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Abstract:

Background: Epileptogenesis is regarded as a complicated and relatively poorly understood phenomenon. Some of immediate early

genes (IEGs) as egr1 (zif268) or arc (arg3.1) are believed to play an important role in the process of epileptogenesis. However, how

these genes are engaged in epilepsy is not fully elucidated.

Methods: In this study, we sought to explore how the spread of epileptiform activity (pentylenetetrazole (PTZ)-induced kindling) in

the brain activates egr1, the early growth response gene, a member of the immediate early gene (IEG) family, and arc (activity-

regulated cytoskeleton-associated protein) expression. We also wanted to map the specific brain regions that undergo kindling-

related neuroplastic changes in rats.

Results: When compared to animals that had been administered only a single PTZ injection (35 mg/kg), the animals at stage 5 of kin-

dling had significantly higher Egr1 and Arc expression in the CA1 region of the hippocampus and the dentate gyrus. Increased ex-

pression of Egr1 was also observed in the CA3 region of the hippocampus, and Arc expression was also significantly higher in the

entorhinal and the piriform cortices. The fastest and most potent increase in Egr1 expression during PTZ-induced kindling was found

in the piriform and entorhinal cortices. The pattern of Arc expression was different than that of Egr1. The most prominent increase in

Arc expression during kindling was present in the entorhinal cortex, the dentate gyrus, and the basolateral nucleus of the amygdala.

Conclusion: Our results demonstrate that the IEGs, egr1 and arc, may significantly contribute to synaptic reorganization induced by

the kindling of seizures.
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Introduction

Epileptogenesis is regarded as a complicated and rela-

tively poorly understood phenomenon. An impaired

physiological balance between excitatory and inhibi-

tory transmitters e.g., glutamate and g-aminobutyric

acid (GABA), is one of the pathological changes ob-

served in epilepsy [5, 7]. A neurotransmitter imbal-

ance is obviously not the only cause of epileptogene-

sis. Synaptic plasticity is known to play an important

role in almost every ongoing brain process. It requires

activation of complex mechanisms such as those that

trigger the activity of immediate early genes (IEGs)
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and the synthesis of specific proteins involved in syn-

aptic reorganization. IEGs include genes activated in

response to physiological stimuli, as well as after

strong pathological stimulation. Activation of these

genes can be observed during conditioning, learning,

exposure to novelty and in response to administration

of pro-convulsive agents or electrical stimulation of

the limbic structures [12, 14]. IEGs activation is be-

lieved to play a critical role in the phenomenon of

long term potentiation (LTP), particularly in its later

phases.

Egr1 (zif268), c-fos and arc (arg3.1) are IEGs that

are believed to play an important role in the process of

epileptogenesis. The precise mechanisms that trans-

late changes in neuronal activity and subsequent gene

expression into new synaptic organization are not

clear. For example, the expression of genes from

the Egr family is related to N-methyl-D-aspartate

(NMDA) receptor activation [18]. How these genes

are engaged in epilepsy is not fully elucidated. How-

ever, some changes in gene expression have been ob-

served during the course of epileptogenesis. In fact,

we recently reported that patterns of c-Fos expression

in the brain varied depending on the stage of seizures

reached by pentylenetetrazole (PTZ)-induced kin-

dling [26]. We used the kindling model of epilepsy in

this study. In this model, recurrent seizures are the

consequence of prolonged PTZ administration at

doses that are initially sub convulsive but eventually

lead to the development of generalized seizures. Elec-

trical kindling of seizures was impaired in c-fos

knockout animals but not in egr1 knockouts [28, 30].

In epilepsy patients, however, the expression of c-fos,

egr2 and egr1 increased in cortical neurons [22]. Arc

protein physiology and its involvement in the process

of creating a pathological, hyperactive network are

less understood. Expression of Arc mRNA increases

shortly after electrical stimulation and is then traf-

ficked to sites of synaptic activity, where it undergoes

translation to the Arc protein [17]. The Arc protein is

also present in the nucleus of activated cells. Its

physiological action involves coupling synaptic activ-

ity to local changes in the structure of the active syn-

apse (by regulation of actin cytoskeletal dynamics). It

also plays a role in the generation of LTD (by activa-

tion of mGluR group 1 receptors) and LTP [2].

Egr1 and arc are prototypical IEGs, and changes in

their expression have been reported in some animal

models of epilepsy (e.g., electrical amygdalar kin-

dling, the kainate model, electroconvulsive shock).

The extent to which egr1 or arc expression occurs si-

multaneously in response to PTZ-evoked seizures in

PTZ-kindled rats remains unknown. This is an impor-

tant question to address, especially considering its

major role in synaptic reorganization. We therefore

sought to explore how the spread of epileptiform ac-

tivity in the brain activates Egr1 and Arc expression

and to map the specific brain regions that undergo

kindling and IEG-related neuroplastic changes.

Materials and Methods

Animals

Sixty-four adult male (12-week old; 220 ± 20 g) Wistar

rats were used in our study. The animals were housed

two per cage and maintained under standard laboratory

conditions (20 ± 2°C; 70% humidity) with a 12 h

light/dark cycle (lights on at 7:00 a.m.). The rats were

given free access to food and water. The experiments

were performed between 9:00 a.m. and 3:00 p.m. All

animal procedures were carried out in accordance with

the European Communities Council Directive of 24

November 1986 (86/609/EEC). The Committee for

Animal Care and Use at the Medical University in

Warszawa approved this study (Protocol No. 17/2006).

Drugs

The study was conducted using PTZ (Sigma-Aldrich,

Poland) dissolved in a 0.9% NaCl solution (1 ml/kg of

body weight).

Kindling procedure

The animals received one or more injections of PTZ

(kindled rats) or saline (control rats). PTZ was in-

jected intraperitoneally at a sub convulsive dose of 35

mg/kg three times per week (Mondays, Wednesdays,

and Fridays). After each injection, the rats were

placed singly in Plexiglas cages (30 × 30 × 50 cm)

and observed for 30 min. The seizure intensity was

classified according to the Racine scale: stage 1, im-

mobility, eye closure, facial clonus; stage 2, head nod-

ding associated with more severe facial clonus; stage

3, clonus of one forelimb; stage 4, rearing, with bilat-

eral forelimb clonus; and stage 5, generalized clonic-

tonic seizures [20]. Control rats received injections of
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saline and were observed in the same cages as PTZ-

kindled rats for 30 min. PTZ was administered repeat-

edly until the appropriate stage of kindling was ob-

tained: a single PTZ dose, stage 1 and 2 seizures,

stage 3 seizures, stage 4 seizures, or two consecutive

stage 5 seizures (the criterion for fully kindled sei-

zures). The kindled and control animals (with the

same number of saline injections) were sacrificed 1.5 h

after the last injection of PTZ. Their brains were then

removed, frozen at –70°C, and cut into slices. To bet-

ter control the influence of kindling alone on Egr1 and

Arc expression, the following additional control

groups were examined: animals who had received (1)

a single 35 mg/kg injection of PTZ (the dose used for

the kindling procedure), and (2) a single 55 mg/kg in-

jection of PTZ (a dose that induces an acute fit of sei-

zures characterized by tonic-clonic convulsions).

Immunocytochemistry

Immunocytochemistry was performed on slide-

mounted cryostat slices taken from two sections of

each rat brain, according to previously described pro-

cedures [15]. Based on the atlas of Paxinos and Wat-

son [19], one adjacent coronal 16 µm cryostat slice

was cut from each section, mounted on silane-coated

slides, and fixed in 4% paraformaldehyde in 0.1 M

phosphate-buffered saline (PBS; pH = 7.4) for

15 min. The specimens were then washed twice (2 ×

15 min) in 0.01 M PBS solution (pH = 7.4) and incu-

bated in 3% hydrogen peroxide (H2O2) solution for 30

min to block the activity of endogenous peroxidase.

After two additional 15-min washes in 0.01 M PBS

solution (pH = 7.4), the specimens were incubated in

3% normal goat serum (NGS) blocking solution. Sub-

sequently, slide-mounted brain sections were incu-

bated in rabbit polyclonal IgG antibodies. Egr1 and

Arc antibodies were diluted at 1 : 1000 (sc-110 and

sc-15325, respectively, Santa Cruz) at 4–8°C for 72 h,

washed in 0.01 M PBS solution (pH = 7.4) three times

(3 × 15 min), incubated with biotinylated anti-rabbit

IgG antibody (Vector Laboratories, CA, USA) for 2 h,

rinsed in 0.01 M PBS solution (pH = 7.4) twice (2 ×

15 min), and incubated with an avidin-biotin-per-

oxidase complex (Vector Laboratories, CA, USA) for

1 h. Finally, after two additional washes (2 × 15 min)

in 0.01 M PBS solution (pH = 7.4), slide-mounted

brain sections were immunoreacted with a solution

containing tris(hydroxymethyl)aminomethane (Tris),

0.03% diaminobenzidine hydrochloride (DAB), and

0.003% H2O2. The slides were then dehydrated by se-

rial alcohol rinsing, cleared in xylene, and cov-

erslipped in a histofluid mountant. Control

experiments performed without primary and secon-

dary antibodies (to detect nonspecific tissue binding

of antibodies and/or endogenous peroxidase activity)

yielded negative results.

Quantification and cell counts were assessed by

light microscopy (Olympus BX-51 light microscope,

Camedia Master C-3040 digital camera) at a magnifi-

cation of 40× by an investigator who was blinded to

the identity of the slices. Quantification of the number

of Egr1- and Arc-positive reactions was performed

using a computerized image analysis system (Olym-

pus DP-Soft version 3.2 software) on two sections per

rat in the following sub regions: anterior–posterior

(AP) –3.30 mm – the CA1 area of the hippocampus

(CA1), the CA3 area of hippocampus (CA3), the den-

tate gyrus (DG), the basolateral nucleus of the amyg-

dala (BLA), the piriform cortex (PIR), and the entor-
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Fig. 1. Schematic representation of brain structures (gray shaded
area) in which the levels of Egr1 and Arc expression were assigned,
adapted from Paxinos and Watson [19]



hinal cortex (ENT) [19] (Fig. 1). The sub regions

were sampled, and the number of positive nuclei per

1 mm2 was used as a measure of the number of cells

expressing Egr1 or Arc (Fig. 2).

Statistics

The differences between IEG expression in animals at

different stages of kindling-induced epileptogenesis

and the effects of various doses of PTZ were analyzed

using a one-way ANOVA followed by Fisher’s Least

Significant Difference (LSD) test. Statistical signifi-

cance was defined as p < 0.05. All statistical calcula-

tions were carried out with STATISTICA (data analy-

sis software system), version 10, StatSoft, Inc., USA.

Results

Comparison of Egr1 expression levels in rats

with PTZ-induced seizures vs. rats receiving

repeated saline injections (Fig. 3)

Results of a one-way ANOVA (compared groups: sa-

line injected animals, stages 1 and 2 of kindling, stage

3 of kindling, stage 4 of kindling, and stage 5 of kin-

dling) demonstrated a significant effect of the kin-

dling stage on Egr1 expression in the following brain

structures: the BLA [F (4, 38) = 10.01; p < 0.001], the

CA3 [F (4, 38) = 6.88; p < 0.001], the DG [F (4, 38) =

10.35; p < 0.001], the ENT [F (4, 38) = 9.82; p <

0.0001], and the PIR [F (4, 38) = 9.25; p < 0.0001].

A post-hoc LSD test revealed that Egr1 expression

increased in the BLA (p < 0.05), the CA3 (p < 0.05),

the DG (p < 0.05), the ENT (p < 0.001), and the PIR

(p < 0.001) during stages 1–2 compared to the control

group. At stage 3, a significant increase of Egr1 ex-

pression was found in the BLA (p < 0.001), the DG

(p < 0.001), the ENT (p < 0.01), and the PIR (p < 0.001)

in comparison to the control group. Moreover, a sig-

nificant increase of Egr1 expression at stage 3 was ob-

served in the BLA (p < 0.05) in comparison to stages

1–2 of kindling. At stage 4, a significant increase of

Egr1 expression was observed in the BLA (p < 0.001),

the CA3 (p < 0.001), the DG (p < 0.001), the ENT

(p < 0.001) and the PIR (p < 0.001) vs. the control

group and in the BLA (p < 0.05) in comparison to the

animals with stages 1–2 of kindling. The most promi-

nent changes in Egr1 expression were observed in ani-

mals with stage 5 seizures. In rats with stage 5 seizures,

Egr1 expression levels were increased in the BLA
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Fig. 2. Photomicrographs showing a representative expression of Egr1 (A and B) and Arc protein (C and D) in the hippocampal areas. A, C � in
the control rats, B, D � in the fully kindled rats (stage 5 of seizures). Bar indicates 50 µm



(p < 0.001), the CA3 (p < 0.001), the DG (p < 0.001),

the ENT (p < 0.001), and the PIR (p < 0.05) vs. the

control group. In animals with stage 5 seizures, there

was an increase of Egr1 expression compared to ani-

mals with stage 1 and 2 seizures in the DG (p < 0.01).

In contrast, a decrease of Egr1 expression in compari-

son to stage 3 seizures in the PIR (p < 0.05) was ob-

served.

Comparison of Egr1 expression levels in fully

kindled rats vs. rats pre-treated acutely with

a single dose of 35 or 55 mg/kg of PTZ (Fig. 4)

To assess the influence of PTZ on Egr1 expression,

we compared Egr1 expression in animals adminis-

tered PTZ acutely at a dose of 35 mg/kg (the dose

used in the course of kindling), vs. animals adminis-

tered a single dose of 55 mg/kg (a dose sufficient to

evoke an acute fit of tonic-clinic seizures), and vs.

fully kindled animals (stage 5 of kindling group). An

ANOVA revealed a significant effect of PTZ on Egr1

expression in the CA1 [F (2, 15) = 6.43; p < 0.01],

the CA3 [F (2, 15) = 11.52; p < 0.001] and the DG

[F (2, 15) = 9.08; p < 0.01].

A post-hoc LSD test revealed that Egr1 expression

in animals with stage 5 of kindling was higher, com-

pared to the acute administration of the 35 mg/kg dose

of PTZ, in the following brain structures: the CA1

(p < 0.01), the DG (p < 0.01), and the CA3 (p < 0.001).

Moreover, a further LSD test showed that Egr1 expres-

sion in the group with stage 5 kindling was significantly

higher than in the group that had received an acute ad-

ministration of 55 mg/kg of PTZ in the following areas:

the CA1 (p < 0.05) and the CA3 (p < 0.01).

Comparison of Arc expression levels in rats

with PTZ-induced seizures vs. rats receiving

repeated saline injections (Fig. 5)

The results of a one-way ANOVA (compared groups:

saline injected animals, stages 1 and 2 of kindling,

stage 3 of kindling, stage 4 of kindling, and stage 5 of

kindling) demonstrated a significant effect of kindling

stage on Arc expression in the following brain struc-

tures: the BLA [F (4, 38) = 11.62; p < 0.001], the DG

[F (4, 38) = 14.41; p < 0.001], and the ENT [F (4, 38)

= 4.28; p < 0.01].

A post-hoc LSD test revealed that Arc expression

increased in the BLA (p < 0.05) during stages 1–2

compared to the control group. At stage 3, a signifi-

cant increase of Arc expression was found in the BLA

(p < 0.01) and the ENT (p < 0.05) in comparison to
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Fig. 3. Comparison of the mean numbers of Egr1 immunoreactive neurons 2 h after a kindling dose of PTZ (35 mg/kg) in rats at different stages
of kindling and in saline-injected rats. BLA � basolateral nucleus of amygdala, CA1 � CA1 area of the hippocampus, CA3 � CA3 area of the hip-
pocampus, DG � dentate gyrus, ENT � entorhinal cortex, and PIR � piriform cortex, control � saline injected animals (n = 19), kin 1,2 � stages
1 and 2 groups (n = 7), kin 3 � stage 3 group (n = 5), kin 4 � stage 4 group (n = 6), kin 5 � stage 5 group (n = 6). Data represent the mean ± SEM.
* � Differs from control group; # � differs from group of animals at the stages 1�2 of kindling. *,# p < 0.05; **,## p < 0.01; *** p < 0.001
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Fig. 5. Comparison of the Arc protein expression 2 h after a kindling dose of PTZ (35 mg/kg) in rats at different stages of kindling and in saline-
injected rats. BLA - basolateral nucleus of amygdala, CA1 � CA1 area of the hippocampus, CA3 � CA3 area of the hippocampus, DG � dentate
gyrus, ENT � entorhinal cortex and PIR � piriform cortex, control � saline injected animals (n = 18), kin 1,2 � stages 1 and 2 groups (n = 7), kin 3 �
stage 3 group (n = 5), kin 4 � stage 4 group (n = 7), kin 5 � stage 5 group (n = 6). Data represent the mean ± SEM. * � Differs from control group;# � differs from group of animals at the stages 1�2 of kindling; & � differs from group of animals at the stage 3 of kindling, $ � differs from group of
animals at the stage 4 of kindling. * p < 0.05; **,##,$$ p < 0.01; ###, ***,&&& p < 0.001

Fig. 4. Comparison of the mean numbers of Egr1 immunoreactive neurons 2h after a kindling dose of PTZ (35 mg/kg) in rats at 5 stage of kin-
dling (n = 6), after a single injection of 55 mg/kg PTZ (n = 5), and after a single injection of 35 mg/kg of PTZ (n = 7). BLA � basolateral nucleus of
amygdala, CA1 � CA1 area of the hippocampus, CA3 � CA3 area of the hippocampus, DG � dentate gyrus, ENT � entorhinal cortex and PIR �
piriform cortex. PTZ35 � a single injection of 35 mg/kg PTZ, PTZ55 � a single injection of 55 mg/kg PTZ (an acute injection to naive animals re-
sulting in the acute tonic-clonic seizures), kin 5 � stage 5 group. Data represent the means ± SEM. * � Differs from PTZ 35 group; # � differs from
PTZ 55 group. *,# p < 0.05; **,## p < 0.01; ***, ### p < 0.001



the control group. At stage 4, a significant increase of

Arc expression was observed in the BLA (p < 0.001)

and the DG (p < 0.01). The most prominent changes

in Arc expression were observed in animals with

stage 5 seizures. In the rats with stage 5 seizures, Arc

expression levels were increased in the BLA (p <

0.001), the DG (p < 0.001), and the ENT (p < 0.001)

in comparison to the control group.

A post-hoc LSD test comparing animals with stage

1 and 2 seizures to those with stage 3 seizures re-

vealed that Arc expression in the latter group was sig-

nificantly higher in the ENT (p < 0.05). At stage 4,

a significant increase of Arc expression was observed

in the DG (p < 0.01) and in the ENT (p < 0.05) in

comparison to the group with stage 1 or 2 seizures. In

animals with stage 5 seizures, there was an increase in

Arc expression compared to animals with stage 1 or 2

seizures in the BLA (p < 0.01), the DG (p < 0.001)

and in the ENT (p < 0.01). Moreover, the group with

stage 5 seizures had significantly higher expression of

Arc in the DG in comparison to the groups with stage

3 (p < 0.001) and stage 4 seizures (p < 0.01).

Comparison of Arc expression levels in fully

kindled rats vs. rats pre-treated acutely with

a single dose of 35 or 55 mg/kg of PTZ (Fig. 6)

To assess the influence of PTZ on Arc expression, we

compared the effects of PTZ administered acutely at

a dose of 35 mg/kg (the dose used in the course of

kindling) vs. a single dose of 55 mg/kg (sufficient to

evoke an acute fit of tonic-clinic seizures) in animals

with stage 5 seizures. An ANOVA revealed a signifi-

cant effect of PTZ on Arc expression in the CA1

[F (2, 17) = 5.22; p < 0.05], the DG [F (2, 17) = 19.44;

p < 0.001], the ENT [F (2, 17) = 17.74; p < 0.001],

and the PIR [F (2, 17) = 7.44; p < 0.01].

A post-hoc LSD test revealed that Arc expression

in the animals with stage 5 seizures was higher com-

pared to the group after acute administration of the

35 mg/kg dose of PTZ in the following brain struc-

tures: the CA1 (p < 0.01), the DG (p < 0.001), the

ENT (p < 0.01), and the PIR (p < 0.01). Moreover,

a further LSD test showed that Arc expression in ani-

mals with stage 5 seizures was statistically signifi-

cantly higher than in the group that had received an
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Fig. 6.Comparison of the Arc protein expression 2 h after a kindling dose of PTZ (35 mg/kg) in rats at 5 stage of kindling (n = 6), after a single in-
jection of 55 mg/kg PTZ (n = 7), and after a single injection of 35 mg/kg of PTZ (n = 7). BLA � basolateral nucleus of amygdala, CA1 - CA1 area
of the hippocampus, CA3 � CA3 area of the hippocampus, DG � dentate gyrus, ENT � entorhinal cortex and PIR � piriform cortex. PTZ35 � a sin-
gle injection of 35 mg/kg PTZ, PTZ55 � a single injection of 55 mg/kg PTZ (an acute injection to naive animals resulting in the acute tonic-clonic
seizures), kin 5 � stage 5 group. Data represent the means ± SEM. * � Differs from PTZ 35 group; # � differs from PTZ 55 group. *,# p < 0.05;
**,## p < 0.01; ***, ### p < 0.001



acute administration of the 55 mg/kg dose of PTZ, in

the following areas: the DG (p < 0.05), the ENT (p <

0.001), and the PIR (p < 0.001). In the group with the

acute injection of 55 mg/kg of PTZ, the Arc expres-

sion was higher in the DG (p < 0.01) and lower in the

ENT (p < 0.05) in comparison to the group after acute

administration of 35 mg/kg of PTZ.

Discussion

We found significant and specific changes in Egr1

and Arc expression in the course of kindling. During

the early stages of kindling, Egr1 expression quickly

and strongly increased in the piriform and entorhinal

cortices. In the final stage of kindling, when clonic-

tonic convulsions were fully developed, the expres-

sion of Egr1 after PTZ administration increased in the

BLA, the DG and the CA3 area of the hippocampus,

as well as the ENT and PIR (Fig. 3). It should be

noted that the expression of Egr1 in the ENT appeared

early and persisted during the course of kindling de-

velopment, whereas its expression in the PIR reached

its maximum level at stage 3 seizures. The rise in Arc

levels was more selective and was restricted to the

BLA, the ENT and the DG. The maximum increase

in Arc expression was observed in the final stage

of kindling in the dentate gyrus. In contrast to the ef-

fects observed on Egr1 expression, the increase in Arc

levels in the CA3 area of the hippocampus and in the

PIR was not significant (but a tendency towards an in-

crease was observed in the PIR during the final stage

of kindling).

When compared to animals that had been adminis-

tered only a single PTZ injection (35 mg/kg), the ani-

mals at stage 5 kindling had significantly increased

Egr1 expression in the CA1, the CA3 and DG of the

hippocampus. When compared with animals that had

been administered a single pro-convulsive dose

(55 mg/kg) of PTZ, the animals subjected to the final

stage of kindling had significantly increased Egr1 ex-

pression in the CA1 and CA3 areas of the hippocam-

pus (Fig. 4). Overall, kindling-induced seizures pro-

duced a different Egr1 expression pattern compared to

a single convulsive dose of PTZ (55 mg/kg).

The pattern of Arc expression was different com-

pared to Egr1 expression. The animals with stage 5

seizures showed increased levels of Arc expression in

the hippocampal structures (the CA1 and the DG) as

well as in the ENT and PIR in comparison to animals

after a single PTZ injection (35 mg/kg). A comparison

of the effect of administration of a single pro-

convulsive dose (55 mg/kg) of PTZ with the animals

that underwent the final stage of kindling showed sig-

nificantly increased Arc expression in the DG as well

as in the ENT and PIR (Fig. 5).

Several factors are known to cause an increase in

egr1 expression, such as stress or fear conditioning

[9]. Interestingly, Egr1 and other members of the

EGR family, as well as other proteins such as c-Fos

and c-Jun, are implicated in orchestrating the changes

in the activity of “late-effector genes” that underlie

neuronal plasticity [13]. For example, it has been

shown that egr1 contributes to the regulation of the

transcription of the NMDA receptor 2 subunits

(NR2A) [30]. NMDA receptors play an important role

in synaptic plasticity. However, excessive activation

of these receptors may lead to glutamate-induced neu-

ronal excitotoxicity. Administering NMDA receptor

antagonists, in contrast, blocks Egr1 expression [21].

Thus, the increase in the number of NMDA receptors

on glutamatergic neurons found by some authors in

kindled animals may be a consequence of the en-

hanced Egr1 expression we observed in brain struc-

tures that are important for the kindling of seizures

(e.g., the DG and CA3 hippocampal areas) [3]. The

increase in Egr1 expression stimulates the concentra-

tion of synapsin, thereby causing an increase in the

number of synaptic vesicles that are ready to release

neurotransmitters from presynaptic terminals [27]. A

role for Egr1 in epileptogenesis in humans has been

suggested. In patients with neocortical epilepsy, the

expression levels of the dual specificity kinase/phos-

phatase (MKP-3), c-Fos, Egr2 and Egr1 increase in

neurons in neocortical layers II through IV [22]. Simi-

larly, egr1 and Rcn2 genes are up regulated in patients

with idiopathic generalized epilepsy [11]. It is not yet

clear, however, whether the changes in Egr1 expres-

sion are the cause or the effect of epilepsy.

The Arc protein, like Egr1, is involved in the pro-

cess of neuronal plasticity as well as in the formation

of LTP. Administration of the NMDA receptor an-

tagonist, MK-801 (as in the case of Egr1), reduces

Arc expression evoked by electrical stimulation of the

perforant path. Moreover, it regulates BDNF secretion

as well as rebuilding of neuronal terminals [2]. Ex-

periments with Arc antisense oligonucleotides (AS)

administration resulted in a strong reduction of the

late phase of LTP [10]. On the other hand, arc knock-
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out animals show facilitation of the early phase of

LTP. This effect may be a consequence of the strong

increase in AMPA receptors in the knockout animals.

Arc protein regulates AMPA receptors trafficking; in

the absence of the Arc protein, an increase in AMPA

receptors is observed on the cell membrane [4]. This

effect is also directly connected with synaptic scaling,

which is an important part of homeostatic synaptic

plasticity, and underlies the stable functioning of neu-

ronal circuits in the face of activity-dependent

changes [24]. Thus, an increase in the Arc expression

level may decrease the activity of neural circuits in

some brain structures. In addition, it may take part in

the formation and maintenance of long-term memory.

Our study revealed that two brain structures are

particularly sensitive to the kindling of seizures, were

the PIR and ENT. Considering that Egr1 is a crucial

factor involved in neuronal plasticity and LTP, one

can assume that adaptive changes in these structures

are essential for the process of kindling to occur.

Moreover, the PIR and its numerous projections to

other brain regions, such as the amygdala, the hippo-

campus, and the ENT, contribute to the formation of

the pathological network observed in epilepsy [6, 8,

16, 23]. Furthermore, previous studies have demon-

strated that stimulation of the entorhinal cortex results

in induction of LTP in the amygdala and the DG of the

hippocampus [29]. In the present study, we have

shown a rapid and strong increase of Egr1 expression

in the entorhinal cortex. Because Egr1 is one of the

fundamental factors involved in synaptic plasticity

and LTP formation, our data corroborate the notion

that changes in Egr1 expression in the piriform and

the entorhinal cortex may underlie the induction and

spread of abnormal neuronal excitation.

We also observed potent changes of Egr1 levels in

the BLA, the DG and the CA3 area of the hippocam-

pus. The amygdalar complex has one of the lowest af-

ter discharge thresholds and is characterized by fast

kindling rates (e.g., electrical kindling of the amyg-

dala requires as little as approximately ten sessions of

stimulation to evoke full tonic-clonic seizures) [23].

On the other hand, the hippocampus, characterized by

a relatively high after discharge threshold, is resistant

to direct activation [5, 23]. In our previous work, we

observed a dramatic increase in c-Fos expression in

the DG but mainly at the final stage of kindling of sei-

zures [26]. Similarly, in the current study, the expres-

sion of Egr1 in the DG gradually increased to its

maximum level at stage 5 of kindling.

The pattern of Arc activation observed during kin-

dling differed from that of Egr1. A significant in-

crease in Arc expression was observed in the ENT

and the BLA. The increase in its expression in the

piriform cortex did not reach a statistically significant

level. The most pronounced change was observed in

the dentate gyrus when tonic-clonic seizures occurred.

More interestingly, this increase was dependent

strictly on the process of kindling because there was

a significant difference between fully kindled animals

and those administered with PTZ at different doses

(55 mg/kg and 35 mg/kg). Other authors have re-

ported a similar pattern of Arc expression. The levels

of arc mRNA in the amygdala-kindled animals were

significantly increased in the perirhinal cortex and

PIR, BLA and in the DG [1]. The data mentioned

above are in direct agreement with our findings, indi-

cating that the most active neuroplastic changes occur

in the same brain structures in these two models of

seizures. This indicates that temporal lobe structures

(the PIR and ENT) as well as the amygdala and the

hippocampal formation are critically important to the

process of kindling development.

In summary, the most rapid and potent increase in

Egr1 and Arc expression during PTZ kindling was ob-

served in the temporal lobe (PIR and ENT), followed

by other brain structures, such as the hippocampus

and the amygdala. Changes in Egr1 and Arc expres-

sion were not ubiquitous and did not affect the whole

brain but showed a progressive pattern of propagation

originating from the temporal lobe structures. The ex-

pression of Arc and Egr1 in the brain structures dur-

ing kindling indicates that these structures undergo in-

tensive neuroplastic changes. As the physiological

consequences of Egr1 expression are an increase in

the concentration of synapsin and a subsequent in-

crease in the number of synaptic vesicles in axon ter-

minals. Hence, its induction during the kindling of

seizures is most probably linked to the process of con-

solidation of new synaptic connections, thereby facili-

tating the spread of neuronal excitation throughout the

brain [25]. In contrast to Egr1, Arc function is not ex-

clusively restricted to the facilitation of the process of

long-term memory formation but also plays a role in

reduction of local circuit activity by reducing the

number of AMPA receptors [4].

Our data show that IEGs such as Egr1 or Arc play

an important role in synaptic reorganization following

PTZ-induced kindling of seizures because these stud-

ies reveal not only changes in the activation of struc-
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tures during kindling of seizures but are also informa-

tive regarding changes within the process of plasticity.

We are planning to extend our research on the rela-

tionship between the expression of Egr1 and Arc pro-

teins and hippocampal neurogenesis during kindling

as a model of pathological neuroplasticity.
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