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(2) 349–352, 1999.—Previous studies have proposed that there is an increase in the density
of glutamate binding sites after pentylenetetrazol (PTZ) kindling, whereas the glutamate release is not altered. Little is
known about the time course of these changes. Therefore, we studied 
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-glutamate binding to hippocampal membranes

 

and K
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-stimulated 

 

3

 

H-

 

D

 

-aspartate release from hippocampal slices of rats given PTZ 3, 7, and 13 times up to a fully kindling
state. After three PTZ injections, amino acid release from hippocampal tissue slices was significantly enhanced in comparison
to controls, whereas 

 

3

 

H-

 

L

 

-glutamate binding was not altered. After seven injections of PTZ, specific glutamate binding to hip-
pocampal membranes tended to increase, and K

 

1

 

-stimulated 

 

3

 

H-

 

D

 

-aspartate release from rat hippocampal slices was normal-
ized. The kindled state characterized by generalized clonic–tonic seizures was reached after 13 PTZ injections, and it was ac-
companied by an enhancement in the density of glutamate binding sites, whereas the chemically evoked amino acid release
remained unchanged. It can be concluded that the amino acid release is increased in the early phase of PTZ kindling develop-
ment, whereas after completion of kindling, the density of excitatory amino acid binding sites is enhanced. © 1999 Elsevier
Science Inc.
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KINDLING is an in vivo model of epilepsy that is produced
by repeated application of initially subconvulsant electrical or
chemical stimuli culminating in generalized clonic motor sei-
zure activity (5,12).

The enhanced seizure susceptibility induced by kindling is
a long-lasting, probably permanent, alteration of the neuronal
excitability involving different neurotransmitter systems
(2,6,13). Much interest has been concentrated on central exci-
tatory systems. Especially in the glutamatergic system an in-
creased glutamate release, an altered glutamate receptor sub-
type gene expression, or receptor density measured after
electrically induced kindling were found (3,4,9,10,15,20,21).

Little is known about the changes of the glutamatergic neu-
ronal mechanisms after chemical kindling induced by repeated

applications of initially subconvulsive doses of pentylenetetra-
zole (PTZ). Previously we have demonstrated that l-glutamate
binding was increased in the hippocampus and cortical regions

 

of PTZ kindled rats, whereas the K

 

1

 

-stimulated 

 

3

 

H-

 

D

 

-aspar-
tate release from hippocampal slices of kindled rats as a non-
metabolizable marker (23) of Ca

 

2

 

1

 

-dependent and independent
glutamate release was unchanged (17–19). Furthermore, it was
shown that after PTZ kindling the learning perfomance mea-
sured by two-way avoidance reaction in the shuttle box, which
is connected with an intact hippocampal formation was disturbed
(1). PTZ kindling resulted in cell damage in hippocampal sub-
regions (16) in response to an excessive glutamate release.

However, the contribution of synaptic processes of the
glutamatergic neurotransmission in the time course of PTZ
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kindling formation is unknown. Therefore, the goal of the
present study was to determine the chemically evoked amino
acid release from hippocampal slices and the specific
glutamate binding to hippocampal synaptic membranes in the
time course of PTZ kindling.

 

METHOD

 

Kindling

 

For all procedures followed, ethical approval was sought
prior to the experiments according to the requirements of the
National Act on the Use of Experimental animals (Germany).

Male Wistar rats (8 weeks old, 200–240 g) were injected
with 35 mg/kg pentylenetetrazole (PTZ, Serva, Germany) IP
once every 48 h up to 13 injections (three animal groups with
3, 7, and 13 PTZ injections) and after each injection the result-
ant seizures were scored according to a modified five-point
scale described by Becker et al. (1). Controls received saline
injections alone. To equate handling and injection experience,
all animals received the same total number of injections. For
example, animals receiving three PTZ injections, received 10
saline injections prior to PTZ treatment.

The animals were considered to be kindled after having re-
ceived 13 PTZ injections and after reaching at least three con-
secutive stage 4 or 5 seizures.

To study the effect of a acutely evoked PTZ seizures a sin-
gle convulsive dose of 60 mg/kg PTZ was administered to rats.
Controls received saline, although the animals were sacrified
at definite points after repeated PTZ injections. The experi-
ments run over a period of 3 months.

 

Binding Experiment

 

Twenty-four hours after the 3rd, 7th, and 13th final PTZ
or saline injections, animals were decapitated, hippocampi were
dissected out, and crude membrane fractions were prepared.

 

3

 

H-

 

L

 

-Glutamate (specific activity: 1.43 Tbq/mmol, NEN-
Dupont) binding was assayed in membrane fractions prepared
from hippocampi of saline and PTZ-treated rats, as described
by Schröder et al. (18). For the binding assay, the membranes
were incubated in 30-mM Tris-HCl buffer (pH 7.4) containing
2.5 mM CaCl

 

2

 

 for 40 min at 37

 

8

 

C. The nonspecific binding was
determined in parallel tubes by addition of 100 

 

m

 

M unlabeled

 

L

 

-glutamate.

 

Amino Acid Release

 

Freshly prepared 400 

 

m

 

m-thick hippocampal slices (by use
of a McIlwain tissue chopper) were incubated with 19.2 nM

 

3

 

H-

 

D

 

-aspartate (specific activity 962 GBq/mmol, Radiochemi-
cal Centre Amersham, UK) for 10 min under aeration with
carbogen (O

 

2

 

/CO

 

2

 

–95/5%), transferred into superfusion cham-
bers and rinsed by a calcium-free medium. Afterwards, the su-
perfusion was started with Mg

 

2

 

1

 

-free oxygenated Krebs-
Henseleit solution at a flow rate of 0.5 ml/min. From 21 to the
25 min after that the medium was changed to a Krebs-
Henseleit solution containing 48 mM KCl. Perfusate was col-
lected in 1-min fractions up to 30 min, and assayed for radio-
activity using a dioxane-containing scintillation cocktail and a
Beckman 6000 LL counter.

Protein content was estimated in aliquots of tissue homo-
genates using the technique by Lowry et al. (11) with BSA as
standard. Samples were expressed as dpm per mg protein and
calculated as the sum of fractions over the stimulation phase
(K

 

1

 

 from the 21 up to the 25 min).

 

For statistical calculations the nonparametric Mann–Whit-
ney 

 

U

 

-test was used, and significance was considered at the 

 

p

 

 

 

,

 

0.05 level.

 

RESULTS

 

PTZ Kindling

 

The development of PTZ-induced kindling is shown in Fig. 1.
After three PTZ injections a seizure stage 2 was reached. Af-
ter the 7th PTZ injection rats responded with a mean seizure
stage of 3.7 and “fully” kindled rats with seizure stage 4.7.

The acute application of 60 mg/kg PTZ results in general-
ized clonic–tonic seizures (stage 5).
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L

 

-Glutamate Binding to Synaptic
Membranes of Hippocampus

 

Under the incubation conditions used in this study, binding
of 

 

3

 

H-

 

L

 

-glutamate to hippocampal synaptic crude membranes
from control rats appeared to be specific and saturable (single
binding site) with an apparent 

 

K

 

d

 

 of 456 

 

6

 

 82 nM and a 

 

B

 

max

 

of 15.8 

 

6

 

 2.0 pmol per mg protein, and is not contaminated by
uptake processes. A low rate of glutamate binding to the
transporter cannot be excluded. The Scatchard plot of the
glutamate binding to hippocampal membranes of kindled rats
with a 

 

K

 

d

 

 of 518 

 

6

 

 69 nM and a 

 

B

 

max

 

 of 26 

 

6

 

 4 pmol/mg pro-
tein demonstrated an increase of the density of the binding
sites in comparison to controls.

Using ligand concentrations of 50 nM, the specific 

 

3

 

H-

 

L

 

-
glutamate binding to synaptic membranes displayed a signifi-
cant enhancement in fully kindled rats in comparison to saline
controls (Fig. 2, 

 

U

 

 

 

5

 

 3). After three and seven PTZ injections
the specific 

 

3

 

H-

 

L

 

-glutamate binding to hippocampal crude
synaptic membranes remained unchanged. However, mention
should be made of the fact that the glutamate binding evalu-
ated in controls did vary. However, independently from bind-
ing level in controls, in hippocampal tissue, PTZ kindling re-

FIG. 1. Development of seizures of rats to PTZ (35 mg/kg, IP) after
repeated (3, 7 and 13, indicated by arrows) PTZ injections up to the
fully kindled state (means 1 SEM, n 5 6).
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sulted in an enhancement of amino acid binding over that of
controls (18).

Moreover, acute application of a convulsive doses (stage 5)
of PTZ (60 mg/kg IP) did not alter the density of glutamate
binding sites in the hippocampus (saline control—2529 

 

6

 

 141
fmol/mg protein, PTZ-treated rats—2472 

 

6

 

 136 fmol/mg pro-
tein, 

 

n

 

 

 

5

 

 6).
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The K

 

1

 

-stimulated 

 

3

 

H-

 

D

 

-aspartate release from hippocam-
pal slices (Fig. 3) was unchanged after PTZ kindling (13 injec-
tions of PTZ) compared to saline controls (

 

U

 

 

 

5

 

 12). In con-
trast, the K

 

1

 

-stimulated amino acid release from hippocampal
slices of rats applicated with three PTZ injections was signifi-
cantly enhanced in comparison to control animals (Fig. 3, 

 

U

 

 

 

5

 

5), whereas the K

 

1

 

-stimulated 

 

3

 

H-

 

D

 

-aspartate release from
hippocampal slices of rats measured after seven PTZ injec-
tions was found to be not altered (

 

U

 

 

 

5

 

 11). Acutely given
PTZ (60 mg/kg) is unable to alter the chemically evoked
amino acid release from hippocampal slices compared with
saline-treated controls (not shown).

 

DISCUSSION

 

Kindling has become the most studied animal model of ep-
ilepsy (5,12). This plastic-adaptive process is postulated to
evoke a chain reaction of cellular and molecular events of al-
tered neurotransmission systems, especially by activation of
glutamate receptors (2).

The important finding of the present study is the different
response of the synaptic processes of the glutamatergic system
within the hippocampal formation during the development of
PTZ kindling in rats. After the first injections of PTZ the
transmitter release as a fast responsible presynaptic process is
enhanced (Fig. 3). At this time the glutamate binding sites
were found to be unchanged. After the seventh PTZ injection

as well as in the case of fully kindled state, the amino acid re-
lease becomes normalized, whereas the glutamate binding
sites as a pre- and postsynaptic parameter are upregulated in
fully kindled rats (Fig. 2) by increased density of the receptor
that persisted over a period of months (19).

In the present study, the glutamate binding sites were not
differentiated into glutamate receptor subtypes, but in a pre-
vious study we found that the enhancement of the glutamate
receptor density after PTZ kindling in rats is mainly related to
an increase of the metabotropic glutamate receptor in the hip-
pocampus (17). A specific role of the different glutamate re-
ceptor subtypes in the development of chemical and electrical
kindling cannot be excluded.

In relation to the physiologically evoked changes of the ex-
citability of the hippocampal formation it is interesting that a
similar time course of altered glutamatergic events could be
detected during induction and maintenance of long-term po-
tentiation (LTP) of the perforant pathway, which was much
faster in onset and only short lasting (19).

Acute PTZ application did not alter either the glutamate
binding sites or amino acid release in the hippocampus (18).
Therefore, it can be assumed that the specific changes of the
glutamatergic system may be a correlate of plastic changes of
the synaptic system due to the development of PTZ kindling.

In contrast to our results, after completion of electrical
kindling in the amygdala or hippocampal formation an in-
crease in glutamate release is described by ex vivo as well as
microdialysis studies. This effect is often discussed as a trigger
of seizure induction in the electrical kindling model (4,8,
14,22). The increase of glutamate binding sites in response
to PTZ kindling of rats (Fig. 3) is comparable with findings
described after electrical kindling of rats (3,21). In this con-
text, it is interesting that these data are in a good agreement
with the findings of Hosford et al. (7), indicating an in-
creased glutamate binding in hippocampus tissue of epileptic
patients.

Summerizing our data it can be concluded that the pre- and
postsynaptic processes of the glutamatergic neurotransmis-

FIG. 2. The specific 3H-L-glutamate binding to hippocampal syn-
aptic membranes of rats treated with PTZ (3, 7 and 13 times) com-
pared to saline controls (in fmol/mg protein, means 1 SEM, n 5 6,
*p , 0.05).

FIG. 3. The K1-stimulated 3H-D-aspartate release from hippocam-
pal slices of rats given PTZ 3, 7 and 13 times up to fully kindled state
in comparison to saline-treated controls (means 1 SEM, n 5 6, the
sum of fractions over the stimulation phase S1 in dpm/mg protein,
*p , 0.05).
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sion are involved in the mechanisms underlying chemical and
electrical kindling in a quite complex manner. In both models
an activation of the excitatory glutamatergic neurons of the
brain in the development of a kindling state is needed probably
with a varied importance of the studied synaptic parameters.
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