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Epileptiform activity but not synaptic plasticity is blocked by
oxidation of NMDA receptors in a chronic model of temporal
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Abstract

Simultaneous extracellular recordings were performed in stratum radiatum and stratum pyramidale of hippocampal
slices 7 days following unilateral intracerebroventricular injections of kainic acid. In this ex vivo experimental model
of human temporal lobe epilepsy, stimulation of the surviving commissural fibres in stratum radiatum produced
graded epileptiform activity in the CA1 area. The oxidizing reagent 5,5%-dithiobis (2-nitrobenzoic acid) (DTNB) acting
at NMDA receptors redox sites decreases NMDA receptor-mediated responses by half and suppresses evoked
epileptiform discharges. We have examined the effect of DTNB on NMDA-dependent bidirectional synaptic plasticity
and EPSP/spike coupling. DTNB treatment did not prevent either long-term potentiation induced by tetanic
stimulation or long-term depression induced by low frequency stimulation of field EPSPs. Application of DTNB
alone did not induce EPSP/spike dissociation. However, both high and low frequency stimulations induced
EPSP/spike potentiation indicating that neurons had a high probability to discharge in synchrony. These results
suggest that oxidizing reagents may provide novel antiepileptic treatments since they decrease NMDA-dependent
evoked epileptiform activity but do not interfere with either NMDA-dependent synaptic plasticity or the probability
of synchronous discharge. © 1997 Elsevier Science B.V. All rights reserved
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1. Introduction

A common feature to human epileptic tissue as
well as to most chronic models of temporal lobe
epilepsy (TLE) is that N-methyl-D-aspartate
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(NMDA) receptors participate in synaptic trans-
mission and epileptiform activity [3,4,23,30] in
contrast to non-lesioned tissue [1]. The pharmaco-
logical blockade of NMDA receptors would in-
deed prevent evoked epileptiform discharges [3,4]
but would also impair NMDA-dependent alpha-
amino-3-hydroxy-5-methylisoxazolepropionic acid
(AMPA) receptor-mediated bidirectional synaptic
plasticity [5]. Alternatively, one may try to manip-
ulate the multiple regulatory sites on NMDA
receptors, which fine tune their activity in order to
decrease but not abolish, NMDA receptor-medi-
ated neurotransmission. Potentially, this could
prevent the over activation of these receptors
without affecting NMDA receptor-triggered
synaptic plasticity. In the present study, attention
was focused on redox potential modulations.

The model of TLE which we have used is the
kainic acid (KA) lesioned rat hippocampus, a
chronic model of TLE relevant to the human
condition [6,24,31]. Following unilateral intracere-
broventricular injection of KA, most CA3 pyra-
midal cells degenerate. As a consequence, their
Schaffer collaterals disappear, leaving the com-
missural fibres as the main excitatory input to
CA1 pyramidal cells [25]. The deafferentation
triggers a reactive synaptogenesis in the proximal
dendrites of the CA1 pyramidal cells [26,28] which
seems to originate from their axon collaterals [27].
Seven days following the lesion, CA1 pyramidal
cells demonstrate NMDA-dependent epileptiform
activity [3] associated with a large participation of
NMDA receptors in synaptic transmission [30]. In
this preparation as in control tissue, NMDA-de-
pendent bidirectional synaptic plasticity can be
induced [8,9,12] and also EPSP/spike potentia-
tion, i.e. an increase of the probability of syn-
chronous discharge, which occurs whatever the
electrical conditioning stimulus used [10–12]. Fi-
nally, we have recently reported that in this model
the oxidizing reagent 5,5%-dithiobis (2-nitrobenzoic
acid) (DTNB) irreversibly decreases NMDA re-
ceptor-dependent evoked epileptiform activity
[19,29]. This phenomenon occurs via the oxida-
tion of NMDA receptors by DTNB, which de-
creases by 50% NMDA receptor-mediated
responses [19]. It was then suggested that DTNB
was potentially an important candidate for phar-

macological treatment of TLE. In order to
demonstrate that manipulation of the redox site
was less deleterious than the full blockade of
NMDA receptors it was necessary to assess the
effect of DTNB on synaptic plasticity. We have
thus investigated in the kainate rat the conse-
quences of applying DTNB on bidirectional
NMDA-dependent AMPA receptor-mediated
synaptic plasticity and on EPSP/spike coupling
(i.e. the probability of neurons to discharge in
synchrony). These are key issues if DTNB, or
other oxidizing drugs, are to be used for pharma-
cological treatment of TLE.

2. Materials and methods

2.1. Experimental preparation

Kainic acid lesions were performed on male
Wistar albino rats (180 g) following established
procedures [21]. Rats were anaesthetized with
sodium pentobarbitone, 100 mg/kg intraperi-
toneal and placed in a stereotaxic frame. A hole
was drilled in the cranium at 3.5 mm posterior to
bregma and 3.9 mm lateral to the midline. The
needle of an injection syringe was inserted into the
lateral ventricle at a depth of 4.0 mm below the
surface of the cortex. KA (0.5 mg) in a volume of
0.5 m l of pH 7.4 phosphate buffer was then
infused into the lateral ventricle over a 30 min
period. The syringe was left in position for an-
other 10 min to allow diffusion away from the tip
before the needle was removed and the scalp
incision sutured.

At post-operative day 7, animals were anaes-
thetized with 0.4 ml of chloralose 7% and intrac-
ardially perfused with 100 ml of oxygenated ice
cold modified artificial cerebrospinal fluid (ACSF,
pH 7.4). Hippocampi ipsilateral to the lesion were
removed and sliced (400 mm) using a McIlwain
tissue chopper. Slices were incubated in oxy-
genated ACSF for at least 1 h at room tempera-
ture before recording and then placed in a
submerged in vitro slice chamber (temperature:
30–32°C). The medium was aerated with 95% 02

and 5% CO2. The ACSF was composed of (in
mM) NaCl, 124.0; KCl, 3.0; KH2PO4, 1.25;
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NaHCO3, 26; MgSO4-7H2O, 1.3; CaCl2, 2.0 and
D-glucose, 10. The initial stages (intracardiac
perfusion and slicing) were performed with a
modified ACSF in which NaCl was replaced
with an equimolar concentration of sucrose;
Ca2+ was lowered to 0.5 mM and Mg2+ was
raised to 6 mM.

Extracellular population spikes (PSs) and field
EPSPs were recorded using 5–10 MV resistance
glass microelectrodes filled with ACSF. Bipolar
twisted NiCr wire stimulation electrodes (trimel
insulated apart from 50 mm at the tip) were
placed in the stratum radiatum of CA1 area
proximally to stratum pyramidale and 0.5 mm
from the recording electrodes. Stimuli (40 ms
pulses, 0.5–15 mA) were delivered at 30 s (0.033
Hz) intervals. Responses in hippocampi ipsilat-
eral to the lesion were selected if they were
characterized by an epileptiform response com-
posed of at least three PSs at saturation.
Tetanic stimulations were applied through the
same bipolar electrode and consisted of four
trains of ten shocks at 100 Hz every 1 s. LFS
consisted of a train of 900 shocks at 1 Hz dur-
ing 15 min. Population spike amplitudes (PSAs)
were measured as the distance between the peak
negativity and the line joining the two positivi-
ties of the PS. Population EPSP slopes were
measured as the initial slope taken during the
first 0.5 ms after the afferent volley. Increase or
decrease of PSAs and population EPSP slopes
were considered as long-term if they were sus-
tained for at least 30 min. The amplitude of the
afferent volley was monitored throughout the
experiments and was seen to be stationary. After
obtaining a stable baseline (10 min), DTNB (200
mM) was applied for 15 min and then washed
from the solution over 30 min, before applying
the conditioning train. EPSP/spikes curves were
constructed from full input/output curves ob-
tained at the beginning of the experiment, 30
min after the end of application of DTNB and
30 min after the conditioning train. The quan-
tification of EPSP/spike dissociation, IES, has
been described in detail elsewhere [11,12].
Briefly, for each experiment, the population
EPSP whose slope was 75% of the maximum
evoked prior to any manipulation was taken as

control. All PSAs whose corresponding popula-
tion EPSP slope matched the control were mea-
sured using the input/output curves. The index
of dissociation, IES, was taken as IES= (PSAafter-
PSAcontrol)/PSAcontrol. At the end of the experi-
ment D-APV (50 mM) was applied in order to
fully block NMDA receptors in order to assess
the level of decrease of epileptiform activity
achieved by DTNB treatment.

2.2. Data analysis

Extracellular signals were fed to a WPI am-
plifier. All data were digitized (10 kHz) with a
Labmaster interface card to a personal computer
and analyzed with Acquis1 program (G. Sadoc,
DIPSI, Asnieres, France). Parameters were com-
pared with a Student’s t-test for paired samples,
for evaluation of differences between means. All
values are expressed as mean9S.D.

2.3. Drugs

Kainic acid and DTNB were purchased from
Sigma and Calbiochem respectively. D-APV was
obtained from Dr Boddeke (Sandoz). D-APV
and DTNB were diluted to the desired concen-
trations in oxygenated ACSF and bath applied.

3. Results

3.1. Extracellular characteristics of field
recordings

In slices ipsilateral to the lesion, paired pulse
inhibition was impaired as previously reported
[14] and the test stimuli evoked epileptiform dis-
charges composed from four to six PSs (Fig. 1
and Fig. 2). Data was collected from 13 slices
from 13 lesioned animals which fulfilled the se-
lection criteria. The mean population EPSP
slope was 1.7990.79 mV/ms and the mean am-
plitude of the first four PSs were 2.5690.49,
1.1390.21, 0.5490.12, 0.3290.09 mV respec-
tively (n=13). These values are in keeping with
those previously reported [12].
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Fig. 1. Example of the effect of DTNB treatment on TS-induced synaptic and network plasticity. (A) Time course of the field EPSP
slopes measured every 30 s; 15 min application of DTNB did not modify the synaptic responses. Subsequent TS (arrowhead)
potentiated the synaptic responses whereas 10 min D-APV treatment made no further changes. (B) Same as A, for the population
spike amplitude. Drugs and conditioning stimulus had similar effects as in A. Above the graphs are shown averages of five
consecutive popEPSPs and PSs measured before (1 and a, respectively) and after DTNB (2b), TS (3c) and D-APV (4d). The times
at which these traces were recorded are indicated on the graphs. The start of the EPSP is indicated by an arrowhead in A1. Note
that DTNB and D-APV had identical effects on the PSAs (compare b and d traces). (C) E/S curves obtained by plotting the PSAs
as a function of the popEPSPSs before (
) and after DTNB ("), TS (�) and D-APV (�). Note the left shift of the curve after
TS indicating E/S potentiation. DTNB and D-APV had no effect on E/S dissociation when compared to control and TS curves
respectively. (D–E) Summary of experiments in which synaptic responses and population spikes amplitudes were 10094 and
92916% of control after DTNB, 13499 and 13097% of control after TS and 131911 and 129912% of control after D-APV,
respectively. As in the Fig. 2, * PB0.0001 relates to the value prior to the last chemical or electrical conditioning stimulus.
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Fig. 2. Example of the effect of DTNB treatment on LFS-induced synaptic and network plasticity. (A) DTNB did not modify the
synaptic responses, they were depressed by LFS and D-APV treatment made no further changes. (B) Same as A for the PSA. Note
that D-APV induced a slight potentiation of the PSA. (C) E/S curves obtained before (
) and after DTNB ("), LFS (�) and
D-APV (�). Note the left shift of the curve after DTNB. LFS increased this E/S potentiation. (D–E) Summary of experiments in
which synaptic responses and population spikes amplitudes were 9597 and 94912% of control after DTNB, 6095 and 8098%
of control after LFS and 5799 and 85910% of control after D-APV, respectively.
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3.2. DTNB reduces e6oked epileptiform acti6ity
and does not affect EPSP/spike coupling

In lesioned slices, DTNB treatment did not
affect either the population EPSP slope or the first
PSA, 9795 and 91915% of control, respectively
(P\0.05, n=13). However, the second, third and
fourth PSs were considerably decreased to 6996
(PB0.0001), 2997 (PB0.0001) and 0% (PB
0.0001) of control, respectively (n=13). In agree-
ment with previous reports [29], DTNB nearly
abolished the late part of the evoked epileptiform
discharge. DTNB did not produce E/S dissocia-
tion; IES=099%, indicating that no shift of the
E/S curves occurred (P\0.05, n=13).

3.3. DTNB treatment does not pre6ent the
induction of long-term potentiation

In a first series of experiments (n=7), we tested
whether LTP could be induced following DTNB
treatment. An example of stable TS-induced LTP
after application of DTNB is shown in Fig. 1.
Population EPSP slopes and PSAs were 13499
and 13097% of control, respectively (PB
0.0001). In all experiments, TS resulted in E/S
potentiation, IES=2599% (PB0.001). These
values were not statistically different from those
previously reported in the absence of DTNB
treatment using the same preparation and the
same experimental protocol [8–10,12]. Applica-
tion of D-APV at the end of the experiment had
no further effect on either population EPSP slopes
or PSAs, 131911 and 129912% of control,
respectively (P\0.05). No further E/S dissocia-
tion was seen.

3.4. DTNB treatment does not pre6ent the
induction of long-term depression

In the second series of experiments (n=6), we
tested whether LTD could be induced following
DTNB treatment. An example of stable LFS-in-
duced LTD after application of DTNB is shown
in Fig. 2. Population EPSP slopes and PSAs were
6095 and 8098% of control, respectively (PB
0.0001). In all experiments, LFS resulted in E/S
potentiation, IES=1995% (PB0.001). These

values were not statistically different from those
measured in the absence of DTNB treatment [12].
Application of D-APV at the end of the experi-
ment had no further effect on either population
EPSP slopes or PSAs, 5799 and 85910% of
control, respectively (P\0.05). No further E/S
dissociation was seen.

4. Discussion

Under control conditions, excitatory synaptic
transmission in the hippocampus is mediated pri-
marily by AMPA receptors. LTP and LTD of
synaptic responses, which are believed to underlie
memory and learning processes, are mainly ex-
pressed by AMPA receptors but depend upon
activation of NMDA receptors [5]. In pathologi-
cal conditions such as epilepsy [4,23,30] or is-
chaemia [15], NMDA receptors participate in
synaptic transmission. Furthermore, in human tis-
sue and various experimental chronic models of
TLE, epileptiform discharges are usually triggered
by the activation of NMDA receptors [3]. How-
ever, LTP and LTD of AMPA receptor-mediated
responses occur in epileptic tissue and are also
dependent on the activation of NMDA receptors
[8,12]. As such, drugs that decrease NMDA recep-
tor-mediated synaptic responses could be used to
attenuate epileptiform discharges thus providing
an alternative to present treatments which focus
on boosting inhibition. However, a blockade of
NMDA receptors is not desirable since it would
prevent synaptic plasticity, i.e. memory and learn-
ing processes. Alternatively, one may try to ma-
nipulate the multiple regulatory sites on NMDA
receptors which fine tune their activity. These
regulatory sites can be affected by various com-
pounds such as kinases and phosphatases (intra-
cellularly); glycine, polyamines, histamine, Mg
and Zn ions (allosteric sites); as well as pH and
redox potential variations [2,7,22]. In this study,
attention was focused on redox potential modula-
tions as potential new candidates for the treat-
ment of epilepsies.

Four results support this working hypothesis.
Firstly, oxidizing drugs have been reported to be
neuroprotective in a model of hypoxic/ischaemic
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brain injury [20]. Secondly, it has been suggested
that ischaemic insults are associated with a redox
modification [17]. Thirdly, DTNB decreases by
50% NMDA receptor-mediated responses [17,18]
without affecting AMPA, presynaptic metabo-
tropic glutamate, GABAA and GABAB receptor-
mediated responses, in CA1 pyramidal cells in
non lesioned tissue [13]. Finally, DTNB does not
affect synaptic plasticity of AMPA receptor-medi-
ated responses but impairs synaptic plasticity of
pharmacologically isolated NMDA receptor-me-
diated responses [13].

DTNB was as efficient as D-APV in blocking
evoked epileptiform activity recorded in the pyra-
midal cell layer of the CA1 area of the KA
lesioned rat hippocampus since D-APV applied at
the end of the experiments did not further reduce
epileptiform discharges in agreement with recent
studies [19,29]. This blockade of epileptiform ac-
tivity occurred via a 50% decrease of pharmaco-
logically isolated NMDA receptor-mediated
responses [19]. In the present study, we report that
in the kainic rat as in control tissue, DTNB
treatment does not prevent the induction of LTP
and LTD of AMPA receptor-mediated synaptic
responses. Noteworthy is the absence of effect of
DTNB on E/S coupling in contrast to D-APV: in
lesioned as well as in control tissues, D-APV
treatment produces E/S potentiation, i.e. an in-
crease of the probability of the neurons to dis-
charge in synchrony [11,12]. As such D-APV,
despite the blockade of the late part of the burst,
modifies the behaviour of the network toward
more excitability. DTNB treatment had no such
effect. However, subsequent TS or LFS readily
produced E/S potentiation as previously described
in normal [11] and epileptic tissue [10,12]. The
absence of effect of DTNB on E/S coupling may
be due to the fact that the 50% decrease of
NMDA responses is not sufficient to modify the
threshold of E/S coupling. It must be noted that
DTNB produced a slight E/S potentiation in three
out of 13 cases as shown in Fig. 2.

In conclusion, we suggest that oxidizing agents
offer a promising alternative to the classical boost
of inhibition for treating TLE. Redox agents exist
endogenously [16] and oxidizing drugs have been
used successfully in animals for treating infarct

[20]. It remains to be determined whether DTNB
would have the same effect in vivo than in vitro,
i.e. decrease of epileptiform discharges and no
effect on synaptic plasticity. The possible deleteri-
ous effect of the drug also needs to be investi-
gated.
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