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ODIFICATION OF IONOTROPIC GLUTAMATE RECEPTOR–MEDIATED
ROCESSES IN THE RAT HIPPOCAMPUS FOLLOWING REPEATED,

RIEF SEIZURES
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bstract—The seizure-induced molecular and functional al-
erations of glutamatergic transmission in the hippocampus
ave been investigated. Daily repeated epileptic seizures
ere induced for 12 days by intraperitoneal administration of
-aminopyridine (4-AP; 4.5 mg/kg) in adult Wistar rats. The
eizure symptoms were evaluated on the Racine’s scale. One
ay after the last injection, the brains were removed for in
itro electrophysiological experiments and immunohisto-
hemical analysis. The glutamate receptor subunits NR1,
R2A, NR2B, GluR1, GluR1flop, GluR2, and KA-2 were studied
sing the histoblotting method. The semi-quantitative analy-
is of subunit immunoreactivities in hippocampal layers was
erformed with densitometry. In the hippocampus, increase
f GluR1, GluR1flop and NR2B immunostaining was observed

n most of the areas and layers. The significant decrease of
luR2 staining intensity was observed in the CA1 and den-

ate gyrus. Calcium permeability of hippocampal neurons
as tested by a cobalt uptake assay in hippocampal slices.
he uptake of cobalt increased in the CA1 area and dentate
yrus, but not in the CA3 region following 4-AP treatment.
ffects of AMPA and NMDA (N-methyl-D-aspartate) glutamate
eceptor antagonists (1-(4-aminophenyl)-4-methyl-7,8-
ethylenedioxy-5H-2,3-benzodiazepine hydrochloride (GYKI

2466) and D-APV respectively) were measured in hippocam-
al slices using extracellular recording. Analysis of the pop-
lation spikes revealed the reduced effectiveness of the
MPA receptor antagonist GYKI 52466, while the effect of the
MDA receptor antagonist D-(2R)-amino-5-phosphonovaleric
cid was similar to controls. The results demonstrated that
epeated convulsions induced structural and functional
hanges in AMPA receptor–mediated transmission, while
MDA and kainate receptor systems displayed only alter-
tions in receptor subunit composition. © 2009 IBRO. Pub-
ished by Elsevier Ltd. All rights reserved.

Corresponding author. Tel: �36-1-209-0555-8391; fax: �36-1-381-2182.
-mail address: bosa@ludens.elte.hu (S. Borbély).
bbreviations: ACSF, artificial cerebrospinal fluid; ANOVA, analysis of
ariance; APV, (2R)-amino-5-phosphonovaleric acid; EDTA, ethyl-
nediaminetetraacetic acid; GYKI 52466, 1-(4-aminophenyl)-4-methyl-
,8-methylenedioxy-5H-2,3-benzodiazepine hydrochloride; Hepes,
-2-hydroxyethylpiperazine-N=-2-ethanesulfonic acid and its sodium
alt; iGluRs, ionotropic glutamate receptors; I–O, input–output; KA,
c
ainate, kainic acid; NMDA, N-methyl-D-aspartate; OD, optical density;
OP-spike, population spike; 4-AP, 4-aminopyridine.

306-4522/09 © 2009 IBRO. Published by Elsevier Ltd. All rights reserved.
oi:10.1016/j.neuroscience.2008.12.027
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ey words: brain slice, 4-aminopyridine, histoblot, Co2�-up-
ake, electrophysiology, subunit composition, glutamate an-
agonists.

uman epilepsy, due to the chronic, recurrent convulsive
tates, causes a slowly ongoing neuronal degeneration in
he most involved brain structures: allocortex, neocortex
nd diencephalon (Honavar et al., 2002). The main cause
f neuronal death is the excessive release and excitotox-

city of glutamate and aspartate and the hypoxia of the
onvulsing brain (Meldrum and Nilsson, 1976; Sloviter and
empster, 1985; Pena and Tapia, 2000). In human case
istories, very often the first symptom towards a long-

asting pathological change is the acute convulsion—
herefore modeling of the effects of repeated acute sei-
ures may provide important information about the patho-
enesis of epilepsy.

Chronic animal models such as pilocarpine- (Turski et
l., 1983) or kainic acid� (Nadler et al., 1978) induced
tatus epilepticus result in neurodegeneration in the hip-
ocampus, neocortex, amygdala, substantia nigra and
halamus (Berg et al., 1993; Cavalheiro, 1995; Singh et al.,
991; Turski et al., 1983). Neuronal degeneration leads to
eafferentation of other neuronal assemblies, and the for-
ation of pathological neuronal circuits, which in turn re-

ult in secondary generalized seizures (Michaelis, 1998).
ur previous studies revealed that low doses of 4-amino-
yridine (4-AP) precipitated acute behavioral convulsions

n experimental animals, and these convulsions were ac-
ompanied by characteristic temporary pathophysiological
henomena: large increase of transmitter release (Kovács
t al., 2003), enhancement of cerebral blood flow (Fabene
t al., 2006; Mihály et al., 2000) and the appearance of
-fos protein in the cell nucleus of the neurons (Mihály et
l., 2001; Szakács et al., 2003). We also proved that the
ehavioral symptoms and the neuronal c-fos expression
ould be prevented by the application of N-methyl-D-aspar-
ate (NMDA) receptor antagonists, indicating the activation
nd role of ionotropic glutamate receptors (iGluRs; Sza-
ács et al., 2003). On the other hand, no neuronal degen-
ration or other long-lasting tissue damage was detected
ollowing administration of low doses of 4-AP (Fabene et
l., 2006; Vizi et al., 2004).

Regulation of iGluR subunits is complex, including sev-
ral intracellular steps, from gene expression to post-trans-

ational modifications (Hassel and Dingledine, 2006). Pre-
ious studies indicate the importance of iGluR subunit

omposition in different experimental epilepsies (Porter et

mailto:bosa@ludens.elte.hu
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l., 2006). We aimed to reveal the changes in subunit
omposition of iGluRs using a semi-quantitative immuno-
istoblot method. Similarly, we studied changes in general
xcitability and pharmacological sensitivity of NMDA and
MPA receptors in hippocampal slices in electrophysiolog-

cal experiments, to gain information about functional con-
equences of repeated seizures and the possible receptor
ubunit rearrangement. Cobalt crosses the cell membrane
hrough Ca2�-permeable, ligand-gated non-NMDA gluta-
ate receptors. Therefore, we also investigated possible

hanges in Ca2� permeability of hippocampal neurons
sing an in vitro cobalt uptake assay of brain slices from
ontrol and 4-AP-treated rats.

EXPERIMENTAL PROCEDURES

xperiments were performed on adult, male Wistar rats (150–280
, Charles River, Hungary). All experiments were approved by the
egional Animal Care Committees and by the Budapest Animal
ealth Care Authority. Rats were kept under constant 12-h light/
ark cycle and controlled temperature (22�2 °C). Standard pellet
ood and tap water were available ad libitum.

reatment of animals

ats received i.p. 4-AP injections during 12 consecutive days. The
tarting dose was 4.5 mg/kg. After the first 3 days, in case of those
ats which failed to produce stage 5 seizures according to the
acine-type scale (Racine, 1972), the dose was increased by 5%,
nd it was further increased by 5% steps if stage 5 seizures failed
o develop at the previous day. The upper limit of dose was 6.65
g/kg. Control rats received daily i.p. physiological saline for 12
ays.

istoblot analysis of iGluR proteins

ats were sacrificed on day 13 of the experiment (after daily
reatment with 4-AP for 12 days), to determine changes in the
ensities of AMPA, NMDA and kainate (KA) type iGluR subunit
roteins, using an in situ blotting technique (histoblot, Tonnes et
l., 1999; Kopniczky et al., 2005). In brief, animals were deeply
nesthetized with diethyl ether, decapitated, and the brains were
uickly frozen in isopentane and stored at �80 °C until sectioning.
orizontal plane cryostat sections (10 �m) were cut and mounted
n glass slides. Small, rectangular pieces of nitrocellulose mem-
rane (Schleicher & Schuell, BA85, 0.45 �m), were moistened
ith 48 mM Tris-base, 39 mM glycine, 2% (w/v) SDS and 20%

w/v) methanol for 15 min at room temperature. The glass slide
ith the tissue section facing down was placed on the membrane,
nd gently pressed for 30 seconds. The membrane was taken
rom the glass slide, and used for the immunoblotting. After block-
ng in 5% (w/v) non-fat dry milk in PBS, nitrocellulose membranes
ere DNase I-treated (5 U/ml), washed and incubated in 2% (w/v)
DS, 100 mM �-mercaptoethanol in 100 mM Tris–HCl (pH 7.0),

or 60 min at 45 °C to remove adhering tissue residues. After
xcessive washing, blots were reacted with affinity-purified sub-
nit specific antibodies in blocking solution overnight, at 4 °C. The

ollowing primary antibodies were used: anti-GluR2 (Chemicon; 1
g/ml); anti-GluR1-4 (pan-AMPA, Pickard et al., 2000); anti-
luR1flop (2 �g/ml; Tonnes et al., 1999); anti-NR1 (PharMingen;
�g/ml); anti-NR2A (Chemicon; 1 �g/ml); anti-NR2B (Molecular
robes; 0.2 �g/ml); anti-KA-2 (Upstate; 1:500). The bound pri-
ary antibodies were labeled with alkaline phosphatase-conju-
ated antirabbit IgG secondary antibody (1:500; Promega, USA).
he enzyme was visualized in a developer containing 0.33% Nitro
lue Tetrazolium, 0.66% 5-bromo-4-chloro-3-indolyl phosphate in

0% dimethyl-formamide Chemicals for histoblotting (where not f
ndicated) were purchased from Sigma. To facilitate the identifi-
ation of structures and cell layers, adjacent cryostat sections
ere stained with Cresyl Violet. Digital images were acquired by
canning the membranes using a desktop scanner. Image anal-
sis and processing were performed using the Adobe Photoshop®

oftware (Adobe Systems, San Jose, CA, USA). When process-
ng, the images were treated identically to allow comparison. Pixel
ensity was determined for different hippocampal regions. The
ixel density of immunoreactivity was measured by an experi-
enter blind to the experimental conditions using a previously
stablished quantification strategy (Xu et al., 2004; Kopniczky et
l., 2005). Briefly: open circular cursors with a diameter of 0.10
m were placed at adjacent positions along the stratum oriens

eight circles), stratum radiatum (six circles), stratum lacunosum
oleculare (seven circles), stratum moleculare of DG (12 circles),
ilum of DG (six circles) and stratum lucidum of CA3 (seven
ircles; as illustrated on Fig. 1). The average of 10 background
eterminations (carried out near the brain protein–containing ar-
as of the immunostained nitrocellulose papers) was subtracted
rom the average pixel densities measured within various hip-
ocampal regions. Following background corrections, the average
ixel density for the whole subregion of the hippocampus from one
nimal counted as one “n.” Data were analyzed and plotted using
GraphPad® version 4.0. Differences between the corresponding
ippocampal regions were assessed using a two-way analysis of
ariance (ANOVA), and further compared with the Bonferroni post
oc test, at a minimum confidence level of P�0.05. The number of
nimals was five to seven in every experimental group. We pre-
ared 20–36 blots (equal to the number of cryostat sections used
or blotting) for each antibody. This number is seen in Fig. 1 as the
n” value.

obalt-uptake determination

ollowing the daily 4-AP injections (on day 13), 9 control and 10
-AP-treated animals were sacrificed and 250 �m thick hippocam-
al slices were prepared to study Co2� uptake. From each Animal
ight to 20 slices were stained and evaluated successfully. The
rocedure was performed as described previously (Pruss et al.,
991). Briefly, the slices were incubated in a Ca2�-free incubation
olution for 5 min before placement into an uptake buffer. This
uffer contained 13 mM sucrose, 57.5 mM NaCl, 5 mM KCl, 2 mM
gCl2, 1 mM CaCl2, 12 mM glucose, 10 mM Hepes, and, in
ddition, 5 mM CoCl2 and 100 �M kainate (KA). Incubation lasted
or 20 min. Slices incubated in the same solution without KA
erved as background controls. After the stimulated, Co2� uptake,
lices were rinsed once in the uptake buffer and incubated in the
ame buffer containing 2 mM EDTA to remove non-specifically
ound Co2�. Then, slices were rinsed twice in the uptake buffer,
nd Co2� was precipitated by incubation in 0.12% (w/v) (NH4)2S
olution for 5 min. During this procedure, dark CoS precipitate
as formed in the cells. At the end, slices were fixed in 4% (w/v)
araformaldehyde for 30 min and mounted in glycerin for fur-
her computer analysis. The Co2�-stained slices were analyzed
ith an Olympus CH2 microscope equipped with an Olympus
amedia C4040-Zoom digital camera connected to a PC run-
ing an AnalySIS 3.2 Docu (Soft Imaging Systems Gmbh)
oftware. Pictures were digitized at a fourfold magnification and
onverted to eight bit grey color images. Evaluation of optical
ensity (OD) was performed in every layer of the hippocampal
ormation (Fig. 2). The average density of a sampling box
ontaining 5000 or 10,000 pixels of the investigated area was
etermined. In all series of experiments, the difference of mean
D values of sampling areas between untreated and KA-stim-
lated slices was calculated. Slices from control and 4-AP-
reated animals were compared, differences in Co2� uptake
ere calculated by comparing relative OD values.

Unpaired Student’s t-test for independent variables was per-

ormed on the means of OD values. Homogeneity of variances
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as tested before statistical analysis. Data are presented as
ean�standard error of the mean (SEM).

lice preparation and electrophysiological recording
f hippocampal synaptic transmission

lectrophysiological experiments were carried out on 400 �m

ig. 1. Sampling areas and changes in the relative density of iGluRs in
rom slices of control and 4-AP-treated animals. (B) Upper left corner
lterations in the amount of glutamate receptor subtypes. Decrease of
yrus areas, while an enhanced level of GluR1, GluR1flop and NR2A su
naffected in all investigated regions. Abbreviations: SO, str. oriens;
oleculare; Hil, hilum. * Indicates significant differences at P�0.05, w
R1: 24; NR2A: 24; NR2B: 20; GluR1: 26; GluR1-4: 24; GluR1flop: 24
hick brain slices (n�64) originating from 22 rats. The hippocam- O
al slices were prepared 1 day after the last seizure induction (day
3). Rats were decapitated in deep chloral hydrate anesthesia, the
rain was quickly removed and horizontal slices containing the
ippocampus, entorhinal and somatosensory cortices were cut
ith a vibratome. After a 1 h regeneration period in Hepes-buffer

pH: 7.1–7.2)-containing solution, slices were transferred to an

hippocampal regions. (A) Representative images of histoblot sections
trates sampling areas of the hippocampal formation. Graphs indicate

receptor subtype was observed in the hippocampal CA1 and dentate
as detected in CA1 and CA3 regions. The NR1 receptor subtype was
diatum; SLm, str. lacunosum-moleculare; SL, str. lucidum; SMo, str.
ans P�0.01, and *** means P�0.001. The “n” values are as follows:
20; KA-2: 36 (see also text).
different
demons

the GluR2
btypes w

SR, str ra
hile ** me
slo-type recording chamber (FST, Canada) through which stan-
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ard artificial cerebrospinal fluid (ACSF) was perfused (2.5–3
l/min) using a peristaltic pump (Heidolph PD 5101). The ACSF
as saturated with carbogen (95% O2�5% CO2) at about 33�1

C. The composition of this standard perfusion solution was (in
M): 126 NaCl; 26 NaHCO3; 1.8 KCl; 1.25 KH2PO4; 1.3 MgSO4;
.4 CaCl2; 10 glucose.

Glass microelectrodes filled with 1 M NaCl (8–10 M�) were
ositioned as recording electrodes in the stratum pyramidale of
he hippocampal CA1 region, while bipolar tungsten stimulating

ig. 2. A characteristic pattern of Co2� uptake measurement and res
o2� uptake investigations. Images A and C were taken from contro

mages B and D show kainic acid–stimulated sections from the control a
hich is connected to Ca2� permeability of non-NMDA receptors. 4-AP
yrus regions. Abbreviations: SO, str. oriens; SR, str. radiatum; SLm,
oleculare; SGr, str. granulosum; Hil, hilum. * Indicates significant dif
lectrodes were positioned at the Schaffer axon collaterals to s
voke population (POP) spikes. Duration of the stimulation square
oltage pulses was 100 �s and the amplitude was gradually varied
etween threshold and supramaximal values. Signals were am-
lified with an Axoclamp 2 B amplifier (Axon Instruments, Inc.,
nion City, CA, USA), A/D converted and recorded with the SPEL
dvanced Intrasys computer program (Experimetria, Ltd., Buda-
est, Hungary).

The viability of slices was tested before each experiment.
haracteristic field responses were recorded applying single

D determination. Images are representing histochemical sections for
P-treated animals, respectively, without kainic acid-facilitation, while
AP group, respectively. The graph shows the changes of Co2� uptake,
animals showed enhanced Ca2� permeability in the CA1 and dentate
nosum-moleculare; SL, str. lucidum; SPyr, str. pyramidale; SMo, str.
at P�0.05, while ** means P�0.01.
ults of O
l and 4-A
nd the 4-
-treated
str. lacu
hock stimulation. If POP-spike amplitude at maximum stimulus
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ntensity was smaller than 3 mV, the slice was excluded from the
xperiments. Slices were continuously stimulated with medium-
trength stimuli at a rate of 0.05 Hz. Fifteen minutes after placing
he slices into the recording chamber, the stimulus threshold (T)
as determined, and then an input–output (I–O) curve was re-
orded when gradually increasing the stimulus intensity from 1 to
T in 0.25 T steps and response amplitudes were plotted against

ntensities. At each stimulus intensity mean amplitude values were
alculated from three evoked responses. Subsequently, 0.05 Hz
ontinuous stimulation was applied with 2 T if not specified oth-
rwise. Responses evoked at 2 T stimulation intensity were cal-
ulated as a mean of 10 evoked responses and called “average
esponse (AR).” Depending on the aim of the actual test, different
rotocols were performed. In control cases no special achieve-
ent was applied. When pharmacological sensitivity of particular
lutamate receptors was analyzed, standard perfusion solution
as switched either to AMPA-receptor antagonist containing so-

ution (40 �M GYKI 52466 (1-(4-aminophenyl)-4-methyl-7,8-
ethylenedioxy-5H-2,3-benzodiazepine hydrochloride), or to
MDA receptor antagonist containing solution (25 �M D-APV—

2R)-amino-5-phosphonovaleric acid). Treatment with GYKI
2466 lasted for 30 min, while APV containing solution was
erfused until 10 min. Recordings were finished by determination
f test responses and I–O curves. Each experimental group con-
ained 8–8 independent records.

Amplitude of the POP-spike and the EPSP slope was ana-
yzed with the SPEL Advanced Intrasys computer program (Ex-
erimetria, Ltd.). One-way ANOVA followed by Newman–Keuls
ost hoc comparison was performed on the means of POP-spike
mplitudes. Homogeneity of variances and normal distribution of
ata were tested before statistical analysis. Data are presented as
ean�SEM.

RESULTS

eizure behavior

tudies on seizure event characteristics were performed
n 27 animals, surviving the 12 treatment days. The i.p.
dministration of 4-AP induced generalized tonic–clonic
eizures. On average, two seizures were detected follow-
ng each treatment. The first seizure event appeared in the
rst 30 min, which sometimes was followed by a second fit
ithin the first hour after the convulsant treatment. The

atency of first tonic–clonic seizure was changing during
he repeated 4-AP treatment: five of 27 animals showed
ecreasing latency, compared to the first one. In five rats
roportion of decreased and increased latency times of
rst seizure events was 50%–50%, while in 17 of 27 ani-
als increased latency was detected. Seizures occurred
nly within 3 h following 4-AP administration. No sponta-
eous convulsions were observed. The behavioral symp-
oms of 4-AP treatment were similar to that described
reviously (Mihály et al., 1990; Szakács et al., 2003; We-

czner et al., 2008).

istoblot analysis of iGluR subunits

NMDA receptor subunits. NMDA receptor subunits
R1, NR2A and NR2B are ubiquitous in the hippocampus,
nd most abundant in the supra- and infrapyramidal layers
f the regio superior and the molecular layer of the dentate
yrus. These areas show a much stronger immunostaining
han any other forebrain structure. The NR1 subunit stain-

ng density did not change at the end of the 2 weeks’ 4-AP c
reatment. Alterations of the NR2A subunit density were
etectable on day 13, when every layer of the CA1 and
A3 regions showed a highly significant increase in stain-

ng density (n�20; P�0.001 in CA1; P�0.01 in CA3; Fig.
). The same alterations were detected in the molecular

ayer and in the hilum of the dentate gyrus (n�20;
�0.001; Fig. 1). Staining density of the NR2B subunit did
ot change in any of the hippocampal layers.

AMPA and KA receptor subunits. The AMPA recep-
ors were investigated with pan-AMPA (anti-GluR1-4) an-
ibodies reacting with every subunit, and antibodies spe-
ific to GluR1, GluR1flop and GluR2 subunits. In control
nimals, staining with pan-AMPA antibodies was strong in
tratum oriens of CA1, in the suprapyramidal layers of
A1-3 and in the molecular layer of the dentate gyrus. The
luR1 subunit antibody displayed a high staining density in

trata oriens, radiatum and lacunosum-moleculare of CA1,
nd in the outer segment of the dentate molecular layer.
he GluR1flop staining was strongest in the strata oriens,

adiatum and lacunosum-moleculare of CA1, and in the
olecular layer of the dentate gyrus. The GluR2 antibody

trongly labeled the stratum lacunosum-moleculare of
A1, CA3, stratum radiatum of CA1, and outer segment of

he upper blade of the dentate molecular layer. Immuno-
taining of the stratum oriens of CA1, the hilum and the

ower blade of the dentate molecular layer were weaker.
he KA-2 antibody revealed a strong immunoreactivity in

he stratum lucidum of CA3.
In convulsing animals, we detected significant de-

rease of pan-AMPA staining intensity in stratum oriens of
A1-3 (n�24; P�0.05), and in stratum moleculare

P�0.05) and hilum (P�0.001) of the dentate gyrus
n�24; Fig. 1). Significant increase in GluR1 staining was
een in stratum lacunosum-moleculare (P�0.05) of CA1,
tratum lucidum (P�0.05) and lacunosum-moleculare
P�0.01) of CA3 (n�26; Fig. 1). The staining with the
luR1flop antibody increased significantly in every area
nd layer, except the dentate gyrus and the stratum radia-
um of CA3 (P�0.05 and 0.01; n�24; see Fig 1). Decrease
f GluR2 density was detected in strata oriens and lacu-
osum-moleculare of CA1 (P�0.01), and hilum of the den-
ate gyrus (P�0.001) (n�20; Fig. 1). The KA-2 immuno-
taining in stratum lucidum of the CA3 decreased signifi-
antly in the convulsing animals (P�0.05; n�36; Fig. 1).

odification in Co2� uptake through activated AMPA
eceptors

D analysis of KA-induced cobalt uptake in the hippocam-
us revealed regionally different changes. The CA1 hip-
ocampal area and the dentate gyrus showed increased
obalt uptake compared to controls in most of the investi-
ated layers, while the CA3 region remained unaffected
Fig. 2). Comparison of control (n�9) and 4-AP treated
n�10) slices revealed a significant increase in the amount
f cobalt precipitate in strata moleculare (P�0.01) and
ranulosum (P�0.01) of the dentate gyrus and stratum

acunosum-moleculare (P�0.05) of the CA1 area of the

onvulsing animals (Fig. 2). Remaining layers of the af-
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ected regions also displayed a rise in staining intensity but
hese increases were not significant.

odification of hippocampal synaptic transmission

xtracellular evoked field potential recordings were ob-
ained from horizontal brain slices, including the hippocam-
us. Amplitude of POP-spikes and slope of EPSPs were
valuated.

General neuronal excitability. Spontaneous dischar-
es were not detected in the control and in the 4-AP-
reated slices. Threshold of evoked response was deter-
ined at the beginning of experiments. The mean intensity
as 3.1�0.07 V (n�32) in control slices, and 3.0�0.10 V

n�32) in 4-AP-treated slices, this difference was not sig-
ificant (P�0.26). Following the determination of stimulus
hreshold (T), POP-spike amplitude was measured to test
he general excitability. In each case a stimulus intensity–
voked response (I–O) curve was recorded (Fig. 3, left
anel), amplitude values were averaged and plotted at all
timulus intensities in control and 4-AP-treated slices. The
ean of the POP-spike amplitudes at 2 T was 6.0�0.4 mV

n�32) in slices of control animals, and 7.3�0.5 mV
n�32) in slices of 4-AP-treated animals. The pattern of
he evoked responses was similar in both groups. Data
valuation revealed a significant increase of general excit-
bility up to 2.25 T stimulus intensity, with an average rise
f 30.0%�5.3% following 4-AP treatment.

Analysis of pre- and postsynaptic effects of 4-AP treat-
ent on the postsynaptic current is based on the method
escribed by Wheal et al. (1998). Briefly, the slope of POP
pike is in correlation with the extracellular field (E) gener-
ted by a post-synaptic current, while the amplitude of a
OP spike (S) represents the probability of action potential
eneration in the postsynaptic neurons. Distinct separation
f data from experimental groups of animals was observed
E/S curve; Fig. 3, right panel), repetitive seizure induction
esulted in an E/S potentiation (left shift) in treated rats.

ig. 3. Alteration of basic excitability in different treatment groups. At ea

eneral enhancement compared to the control (left panel). According to E/S curve
roup. dEPSP means slope (or derivative) of EPSP. * Indicates significant differen
In contrast to the above findings, the average threshold
f hippocampal POP-spike did not change (3.1�0.7 V;
�32 and 3.1�0.10 V; n�32 in control and 4-AP group,
espectively; P�0.05).

Pharmacological sensitivity to AMPA and NMDA re-
eptor antagonists. A mild facilitation was observed both

n control and in 4-AP-treated groups during the 30 min
ncubation in ACSF, which was presumably due to the
ecording protocol: the amplitude of evoked POP spikes
as enhanced during the 10 or 30 min of low-frequency
timulation. This increment was relatively smaller in the
lices originating from 4-AP-treated rats.

In the control hippocampi at a stimulus intensity of 2 T,
he relative POP-spike amplitude was 92%�1.8% (n�8) of
he maximal amplitude, which increased to 185%�13.8%
n�8) after 30 min incubation time (Fig. 4). In slices of
-AP-treated animals the basic value was 91%�0.9%
n�8), which changed to 160%�9.0% (n�8) in ACSF
erfusion. The AMPA receptor antagonist GYKI 52466
ffectively decreased this enhancement in both groups at
ach stimulus intensities. GYKI 52466 exerted a stronger

nhibition in control slices: at 2 T stimulus intensity, the
elative amplitude of the POP-spike was only 29%�6.9%
n�8). In hippocampi of the 4-AP-treated rats this antag-
nism was smaller: the amplitude of the POP-spike
eached 74%�5.5% (n�8) of the maximal amplitude (Fig.
A, B). Further consequence of the 4-AP treatment was
hat the dynamics of synaptic transmission saturation
hanged: the antagonist was more effective at lower stim-
lus intensities (Fig. 4C).

Statistical comparison of the decreases of the POP-
pike amplitude caused by GYKI 52466 also revealed a
ignificant difference between control and 4-AP-treated
ats (* P�0.0214). GYKI 52466 treatment resulted in a
trong E/S depression (right shift) which means the reduc-
ion of POP-spike amplitude (*** P�0.00018) without the
lteration of EPSP slope (P�0.263) in control rats, while in
-AP-treated animals decrease of both the POP-spike am-

us intensity, basic activity in slices from 4-AP-treated animals showed a
ch stimul

(right panel) a mild E/S potentiation (left shift) has occurred in the 4-AP
ces at P�0.05, while ** means P�0.01, and *** means P�0.001.
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litude (*** P�0.00026) and the slope of EPSP (P�0.012*)
as observed, supposing the general decrease of excit-
bility (Fig. 4D).

Statistical analysis of the changes due to APV appli-
ation did not show any difference between the two exper-
mental groups of animals. General excitability at a stimu-
us intensity of 2 T in the slices from control animals was
2%�1.8% (n�8; Fig. 5), which increased to 151%�6.9%
n�8) after 10 minutes. APV treatment resulted in redu-
ed facilitation to 129%�13.5% (n�8). In slices of 4-AP-
reated rats, the average POP-spike amplitude was
2%�0.9% (n�8) at the beginning of experiments and
35�7.6% (n�8) after 10 minutes in the normal ACSF,
hich increased only to 120�5.5% (n�8) in the presence
f the NMDA receptor antagonist (Fig. 5A, B). The dynam-

cs of synaptic transmission saturation and E/S character-
stics were hardly affected (Fig. 5C, D). APV treatment did

ig. 4. Antagonistic effect of GYKI 52466 in control and 4-AP-treate
ontrol group (A) and a mild suppression in the 4-AP group (B). Bo
omparing the inhibitory effect in control and 4-AP-treated animals, da

he antagonist in the 4-AP-treated group is represented with I–O curve
2466 compared to its control value. A strong E/S depression (right shif
hile a general decrease of POP-spike amplitude and slope of EPSP w
ignificant differences at P�0.001.
ot result in significant changes. c
DISCUSSION

ain findings of this study are that repeated seizures,
voked by 4-AP applications, increased the general excit-
bility of the hippocampus and reduced the effectiveness
f a non-competitive AMPA receptor antagonist, while
unctional properties of the NMDA receptor remained un-
hanged. The KA-induced Co2� uptake increased in the
A1 region and in the dentate gyrus, with no change in the
A3 area, which refers to increased Ca2�-influx into neu-

ons through the rearranged AMPAR. Histoblot mea-
urements revealed upregulation of GluR1, GluR1flop

nd NR2A glutamate receptor subunit expression in al-
ost every investigated region of the hippocampus.
owever, no changes were obtained in NR1 or NR2B
ubunit densities. In contrast, GluR2 was downregulated

n the CA1 and dentate gyrus, without corresponding

rty micromolar GYKI 52466 showed a strong inhibitory effect in the
ent groups showed a pronounced facilitation without GYKI 52466.

led a significant difference (P�0.0214). The reduced effectiveness of
Indicates significant changes of POP-spike amplitude in due to GYKI
revealed on the E/S curve (D) in the control group due to GYKI 52466,
ved in the 4-AP group after treatment with the antagonist. *** Indicates
d rats. Fo
th treatm
ta revea
s (C) ***
t) can be
hanges in the CA3 region. The KA-2 subunit displayed
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ignificantly reduced staining intensity in stratum luci-
um of CA3.

he effect of 4-AP

he potassium channel blocker 4-AP applied in this study
s widely used as a convulsant both in in vivo and in vitro
xperiments. Its short-term effects are described in detail

n several studies (Fragoso-Veloz et al., 1990; Hoffman et
l., 1994; Versteeg et al., 1995), however, long lasting
onsequences are poorly investigated. Our previous stud-
es indicated that the 4-AP model can reliably be used for
he pharmacological investigation of the genesis and
pread of seizures in forebrain structures in vivo (Mihály et
l., 1997, 1998, 2001). Other chemical agents, such as KA
Nadler et al., 1978) or pilocarpine (Turski et al., 1983) also
licit convulsive events, which lead to secondarily gener-
lized, self-sustaining seizures after a few-weeks-long sei-
ure-free period. Common features in convulsant effects of
A and pilocarpine are the excessive release of glutamate

Cavalheiro et al., 2005) and elevated intracellular Ca2�

ig. 5. Effect of APV treatment on POP-spike amplitude. Ten minu
mplitude in both groups of animals (A, B). The dynamics of saturation a
ue to APV. Distinct separation of treatment groups can be revealed
evel, leading to neurodegenerative processes in hip- 1
ocampus and eliciting mossy fiber sprouting in dentate
yrus (Mello et al., 1993; Nadler et al., 1980). 4-AP, which
lso enhances presynaptic release of glutamate (Kovacs
t al., 2003) and the rise of intracellular Ca2� concentra-
ion, does not induce severe neurodegeneration in the
bovementioned doses. Direct, intrahippocampal admi-
istration of 4-AP however, can initiate neurodegenera-

ive processes following recurring high-frequency sei-
ure events (Ayala and Tapia, 2005). The 2,3-benzodiaz-
pine compound GYKI 52466 was first described as a
pecific AMPA receptor antagonist (Tarnawa et al., 1990)
nd its anticonvulsant and neuroprotective effects are well
ocumented in different animal models. GYKI 52466
uppresses electrically induced cortical afterdischarges
Kubova et al., 1997; Világi et al., 2002) and 4-AP-induced
eizures (Dóczi et al., 1999; Yamaguchi et al., 1993). The
ntiepileptic effect of high affinity NMDA receptor antago-
ist APV was demonstrated in different animal models.
scillatory field response was suppressed by APV in dis-

nhibited brain slice preparation (Luhmann and Prince,

sion with 25 �M APV resulted in no change of evoked POP-spike
ined unchanged according to I–O curves (C), in both treatment groups
/S curve (D), mild right shift can be observed.
tes’ perfu
990), and the spontaneous epileptiform activity induced
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y convulsants was also effectively blocked (Gulyás-
ovács et al., 2002).

lterations of NMDA receptor subunits and function

MDA receptors are heteromers, mainly composed of
R1 and NR2A-D subunits. The importance of NR2A and
R2B subtypes in epileptogenesis is controversial. Peri-
atal administration of KA induced upregulation of NR1
nd NR2B expression in layer V cells of the neocortex, and
he reduction of seizure threshold (Gashi et al., 2007). On
he other hand, KA treatment caused seizure tolerance in
ippocampal neurons (Liu et al., 2004). Repeated pilo-
arpine-induced status epilepticus elicited the downregu-
ation of NR2A and NR2B subunits in the first postnatal
eek followed by epilepsy in later life (Silva et al., 2005). In
ur present experiments repeated seizures induced a sig-
ificant increase in NR2A subunit density. It was reported
hat the NR2A subunit has more rapid kinetics compared
ith NR2B (Sheng et al., 1994). The NR1/NR2A subunit
ombination allows higher channel-opening probability and
igher affinity to glutamate (Schotanus and Chergui,
008). But, NR2A also depresses synaptic transmission in
he striatum (Schotanus and Chergui, 2008). This depres-
ant effect may depend on adenosine release which de-
reases presynaptic activity (Schotanus and Chergui,
008). Susceptibility to glutamate-induced neuronal death
epends on the expression of NR2A, but not of NR2B
ubtypes which is observed in aging neuronal cultures
Brewer et al., 2007). The fact, that NR2A increase was
etected in all synaptic layers of the hippocampus follow-

ng daily seizures, may underlie the general excitability
ncrease detected in our slice experiments. Since there
as no difference in the efficacy of APV in the 4-AP-

reated and control slices, we can conclude that the up-
egulation of NR2A subunit has no detectable effect on the
harmacological properties of the NMDA receptor. The

ong-term significance of this alteration is unclear: it may
ncrease cellular vulnerability (Brewer et al., 2007).

lterations of AMPA receptor subunits and function

MPA receptors are heterotetramers of GluR1-4 subunits.
eurons in the forebrain, including the hippocampus pre-
ominantly express GluR1/GluR2 subunit-containing het-
rotetramers (Geiger et al., 1995). The Q/R-edited GluR2
ubunit has a key role in the determination of AMPAR
a2� permeability, receptor kinetics, single channel con-
uctance and blockade by endogenous polyamines there-
ore its expression is strictly regulated (Isaac et al., 2007).
elative reduction in GluR2 expression likely increases
a2� permeability of AMPARs in neurons (Pellegrini-Gi-
mpietro et al., 1997). Our histoblot experiments revealed
reduction in total AMPAR (GluR1-4) subunit levels with

elative upregulation of GluR1 and GluR1flop subunits and
he corresponding downregulation of GluR2 in the synaptic
ayers of CA1 and dentate gyrus, which may lead to the
ormation of GluR2 lacking AMPARs with increased Ca2�

ermeability. Furthermore, our Co2� uptake measure-
ents confirmed the increase in Ca2� uptake in the CA1

rea and in the dentate gyrus, which is consistent with the t
esults of the histoblot analysis. A more pronounced down-
egulation of GluR2 subtype was observed in chronic KA
nduced epilepsy models (Friedman et al., 1994), leading
o neurodegeneration in different hippocampal areas (Na-
ler et al., 1978; Turski et al., 1983). Decreased effects of
he AMPAR antagonist GYKI 52466 in 4-AP-treated ani-
als also indicate changes in AMPAR composition. This

ould also be explained with the downregulation of GluR2
xpression. GYKI 52466 is less potent at homomeric
luR1 and GluR4 receptors compare with GluR2-contain-

ng heteromeric AMPARs (Johansen et al., 1995; Bleak-
an et al., 1996). While homomeric GluR6 and hetero-
eric GluR6/KA-2 KA receptors are also influenced by
YKI 52466, the effective concentration is much higher

han what was applied in our study (Bleakman et al., 1996;
amada and Turetsky, 1996). Glutamate-induced currents

n hippocampal neurons which possess heteromeric
MPARs were effectively blocked by low concentration of
YKI 52466, but KA-induced currents in GluR5/KA-2 ex-
ressing dorsal root ganglion cells were hardly inhibited
Yamada and Turetsky, 1996). Therefore the observed
eduction in GYKI 52466 sensitivity is consistent with the
ppearance of GluR2-lacking AMPARs.

Despite the downregulation of GluR2, no neuronal loss
as observed. In ischemia or KA-induced status epilepti-
us, downregulation of the GluR2 subunit is rapid and
uch more pronounced (�50%–60%) and often leads to

he loss of neurons via excitotoxicity (Pellegrini-Giampietro
t al., 1997). The increase in Ca2� permeability can lead
o the rise of conductivity of the AMPARs, which can also
xplain the reduced potency of GYKI 52466 in 4-AP-
reated slices. The POP-spike in the CA1 region can be
ffectively suppressed in control slices by GYKI 52466
imilarly to that reported previously (Marinelli et al., 2000).
owever, the antagonist was less potent in 4-AP-treated
lices. Interestingly, recent in vivo experiments from our
aboratory proved, that GYKI 52466 was completely inef-
ective in preventing the convulsion-related astrocytic
welling in the hippocampus (Weiczner et al., 2008). Col-

ectively, these findings support the notion that GluR2-
acking, Ca2�-permeable AMPARs appear following 4-AP
eizures.

A receptor alterations

A receptors have five different subunits: GluR5-7, KA-1
nd KA-2 (Huettner, 2003). Our histoblot measurements
evealed the downregulation of KA-2 subunit in stratum
ucidum of the CA3 area. High densities of KA receptors
ere found at the mossy fiber–CA3 pyramidal cell synapse

Wisden and Seeburg, 1993). Since the KA-2 subunit is
ore abundant in the postsynaptic region (Darstein et al.,
003), we can assume that the observed downregulation
f this subunit in our experiments reflects postsynaptic
hanges. There was no corresponding reduction in Co2�

ptake in stratum lucidum of the CA3 region, which may be
ue to compensatory changes in other KA receptor sub-
nits not investigated in our study or limited sensitivity of

he Co2� uptake method. The KA receptor is associated
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ith mossy fibers, therefore we can conclude, that no
ossy fiber sprouting did occur in our seizure experiments.

CONCLUSIONS

he rearrangement of iGluRs increased the general neu-
onal excitability of the hippocampus without neurodegen-
rative symptoms. The alteration indicated the lack of
ossy fiber sprouting following repeated 4-AP seizures.
he results suggest that repeated short convulsions result

n plastic changes in the molecular composition of iGluRs.
he altered receptors may increase the calcium perme-
bility of hippocampal neurons. These long-lasting chang-
s likely increase the excitability of the hippocampus, how-
ver, the direction of alterations might be different in other
ortical areas. Further experiments are needed to support
his final conclusion.
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