidal cells and inter-
neurons underlie the maintenance of the bicuculline-induced
persistent bursting activity.

Discussion
The main findings of this study are threefold: (1) a persistent
interictal-like bursting that originates in the CA3 region of the
ventral hippocampus and spreads to the entorhinal cortex can be
induced by a period of 1 hr bicuculline-mediated disinhibition,
(2) underlying induction mechanisms are similar to those typi-
cally implicated in long-term synaptic plasticity involving
NMDA and mGlu5 receptor activation and protein synthesis,
and (3) these changes are accompanied by increases in the exci-
tatory synaptic input from recurrent collaterals to CA3 pyramidal
cells and decreases in recurrent collateral input to CA3
interneurons.

Specific mechanisms underlie persistent burst induction
Previous experimental and modeling studies have described
interictal-like bursting in the hippocampal slice preparation un-
der continued GABAA receptor blockade (Miles and Wong, 1983,
1987). Under these conditions, disinhibition of recurrent excita-
tory circuitry in the CA3 region leads to the generation of syn-
chronized bursts through the activation of recurrent excitatory
synapses on pyramidal cells and interneurons (for review, see
Traub and Jefferys, 1994). We show here that a 1 hr bicuculline
application and ensuing interictal-like bursting lead to a persis-
tent bursting activity in the ventral hippocampus that continues
after bicuculline washout for as long as we could measure (8 hr)
and is accompanied by specific changes in synaptic transmission.
Several findings suggest that this persistence is not caused by the
presence of residual bicuculline. First, an immediate decrease in
burst duration was seen after the start of bicuculline washout
(Fig. 2B). Second, pharmacologically isolated monosynaptic IP-
SPs that were recorded from CA3 pyramidal cells showed full
recovery 1–2 hr after bicuculline washout (Fig. 2A). Third,
shorter (15 min) incubations with bicuculline that still provoked

a complete bursting activity (indicating full bicuculline penetra-
tion) did not lead to persistent bursting (Fig. 3B). Finally, burst-
ing activity in slices pretreated with pharmacological blockers
(NMDA, mGlu5 receptor antagonists, and protein synthesis in-
hibitors) or taken from mGluR5 knock-out mice came to an
arrest within 1–2 hr after bicuculline washout (Figs. 3–5).

Our findings point to specific changes that underlie the per-
sistent bursting. These changes are restricted to the CA3 region
(Fig. 2C) and associated with a modified input from recurrent
collaterals on CA3 pyramidal cells and interneurons (Figs. 6, 7).

Synaptic strength of CA3 recurrent collaterals affected by
bicuculline-induced inhibition
Previous studies have shown that the presence of bicuculline fa-
cilitates LTP induction (Wigstrom and Gustafsson, 1983; Bliss
and Collingridge, 1993). The induction conditions and underly-
ing synaptic changes that we found are analogous in some re-
spects to those found for LTP induction and maintenance (Bliss
and Collingridge, 1993). Rapid strengthening of CA3 pyramidal
cell synapses may occur after short electrical stimulation of the
recurrent collateral pathway (Zalutsky and Nicoll, 1990). How-
ever, the present model has advantages over the LTP paradigm as
it studies the mechanisms of long-lasting synaptic plasticity in-
duced by intrinsic (albeit pathological) activity of a neuronal
network rather than by strong artificial challenges (Buzsaki et al.,
1987; Schneiderman, 1997; Bains et al., 1999; Dobrunz and
Stevens, 1999).

It is of interest that manipulations affecting the afterdis-
charges in the same preparation, namely NMDA receptor block
(Traub and Jefferys, 1994) and cycloheximide administration
(Ogata, 1977), prevented the persistent bursting (Figs. 3, 4).
NMDA receptor activation seems to be necessary only during
bicuculline incubation, because AP-5 application after bicucul-
line did not prevent persistent bursting. In both cases, AP-5 ap-
plication caused an increase in bursting frequency, an effect that
has been observed previously (Neuman et al., 1988; Stoop and
Pralong, 2000) and could reflect the inverse relationship between
burst duration and frequency (Tancredi and Avoli, 1987).

Rapid strengthening of CA3 pyramidal cell synapses after elec-
trical stimulation of the recurrent collateral pathway is known to
be NMDA receptor dependent (Zalutsky and Nicoll, 1990) and
may also be induced by kainic acid- or potassium-provoked
bursts (Ben-Ari and Gho, 1988; Bains et al., 1999). LTP induction
in the collateral pathway depends on the precise time interval
between the presynaptic stimulus and postsynaptic depolariza-
tion (Magee and Johnston, 1997; Markram et al., 1997; Debanne
et al., 1998; Laezza et al., 1999). It is possible that the afterdis-
charges that appear at regular intervals are important for the
precise timing of the voltage-dependent and NMDA receptor-
mediated Ca 2� influx in specific synaptic contacts (Traub and
Jefferys, 1994) that are essential for the induction of synaptic
plasticity and persistent bursting.

To our knowledge, we show for the first time an involvement
of mGluR5 in the plasticity of synapses between CA3 pyramidal
cells (cf. Lu et al., 1997). This receptor is expressed in dendrites of
CA3 pyramidal cells (Shigemoto et al., 1997) and has also been
found to interact directly with NMDA receptors (Lüthi et al.,
1994; Fitzjohn et al., 1996). Although activation of group I
metabotropic glutamate receptors (mGluR1 and mGluR5) may
affect bursting activity (Merlin and Wong, 1997; Rutecki and
Yang, 1997; Chuang et al., 2001; Lee et al., 2002; Merlin 2002), we
found no immediate effects of mGluR5 blockade on burst char-
acteristics (Fig. 5). Merlin et al. (1998) and Galoyan and Merlin
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(2000) found that prolonged (100 min) activation of group I
metabotropic glutamate receptors can produce a persistent in-
crease in burst duration, which depends on protein synthesis but
not NMDA receptor activation. It is possible that mGluR5 indi-
rectly affects changes in synaptic plasticity through a slower act-
ing signaling pathway (e.g., through activation of hippocampal
glial cells) (Aronica et al., 2000; Haydon, 2001). However, none of
the above findings indicate a direct interaction between mGlu5
and NMDA receptors in their effects on interictal-like burst
behavior.

Changes in recurrent collateral input on interneurons
Our recordings showed a reduction of excitatory input to hip-
pocampal interneurons (Fig. 6), lending support to specific syn-
aptic plasticity at these cells (McBain and Maccaferri, 1997). Per-
sistent bursting was expressed in the isolated CA3 region (Fig.
2C), and the results from the minimal stimulation experiments
(Fig. 7) indicate changes in synaptic plasticity of recurrent collat-
eral input to CA3 interneurons, rather than synaptic plasticity at
dentate gyrus interneurons (Kapur and Macdonald, 1997;
Doherty and Dingledine, 2001) or changes in the inhibitory syn-
apses on pyramidal cells (Fig. 6E). We cannot exclude a reduction
in inhibition attributable to a loss of inhibitory neurons. How-
ever, interneurons can be fully preserved in epileptic tissue (Babb
et al., 1989; Sloviter, 1989), and we found obvious changes in
neither the number of interneurons under infrared microscopic
inspection (data not shown) nor the inhibitory input to pyrami-
dal cells (Fig. 6E).

Synaptic plasticity of excitatory input to hippocampal inter-
neurons has become a recent focus of attention (McBain et al.,
1999). Although LTP has not been consistently found at these
synapses, “interneuron long-term depression” was observed after
high frequency activation of excitatory synapses on basket cells
(McMahon and Kauer, 1997). The location of the interneurons
from which we recorded (close to stratum pyramidale) and their
high-frequency firing pattern after current injection are charac-
teristic features of basket cells. These cells mediate the synchro-
nous firing of many pyramidal cells (Cobb et al., 1995), and
changes in their innervation may contribute to hippocampal dis-
inhibition during epilepsy (McMahon and Kauer, 1997). Our
findings may therefore be related to animal models of epilepsy in
which basket cells remain viable and can release GABA but are
functionally denervated or “dormant” (Sloviter, 1987).

Implications for epilepsy in vivo
The changes that we observed in the hippocampus may represent
a specific adaptive response to extensive bursting activity during
bicuculline application and may be part of a more general mech-
anism through which interictal activity develops during temporal
lobe pathology (Avoli, 2001; de Curtis et al., 2001). In the intact
horizontal slice preparation, the persistent bursting in the hip-
pocampal region spreads to and controls the bursting activity in
the entorhinal cortex for as long as we could measure (Fig. 2A). It
has been shown in other models of epilepsy that bursts in the
entorhinal cortex are under direct control of hippocampal
interictal-like activity (Barbarosie and Avoli, 1997). If indeed
such activity may be applied to control bursting activity in adja-
cent regions in the temporal lobe of epileptic patients (Avoli,
2001), our experimental paradigm may serve as a basis for the
development of pharmacological tools to control epileptiform
activity.

However, our principal finding is that an endogenous activity
associated with the epileptic pathology can lead to specific

changes in synaptic transmission and a persistent epileptiform
bursting activity in vitro. Additional studies could be aimed at
more precise analysis of the synaptic mechanisms underlying the
modifications in recurrent connections on CA3 pyramidal cells
and interneurons. A priori, they can be attributable to activity-
dependent scaling of quantal amplitude (Van der Kloot, 1991;
Turrigiano et al., 1998), appearance of additional clusters of glu-
tamate receptors (Malinow and Malenka, 2002), or increased
transmitter release (Stevens, 1993; Voronin, 1993; Sokolov et al.,
2002). At the same time, such studies could address the relation-
ship between the efficiency of endogenous epileptiform activity
and stimulation protocols that are more usually applied to induce
synaptic changes (Dobrunz and Stevens, 1999). Such findings
could indicate how initial transient epileptiform bursts could
lead to progressive changes associated with epilepsy and provide
new leads on how to prevent or modify such changes in the treat-
ment of epileptic pathologies.
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