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Brief Communications

Inhibition of Glutamate Transporters Results
in a “Suppression-Burst” Pattern and Partial Seizures
in the Newborn Rat
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Summary: Purpose:To determine the electrophysiological pat-
tern and propose a clinical relevance of a deficient glutamate
transport in the developing brain.

Methods: (a) Surface EEG-video monitoring in freely mov-
ing pups; (b) intracortical multiple unit activity (MUA) and local
field potential recordings in 5- to 7-day-old rats after pharmaco-
logical inhibition of the glutamate transporters by DL-TBOA.

Results: Glutamate transporters inhibition alters the back-
ground cortical electrical activity inducing a dominant and
persistent pattern of bilateral recurrent paroxysmal bursts al-
ternating with periods of hypoactivity and also partial seizures.

Intracortical local field recordings show that paroxysmal bursts
are associated with multiunits and gamma oscillations separated
by periods of silence. This cortical activity involves the activa-
tion of ionotropic glutamate receptors and was not observed after
kainate and pilocarpine administration.

Conclusions: We show that a dysfunction of glutamate trans-
porters in immature rats leads to a singular cortical activity that is
reminiscent of a “suppression-burst” pattern. We propose that an
early deficiency of glutamate transport may underlie some early
onset epilepsies. Key Words: Suppression-burst—Glutamate
transporters—Animal model —EEG—Neonates.

A dysregulation of glutamate metabolism and home-
ostasis has been suspected to underlie many types of brain
diseases including epilepsy (Kelly and Stanley, 2001).
Thus, several studies have reported a high extracellu-
lar concentration of glutamate during and between ictal
episodes in adult patients and animal models (Perry and
Hansen, 1981; Danbolt, 2001). Particular attention has
been focused on cell surface glutamate transporters i.e.,
the glial GLAST/EAAT1; GLT1/EAAT2, and the neu-
ronal EAAC1/EAAT3 transporters since they represent
the primary mechanism for glutamate clearance (Danbolt,
2001). Evidence for the implication of glutamate trans-
porters in epilepsy came from studies performed in adult
mice in which the gene encoding for GLT1 or GLAST
was deleted or the EAACT protein eliminated, leading to
epileptic seizures or increasing sensitivity to convulsive
agents (Tanaka et al., 1997; Sepkuty et al., 2002). In con-
trast to adult, the role of glutamate transporters is much
less documented during the neonatal period. This may
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be of particular interest since the incidence of seizures
is higher at this stage (Hauser et al., 1993) and seizures
have very clear age dependency in their etiology, prop-
erties, electrophysiological phenotype, neurological and
behavioral outcome (Baram and Hatalski, 1998; Holmes
and Ben-Ari, 2001; Tharp, 2002). Immunohistochemical
experiments have shown that neuronal and glial gluta-
mate transporters are expressed in both human and rat
brain during the fetal period (Bar-Peled et al., 1997;
Furuta et al., 1997) and recent studies showed that in-
hibition of glutamate transporters leads to recurrent syn-
chronized glutamate-mediated depolarizations in corti-
cal pyramidal neurons from rat pups in vitro (Demarque
et al., 2004). In order to dissect the consequences on
electrographic patterns of a dysfunction of the gluta-
mate transport in immature rat, we have performed sur-
face EEG-video monitoring in freely moving and in-
tracortical multiple unit activity (MUA) and local field
potential recordings in P5-P7 old rat after pharmaco-
logical inhibition of the glutamate transporters by DL-
TBOA (Shimamoto et al., 1998). This developmental pe-
riod was chosen because it corresponds approximately to
the perinatal period in Human brain (Baram and Hatalski,
1998; Khazipov et al., 2004), when most of early onset
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epileptic encephalopathies begin (Nabbout and Dulac,
2003).

METHODS

All experiments were performed in vivo using post-
natal days 5—7 (P5-P7) male Wistar rats born in our animal
facilities. Procedures were performed in agreement with
the European Union and French legislations concerning
the animal care and use.

Video/EEG monitoring in freely moving rats

Injection of TBOA (kindly provided by Dr. Shimamoto,
Osaka, Japan) was performed in rats anesthetized with
halothane. The animal was placed in a stereotaxic frame,
and 1 ul of TBOA (5 mM/1) or saline solution was injected
in the left lateral ventricle (ICV injection) with a needle
via a peristaltic pump, during 4 min (250 nl/min; WPI) at
stereotaxic coordinates adapted from the atlas of Paxinos
(1991) anterior, —1; lateral, —1.8; deepness, —2.5 mm.
Two 1 mm-long tungsten electrodes fixed to a copper plug
(100 um diameter) were stereotaxically implanted 2 mm
left and right from the bregma, at the surface of the cortex.
A reference electrode was implanted 0.5 mm posterior to
lambda, in the cerebellum. The electrodes were attached to
the skull of the pup with glue and dental cement. Anesthe-
sia was then stopped. After 5 min, rats were connected to
a video-EEG system (Deltamed, France), in a 30°C room
for a maximum of 6 h of recording. They were placed
in a delimited area of 10 x 10 cm? and were free dur-
ing the whole recording. Two EEG signals were recorded,
representing the difference of potential between the refer-
ence and the recording electrode (see Video). Signals were
amplified (x1000), filtered at 0.16 Hz to 97 Hz pass, ac-
quired at 256 Hz using a time constant of 0.3 seconds
and analyzed using Coherence 3NT program (Deltamed,
Paris, France). In some experiments, ketamine (2 mg/kg)
or NBQX (15 mg/kg), to block, respectively, NMDA and
AMPA receptors, were either injected intraperitoneally
(IP) concomitantly to or 40 min after ICV injection of
TBOA. In addition, some pups were recorded after IP in-
jection of pilocarpine (360 mg/kg) or kainate (3 mg/kg).
Scopolamine (1 mg/kg) was IP injected 30 min before the
injection of pilocarpine in order to prevent peripheral ef-
fects of pilocarpine. At the end of the recording, rats were
anaesthetized with chloral hydrate and sacrificed.

Intracortical MUA and local field potential
recordings in anaesthetized rat pups

Intracortical extracellular recordings were obtained
from anaesthetized neonatal rats. Two anchor bars were
fixed to the skull under urethane anesthesia (1 g/kg). The
head was then restrained by the skull bars and the body
was surrounded by a cotton nest, mimicking the presence
of littermates. Recordings were performed using coated
tungsten wires (20 um in diameter) in the left somatosen-
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sory cortex (2 mm left from the bregma, 800 um deep,
see Khazipov et al., 2004). For simultaneous recording of
field potential and multiunit activity, tungsten wires (50
pm in diameter) were used. Body temperature of the pups
was continuously monitored and was kept between 34°C
and 37°C. After an hour of control recording period, 1 ul
of saline solution or TBOA was injected in the left lateral
ventricle.

Data were acquired at a sampling rate of 10 kHz and
analyzed off-line. Bursts of multiunits were detected from
the discriminated spike trains. We considered that multiu-
nits occurred in a burst if they occurred in a group of at
least five spikes within a period that lasted less than 1 s.
For each burst, amplitude was defined as the amplitude of
the largest event of the burst.

RESULTS AND DISCUSSION

DL-TBOA was used to reduce the activity of the main
glutamate transporters present in the cortex: the neuronal
EAACI and glial GLT1, GLAST transporters (Furuta
et al.1997). TBOA has several advantages as compared
to other glutamate transporters inhibitors: (i) it is a non-
transportable inhibitor and as such does not induce an
artificial transmitter release through hetero exchange, (ii)
it does not act as a partial agonist for glutamate receptors
as demonstrated by electrophysiological recordings and
binding assays (Shimamoto et al., 1998; Jabaudon et al.,
1999; Demarque et al., 2004).

Blockade of glutamate transporters leads to bilateral
recurrent bursts of spikes alternating with periods of
silence

Video/EEG recording was first performed in non-
injected animals (control rats, n = 5) or animals that re-
ceived an ICV injection of ACSF (sham rats, n = 5). In
both cases, EEG was characterized by the occurrence of
bilateral epochs of slow delta waves every 1040 s, lasting
1-7 s, superimposed with faster alpha oscillations (9.8 +
2.3 Hz, pooled data of 10 animals, Fig. 1A). Between
these episodes, the activity was low in both amplitude and
frequency (Fig. 1A). In contrast, EEG in TBOA-treated
animals (n = 8) was characterized by the occurrence of
bilateral recurrent bursts consisting in a slow deflection
followed by fast spiking activity (19.04 & 1.5 Hz) and al-
ternating with periods of absence of any detectable activity
(Fig. 1B). These paroxysmal bursts occurred at a regular
rate in each animal (0.017 4+ 0.002 Hz, n = 8), lasted 10 &
3 s and were (40% of cases) or not associated with a single
or 2-3 myoclonic startles (see Video). Long-lasting rhyth-
mic delta—theta oscillatory activities were also recorded
(frequency : 4-12 per hour, duration 48 £ 20 s (Fig 1C,
n = 8). They independently involved either the ipsilat-
eral (60%) or the contralateral hemisphere from the in-
jection site (40%) and could occasionally be associated
with behavioral manifestations such as crawling, tonic



TBOA INDUCES A SUPPRESSION BURST PATTERN 171

o S T -3
o o O

Frequency (Hz)
=]

0

FIG. 1. Inhibition of glutamate transporters imposes a singular EEG pattern of recurrent bilateral paroxysmal bursts of spikes and partial
seizures. (A) Simultaneous recording of left (ipsilateral from the injection site) and right somatosensory cortex in a freely moving rat pup
(P5) after ACSF injection (sham rat). An example is shown at higher resolution scale below with the corresponding wavelet analysis. (B)
After ICV injection of TBOA, the EEG shows recurrent bursts of fast spiking activities that are mostly preceded by an initial slow wave.
An example is shown below at a higher time resolution with the corresponding wavelet analysis. (C) Partial seizures characterized by
long lasting delta-theta unilateral oscillations are also recorded (on the right side i.e., contralaterally from the injection site) after TBOA

injection.

posture of one or two limbs, freezing-like posture, hyper-
motor activity. This latter activity is reminiscent of partial
seizures that are mostly characterized by rhythmic slow
oscillations in one territory of the brain probably due
to poor axonal myelinization (Hamano et al., 1998) and
mostly associated with nonspecific behavior in human
neonates at this developmental stage (Tharp, 2002; Patrizi
et al., 2003).

Both paroxysmal bursts and partial seizures could be
observed up to 6 h after the injection. Therefore inhibition
of glutamate transporters leads to an EEG pattern char-
acterized by discontinuous paroxysmal burst alternating
with period of silence and partial seizures.

To further characterize changes produced by TBOA
on cortical activity and to confirm the absence of any
background activity between paroxysmal bursts, we used
micro-electrodes to record local field and multiunits
within the somatosensory cortex (Khazipov et al., 2004),
before and after ICV injection of TBOA in the same re-
strained animal. This electrophysiological artifact-free ap-
proach allows to record the activity of a population of cells
but also to detect unitary spike of neurons. The field activ-
ity in control conditions or after ICV injection of ACSF
was similar and characterized by intermittent beta—delta
oscillations (12.6 & 2.3 Hz , n = 10 animals) (Fig. 2A, B).
These oscillations are reminiscent of spindle bursts de-

scribed previously (Khazipov et al., 2004). The oscilla-
tions were associated with multiunit activity (Fig. 2A, D).
About 20% of MUA occurred between the oscillations.
ICV injection of TBOA led to deep modification of the cor-
tical activity that displayed recurrent negative deflections
superimposed with gamma oscillations (34 £+ 0.85 Hz,
n = 7 rats) followed by beta—gamma oscillations (26 +
0.25Hz, n = 7 animals, Figs. 2 A-C). Virtually all the
MUA were recorded within paroxysmal bursts, and there
was no remaining activity between the bursts (79 £ 3.6%
of MUA within cortical events in control versus 94 & 1%
in TBOA-treated animal, p < 0.01, n = 7, paired t-test,
not shown; Fig. 2D, see also Fig. 3B). Compared to con-
trol, these network oscillations occurred at a higher fre-
quency rate, the average duration was longer (Fig. 2 E, F)
and there was a 204% increase in the number of MUA
per bursts (p < 0.01, paired t-test; not shown). No re-
maining normal oscillations could be recorded. Therefore
we confirm that pharmacological blockade of glutamate
transporters generates recurrent paroxysmal bursts with-
out any remaining activity between them. These paroxys-
mal bursts involved the activation of glutamate receptors
since their frequency and duration were significantly de-
creased by administration of NMDA antagonist ketamine
(n =4) or AMPA antagonist NBQX (n = 4) (see Methods,
Figs. 2E-G).
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Video/EEG pattern observed with other convulsive
agents

In order to determine whether a discontinuous pattern
could be seen with other convulsive agents, we performed
same recordings in pups treated by IP injection of kainate
(n = 3) or pilocarpine (n = 3)(see Methods) known to
generate seizures in vivo (Tremblay et al., 1984; Priel
et al., 1996). Pilocarpine induced activities that consisted
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FIG.2. Recurrent paroxysmal bursts are
associated with increased multiunit activ-
ity and separated by silent periods. (A) Si-
multaneous recordings of the extracellular
field potential (upper trace) and multiple
unit activity (MUA) in the left somatosen-
sory cortex (unilaterally from the injection
site) of a 5-day-old rat, before and after
ICV injection of TBOA. Representative ex-
amples are shown below. (B) Pooled av-
erage power spectrum of control versus
post-TBOA bursts (n = 7 pups). (C) Nor-
malized ratio of the average power spec-
trum after versus before TBOA injection.
Asterisks indicate a significant difference
versus control (p < 0.05). (D) Frequency
histogram of MUA before (left) and after
(right) blockade of glutamate transporters
in one representative example. Note that
after TBOA administration, unitary dis-
charges were more frequent but discon-
tinuous. Frequency (E) and duration (F) of
events in control (n = 10), sham, TBOA
treated, and after IP injection of gluta-
mate receptor antagonists Ketamine and
NBQX, showing that paroxysmal bursts
involve NMDA and AMPA receptors ac-
tivation. Number of animal are given in
brackets. *and **indicate a significant dif-
ference versus control and TBOA, respec-
tively (p < 0.05 paired t-test). (G) Repre-
sentative examples of oscillations in the
same animal before (left), after injection
of TBOA (middle) and ketamine (right).

* *
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in continuous beta—gamma oscillations and bursts of large
amplitude, without any period of silence (Figs. 3 A—C). In
freely moving animals, pilocarpine induced recurrent ictal
discharges made of oscillatory activity in the beta—gamma
band, associated with head bobbing during 20-30 min af-
ter which the EEG returned to a pattern of activity that was
not different from sham animals (Fig. 3D). Similar results
were obtained after kainate injection (Fig. 3E; see also
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Dzhala et al., 2005). We never observed recurrent bursts
of paroxysmal activity alternating with periods of silence.

In conclusion, a deficit in glutamate transport in the
developing brain leads to a singular pattern of recurrent
paroxysmal bursts alternating with periods of silence and
no remaining normal background activity. To the best of
our knowledge, this pattern has never been described in
other animal models of epilepsy during the neonatal pe-
riod.

The mechanisms involved in the generation of this pat-
tern remain to be determined. In a previous study per-
formed in vitro in neocortical slices (Demarque et al.,
2004), we observed that the inhibition of glutamate trans-
porters led to recurrent synchronizations of the neuronal
activity that was reflected by periodic cell depolarizations
and bursts of action potentials. We have provided experi-
ments suggesting that this oscillatory pattern was triggered
by a cyclic modulation of glutamate levels in the extra-
cellular space by a mechanism that probably involves a
periodic pattern of glutamate release by cortical cells un-
masked after glutamate transporters inhibition. We pro-
pose that this process may underlie the pattern observed
in vivo.

This cortical activity is reminiscent of “suppression
burst.” The EEG pattern is characterized by the occur-
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rence of high-amplitude bursts of spikes and slow waves
alternating with almost silent periods, and by the absence
of normal background activity (Aicardi, 1985). Such pat-
tern has been found in some early onset epileptic en-
cephalopathies, including early myoclonic encephalopa-
thy (Aicardi, 1985; Schlumberger et al., 1992; Ohtahara
and Yamatogi, 2003). Partial seizures are also reported.
Its pathophysiology remains elusive and morphological
abnormalities of the brain are rarely reported (Aicardi,
1985; Schlumberger et al., 1992; Tharp, 2002; Ohtahara
and Yamatogi, 2003). Interestingly, a mutation in a gene
encoding for a mitochondrial glutamate transporter has
been recently reported in two related patients who suf-
fered from early onset epilepsy with suppression burst
(Molinari et al., 2005). This mutation has been shown to
impair the mitochondrial glutamate import, leading to an
increased pool of the transmitter in the cytosol (Molinari
et al., 2005). Because cell-surface glutamate transporters
are powered by transmembrane gradients of Nat, K+, Ht
and substrate, an intracellular accumulation of glutamate
may prevent or reduce its transport from the extracellu-
lar to the intracellular space thus mimicking the action of
TBOA (Barbour et al., 1991; Danbolt, 2001). Although
the clinical relevance of our study to this severe epileptic
disorder requires further investigations, our data suggest

Epilepsia, Vol. 48, No. 1, 2007
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that a deficient transport of glutamate may be a potential
cause for early onset epilepsy, most likely those associated
with a suppression-burst pattern.
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Video.

Simultaneous video-EEG recording of a 5-day-old rat, 1
h after ICV injection of TBOA. The video shows a bilateral
paroxysmal burst that begins with an initial slow wave
followed by burst of spikes. The EEG is associated with
myoclonic startles.



