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GENERAL INTRODUCTION 
 
I. Epilepsy 

Epilepsy is a chronic neurological condition characterized by recurrent 

unprovoked epileptic seizures and is associated with a variety of medical 

conditions and neurological diseases. Epileptic seizures are paroxysmal 

clinical events; they occur as a consequence of sudden imbalances 

between the excitatory and inhibitory inputs to a network of neurons, such 

that there is overall excitability. 

Epileptic seizures are classified into two main categories – partial (focal) 

and generalized. Either category contains different types of seizures 

according to localization (partial seizures with simple and/or complex 

symptomatology) or mechanisms (generalized convulsive seizures or 

absences). 

Epilepsy has no geographical, racial or social boundaries. It occurs in men 

and women (at the same rate generally but with differences in individual 

epileptic syndromes) and can begin at any age, but is most frequently 

diagnosed in infancy, childhood, adolescence and old age (See figures 1). 

In fact, up to 5% of the world's population may have a single seizure at 

some time in their lives, but a diagnosis of epilepsy is reserved for those 

who have recurring seizures, at least two unprovoked ones. 

The prevalence of a disorder is the proportion of a population with that 

disorder at a given point in time. From many studies around the world, it 

has been estimated that the mean prevalence of active epilepsy (i.e. 

continuing seizures or the need for treatment) is approximately 8.2 per 

1,000 of the general population. However, this may be an underestimate 

as some studies in developing countries (such as Colombia, Ecuador, 

India, Liberia, Nigeria, Panama, United Republic of Tanzania and 

Venezuela) suggest a prevalence of more than 10 per 1,000. 
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Fig.1. Incidence (per 100.000) of first epileptic seizure in addition to age 

(Hauser W.A. and Hessdorfer D.C. 1990).  

The incidence of a disorder is the number of new cases at a given time. 

Studies in developed countries suggest an annual incidence of epilepsy of 

approximately 50 per 100,000 of the general population. However, studies 

in developing countries suggest that this figure is nearly double that at 100 

per 100,000. 

One of the main reasons for the higher incidence of epilepsy in 

developing countries is the higher risk of experiencing a condition that 

can lead to permanent brain damage. These conditions include 

neurocysticercosis, meningitis, malaria, pre and perinatal complications 

and malnutrition. 

The above-mentioned data from WHO (World Health Organization) and 

from studies in the USA and European counties showed that epilepsy is 

frequently starting in infancy. The response of the developing brain to 

epilepsy is age-specific. Studies from Hauser & Hessdorfer reported that 

the first epileptic seizures mostly present during the first year of life. This 

fact was also confirmed in animal models. Childhood epilepsy is a 

problematic issue not only in developing countries but also in developed 
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countries. Studies reported that children with epilepsy have a significant 

risk for problems with attention, learning and memory. 

Epileptic seizures are arrested by activation of intrinsic inhibitory 

systems. There is no general agreement which systems participate in this 

arrest; experimental data support opioid peptides (Hammers et al 2007; 

Rocha et al 1991) as well as adenosinergic system (Dragunow 1986), but 

a role of other transmitter systems is possible. Role of other factors cannot 

be excluded. If these mechanisms fail epileptic seizures may last tens of 

minutes, and they transgress into status epilepticus (SE).  

Status epilepticus 

The term status was used "whenever a seizure persists for sufficient 

length of time (subsequently defined as at least 30 to 60 minutes) or is 

repeated frequently enough to produce a fixed or enduring epileptic 

condition.” This definition is enshrined within the World Health 

Organization dictionary of epilepsy (Gastaut 1973), as well as the 

Handbook of clinical neurology (Roger et al 1974) and Handbook of 

electroencephalography and clinical neurophysiology (Gastaut et al 

1975). Today, a widely accepted operational definition of SE is that of a 

"condition in which epileptic activity persists for 30 minutes or more, 

causing a wide spectrum of clinical symptoms, and with a highly variable 

pathophysiological, anatomical and an etiological basis.” It is important to 

note that this definition implies that status is not simply a rapid repetition 

of seizures (in fact the word "seizure" is no longer retained), and as such 

an iterative version of ordinary epilepsy, but is a condition (or group of 

conditions) in its own right with distinctive pathophysiological features. 

The justification for this duration (at least 30 minutes) is that this is the 

time at which SE may become self-sustaining, pharmacoresistance may 

have developed, and seizure-induced neuronal injury may take place 
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(Chen and Wasterlain 2006). On its last proposal of terminology, the 

International League Against Epilepsy (ILAE) defined SE as “a seizure 

that shows no clinical signs of arresting after a duration encompassing the 

great majority of seizures of that type in most patients or recurrent 

seizures without interictal resumption of baseline central nervous system 

function,” but did not set a temporal criterion as had previously been the 

case (Blume et al 2001; Commission on Epidemiology and Prognosis 

1993; Engel, Jr. 2001). This definition, which may be judged as 

somewhat ambiguous, is more in accordance with recently proposed 

“operational” definitions that aim to define the time when patients should 

be treated as if they were in established SE; this includes seizure durations 

as low as 5 min (Lowenstein et al 1999) (Fig. 2). 

 

Fig.2. Duration of seizure activity against key time periods in the natural 

history of a prolonged seizure (from (Raspall-Chaure et al 2007)). 

There is probably a need for different definitions, having different 

specifications for duration of seizures or recovery of consciousness, which 

are tailored to a particular research question. Operational definitions serve 

as much better guides for treatment and should be those used in clinical 

trials. In contrast, there are no clear reasons to modify the “traditional” 

30-min-duration definition to evaluate the incidence and outcome of 
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convulsive SE until a better understanding of the pathophysiological and 

prognostic determinants of convulsive SE has been reached. 

Today it is estimated that there are between 65,000 and 150,000 cases of 

SE in the United States each year (Treiman 1996), and that approximately 

25% are nonconvulsive (Cascino 1993; Jagoda 1994; Kline et al 1998). 

At least 10% of epileptic patients suffer a SE during the course of their 

disease, and 50% of SE appears in patients with no known history of 

epilepsy (Salas-Puig et al 1996). SE is more frequent in symptomatic 

epilepsies, particularly those arising from trauma, tumor, or infection 

involving the frontal lobe. Both acute and remote cerebral insults can 

cause SE, as can severe systemic disease that causes SE secondary to a 

toxic-metabolic encephalopathy. Status epilepticus is present in nearly all 

epileptic syndromes, even idiopathic ones, although it is more frequent in 

cryptogenic and symptomatic forms. Whereas tonic-clonic SE is the best-

known type and its diagnosis is simple, partial SE, more than psychomotor 

SE, presents a diagnostic challenge. Particularly difficult is the differential 

diagnosis of psychomotor (complex partial) SE and absence SE, above all 

the form termed "late-onset de novo absence SE,” which presents as 

confusional syndrome in the elderly (Salas-Puig et al 1996). 

Nonconvulsive confusional status epilepticus 

This is classically separated into two forms on the basis of (1) ictal EEG 

(i.e., absence status) and (2) psychomotor (complex partial) SE. The 

diagnosis is difficult on the basis of clinical semiology alone. Absence 

status (or ‘petit mal’ status) can complicate many epileptic syndromes and 

is the most frequently encountered form of nonconvulsive SE. It is 

characterized by confusion of varying intensity and associated in 50% of 

cases with bilateral myoclonia (Thomas 2000). The EEG shows ictal 

generalized paroxysmal activity; normalization is obtained after 
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benzodiazepine injection. In absence status, there is nosographic 

heterogeneity. Four groups can be distinguished (a) ‘typical’ absence 

status in patients with generalized idiopathic epilepsies; (b) ‘atypical’ in 

patients with symptomatic or cryptogenic generalized epilepsies; (c) ‘de 

novo’ absence status of late onset characterized by toxic or metabolic 

precipitating factors in middle-aged subjects with no previous history of 

epilepsy; and (d) absence status with focal characteristics in subjects with 

a pre-existing or newly diagnosed partial epilepsy, mostly of 

extratemporal origin. The majority of cases are in fact ‘transitional’ forms 

between these four groups.  

Psychomotor (complex partial) SE is characterized by continuous or 

rapidly recurring psychomotor (complex partial) seizures that may involve 

temporal or extratemporal regions. Cyclic disturbance of consciousness is 

characteristic of psychomotor SE of temporal lobe origin. The diagnosis 

of complex partial SE of frontal lobe origin remains a challenge (Licht 

and Fujikawa 2002). In one third of cases, a frontal lesion is revealed 

(Thomas 2000). 

Temporal lobe or psychomotor or complex partial or limbic status epilepticus 

The former conventional classification of SE was designed to parallel the 

seizure type classification scheme (Commission on Classification and 

Terminology of the International League Against Epilepsy 1981; 

Commission on Classification and Terminology of the International 

League Against Epilepsy 1989). It has been questioned with regard to its 

appropriateness to adequately describe the plurality of the clinical forms 

of status. The first International Classification of Seizure Type (Gastaut 

1969 ;Gastaut 1970) and its revision (Commission on Classification and 

Terminology of the International League Against Epilepsy 1981) divided 

partial seizures, and consequently, partial SE into "simple" and "complex" 
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according to whether or not consciousness is retained or lost. Therefore, 

the older term psychomotor status or temporal lobe status was replaced by 

complex partial SE and simple partial SE. The following classification of 

epilepsies and epileptic syndromes (Commission on Classification and 

Terminology of the International League Against Epilepsy 1989) included 

a few syndromes that might conform to the widened definition of status, 

e.g., epilepsia partialis continua, electrical SE during slow-wave sleep 

(Patry et al 1971), now called continuous spike-wave discharges during 

sleep (Morikawa et al 1989), or the Landau-Kleffner syndrome; 

otherwise, it is lacking a synoptic view. In 1994, Shorvon proposed a new 

scheme in his monograph, grouped by age, and tried to encompass the 

various nonconvulsive and myoclonic forms that fit uneasily into the 

"seizure type approach” (Shorvon 1994). 

Other peculiar conditions are electroencephalographic SE with subtle 

clinical signs (Wieser et al 1985) and "epileptic" behavioral disturbances 

up to "epileptic" psychosis. In such cases, the EEG recorded in the 

epileptogenic zone might show 'high-frequency tonic spike discharges,’ 

'regular clonic' or 'clonic-tonic' discharge patterns. In the vicinity of such 

an epileptic discharging focus, the EEG might exhibit signs of attenuation 

('critical aplattisement') and the surface EEG a regional or even 

generalized attenuation with disappearance of interictal spikes described 

as 'forced normalization'. It is obvious that such stages or conditions bear 

similarities to spike suppression prior to seizures (Wieser 1989), with 

dimensional loss in nonlinear correlation dimension analysis applied to 

predict seizures (Le Van et al 1998; Le Van et al 1999; Le Van et al 2001; 

Weber et al 1998) and associated with changes in neurotransmitters and 

neuromodulators (Wieser 1999). 

It is difficult to deny the intriguing possibility that some abnormal mental 

states (in epilepsy) are due to prolonged seizure activity. Although there is 
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undisputed evidence that prolonged epileptiform EEG discharges 

(characteristic of status) in hippocampal and amygdaloid regions can be 

associated with behavioral abnormalities and can occur with or without 

clear-cut scalp EEG changes, it is quite unknown to what extent the 

generality of "interictal behavioral peculiarities" might be associated with 

such "subclinical EEG status activity" in deep structures. 

Since limbic SE implies seizure discharges in the limbic system, it is often 

not detectable without intracranial recording from the core structures of 

the limbic system, such as hippocampal formation and amygdala. This 

might be one reason that limbic SE is rarely reported in literature in 

comparison to generalized convulsive SE and absence SE. 

Moreover, psychomotor status often evolves from or alternates with aura 

continua, what was called simple partial SE, (Wieser 1980; Wieser 1997), 

so that many overlaps between aura continua and psychomotor status exist 

in literature and cases are finally categorized according to their full blown 

semiology (i.e., as psychomotor status, although for a certain period of 

time they would fulfill the criteria of simple partial SE). 

Consequences of SE are best documented with convulsive SE, but might 

also be associated with certain types of nonconvulsive SE, particularly 

psychomotor (complex partial) SE (Krumholz 1999). 

There is increasing experimental as well as clinical evidence that 

generalized convulsive SE produces lasting neuropathological damage in 

the hippocampus, neocortex, and cerebellum due to associated metabolic 

failure. Cerebellar (Purkinje and basket cell) damage was related 

particularly to hyperpyrexia and hypotension, and was prevented by 

control of the systemic metabolic derangements, i.e. hyperpyrexia, 

hypotension, hypoxia, acidosis, and hypoglycemia (DeGiorgio et al 1992; 

Meldrum et al 1973). Convulsive SE is the most common form of SE, but 

 
 

11



its relative frequency is difficult to document because the various types of 

status (Raspall-Chaure et al 2007).  

 

Temporal Lobe Epilepsy 

Genetic factors in the causation of epilepsy have been recognized since 

the time of Hippocrates. However, until the second half of the 20th 

century, generalized epilepsies were thought to be genetic in origin, 

whereas focal or partial epilepsies were largely attributed to 

environmental factors, such as birth injuries, infections, postnatal head 

trauma, and brain lesions such as tumors and vascular insults. In a series 

of publications (Andermann 1991; Andermann and Andermann 1992; 

Andermann and Metrakos 1969; Andermann et al 1980) based on patients 

operated for partial epilepsy at the Montreal Neurological Hospital, Eva 

Andermann was able to demonstrate that genetic factors were important in 

patients with partial epilepsy, particularly temporal lobe epilepsy, and that 

both generalized and partial epilepsies fit a model of multifactorial 

inheritance (now termed complex inheritance), with interaction of one or 

more genes and environmental factors. 

Temporal lobe epilepsy (TLE) is the main cause of refractory epilepsies 

and is associated to atrophy and sclerosis of the hippocampus. The 

physiopathology of this disease is unknown but early brain injury, with 

ensuing neuronal death and loss, triggered by mechanisms of 

excitotoxicity has been put forward as an explanation. TLE presents a 

clinical picture, which is heterogeneous in childhood and homogeneous in 

adulthood that is characterized by the presence of simple partial seizures 

and complex partial seizures. These seizures can become generalized. 

Diagnosis is based on the results from the electroencephalogram and from 

the cranial magnetic resonance, which is currently considered the standard 
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diagnostic method. The pharmacological treatment of TLE only achieves 

complete control over the seizures in less than 20% of patients. Surgical 

methods, such as anterior temporal lobectomy and amygdalo-

hippocampectomy, reach control rates in 67-85% of patients, with low 

morbidity and mortality rates. Although prognosis depends on a number 

of factors, surgical treatment improves the quality of life of these patients 

(Volcy 2004). 

TLE is probably more difficult to recognize in children than in adults. In 

fact, ictal symptoms in children are less stereotyped and less obvious, and 

the neuropathological substrate is more heterogeneous than in adults 

(Fontana et al 2006). 

II. Epileptogenesis 

Different factors e.g. massive electric stimulations, chemical drugs, 

changes of ions balance and many others can provoke epileptic seizures. 

All epileptic seizures arise from neuronal hyperexcitability and 

hypersynchrony that occurs when a balance between the excitatory and 

inhibitory inputs to a network of neurons had been changed. Three main 

parts can be differentiated in epileptic activities: 

Ictogenesis - process of generation, spread and generalization of epileptic 

activity (seizure) though if seizure is spontaneous or reactive;  

Epileptogenesis – phase of initiation of epilepsy as a chronic disorder that 

is characterized by recurrent (spontaneous) unprovoked seizures;  

Progressive epileptogenesis – a condition when an aggravation of epilepsy 

and impairment of brain function (especially memory) appears with 

repeated seizures. 

Epileptogenesis included various changes at systemic, cellular, molecular 

and genomic level that play role in becoming epilepsy. Many studies 
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described these changes in human patients and animal models of epilepsy. 

During TLE, these pathological changes appear in structures of temporal 

lobe in humans or limbic structures in rats (most commonly used species 

in animal models of epilepsy). Epileptogenesis is not only a time-

dependent process but also it has the age-specific character (Vining 1990; 

Wasterlain et al 2002; White 2002). 

Lithium-Pilocarpine status epilepticus as model of Temporal Lobe Epilepsy 

There are innumerable animal models of epilepsy or epileptic seizures 

(Loscher 1997), but only few models of epilepsy are currently used for 

pharmacological studies of epilepsy or epileptic seizures (Table 1). 

Models of epilepsy can be divided into models of acquired (symptomatic) 

epilepsy and models of genetic (idiopathic) epilepsy. The first category 

includes models, in which epilepsy or epilepsy-like conditions are induced 

by electrical or chemical methods in previously healthy (non-epileptic) 

animals, mostly rats. Models with electrical induction of epilepsy or 

epilepsy-like conditions include the kindling model, which can progress 

up to the appearance of spontaneous seizures, and models in which 

recurrent spontaneous seizures develop after a self-sustained status 

epilepticus (SSSE), which is elicited by sustained electrical stimulation of 

the hippocampus (via stimulation of the perforant path, the angular 

bundle, or the CA3 of the ventral hippocampus), the lateral or basolateral 

nucleus of the amygdala, or other limbic brain regions (Goodman 1998). 

Using experimental models, in which SE is induced in healthy immature 

rat brain, is a direct approach to address the question of whether SE 

without underlying pathology (e.g., genetically programmed 

malformation) can lead to a reorganization of neuronal circuits, 

epileptogenesis, and cognitive decline. 
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Table 1. Overview of chronic models of epilepsy (Loscher 2002). 

Only the currently most popular models in epilepsy research are shown. 

Models of acquired 
(symptomatic) epilepsy 

 

With electrical induction of 
epilepsy 

Kindling 

With chemically induction of 
epilepsy 

Post-status models in which epilepsy 
develops after a chemically induced 
status epilepticus (e.g. pilocarpine and 
kainate models of epilepsy) 

Models of genetic 
(idiopathic) epilepsy 

 

Spontaneous mutations in 
diverse animal species 

Mutant animals with reflex epilepsy 

Mutant animals with spontaneous 
recurrent seizures 

Induces mutations in mice Transgenic or knock-out mice 

 

Data available from such studies are controversial. There are several 

reports, however, of neuronal damage, mossy fiber sprouting, cognitive 

impairment, and development of epilepsy in rats exposed to SE at around 

P20, which corresponds to early childhood in humans (Cha et al 2002; 

Cilio et al 2003; Dube et al 2000; Fernandes et al 1999; Kostakos et al 

1993; Liu et al 1994; Raol et al 2003; Rutten et al 2002; Sankar et al 

1998; Sankar et al 2000; Stafstrom et al 1992; Stafstrom et al 1993). 

Marked acute morphological damage was demonstrated in thalamus 

(Druga et al 2005) and in basal ganglia (Druga et al 2007) of rat pups 

with SE induced at P12. Only recently, Wu and collaborators (Wu et al 

2001) found spatial memory deficits in rats surviving lithium-pilocarpine 

induced SE at 14th postnatal day. Importantly, several elegant studies 
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demonstrated hyperexcitability, even without spontaneous seizures, after 

exposure of immature brain, even before P12, to clinically relevant 

epileptogenic conditions, including hyperthermic seizures (Chen et al 

1999; Dube et al 2000), perinatal hypoxia (Jensen et al 1992; Jensen et al 

1998), or recurrent brief seizures (Holmes et al 1999; Huang et al 1999). 

These data suggest that immature brain is also susceptible to activity - 

dependent plasticity leading to the molecular and network reorganization 

underlying hyperexcitability. 

To receive relevant information about effects of long-term epileptic 

activity on developing brain, it is important correctly choose not only an 

adequate age group of animals, but also the experimental procedure of 

elicitation of epileptic activity. Pharmacological as well as electrical ways 

can be used in adult animals; however, for developmental studies the 

possibilities are rather restricted. Long-term stimulation in young animals 

is unusual, mainly because of technical reasons, but repetitive long-term 

hippocampal stimulation in 15-16-day-old rats (Thompson et al 1988) and 

perforant path stimulation in 21-day-old and older animals (Sankar et al 

2000) were used. 

The chemical way is more usual for eliciting of SE. Two models of SE 

were described in detail in immature rats: systemic administration of 

kainic acid (Ben-Ari et al 1984) and pilocarpine (Priel et al 1996) or 

combination lithium-pilocarpine (Hirsch et al 1992). Sensitivity of 

different age groups to elicitation of convulsive SE and its EEG correlates 

was described in these studies; however experimental animals were 

monitored only a few hours and detailed comparison of individual age-

groups in those models is missing. 

The response of the developing brain to SE is highly age-specific. 

Previously, published data demonstrated that SE can cause acute 

neurodegeneration followed by morphological changes already in 12th 
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postnatal day (Druga et al 2005; Nairismagi et al 2006) or 14th postnatal 

day (Sankar et al 1998). In the same age groups, SE leads to permanent 

functional impairment as cognitive deficits or development of epilepsy 

(Kubova et al 2004; Sankar et al 2000; Wu et al 2001). Extension of SE-

induced neuronal damage increases with age. In animals younger than 2 

weeks, neuronal loss is relatively mild and unable to explain completely 

functional sequelae seen in these age groups. This suggests that factors 

other than neuronal cell death might also have a significant role in the 

development of functional impairment or epilepsy later in the life. 

Today the pilocarpine or lithium-pilocarpine models represent the 

modulation of pharmacoresistant SE and there is no drug that can 

completely block pathological activity and lead to fast recovery to normal 

EEG and behavioral manifestations if status persists for more than one 

hour. 

 

III. Why to analyze neocortex in Temporal Lobe Epilepsy 

Immature brain 

Brain electrical activity recorded as electroencephalogram (EEG) matures 

during ontogeny and this is reflected in expression of epileptic seizures. 

Published data demonstrated that noncontinuous EEG could be registered 

in immature rats from 5th-6th postnatal day. It is formed by slow waves 

with low amplitude interrupted by sections of isoelectric line. Ellingson 

and Rose (Ellingson and Rose 1970) showed that periods of isoelectric 

line could be recorded up to 10th postnatal day; it corresponds to “trace 

alternant” described in premature infant but never found in full-term 

newborns (Dreyfus-Brisac 1966). 

In spite of the difficulties with comparison of development of different 

species, this finding demonstrates that the newborn rat is less mature than 
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newborn human baby, but postnatal maturation of rats is much faster than 

that of human babies. Based on speed of brain maturation the full-term 

newborn child could be compared to a rat of 8-10 days old (Dobbing and 

Sands 1979), nevertheless rats EEGs still have premature profile (Mares 

et al 1979; Tuge et al 1960).  

Excitability of the immature brain 

In the last three decades clinical and experimental data proved that 

immature brain easily produce epileptic activity and the spectrum of 

epileptic seizures is more extensive than in mature brain including 

specific age-dependent forms of epileptic seizures and epilepsy (Aicardi et 

al 1997). 

The results of experimental studies clearly confirmed that the specific 

“ontogenetic window of higher sensitivity to produce epileptic seizures” is 

persisting during infancy and that there are multiple reasons of this higher 

sensitivity. One of the possible factors can be an imbalance between 

inhibition and excitation, with predominance of the latter. This prevalence 

of excitation was found in nearly all types of seizures (Schwartzkroin 

1993) except the absences (Gloor et al 1990). In rats, the sensitivity of 

central nervous system to excitatory aminoacids is highest at the end of 

first postnatal week and can be demonstrated by systemic administration 

of different agonists of excitatory aminoacids. Doses necessary to induce 

seizures are very low at early developmental stages and increase with 

maturation (Albala et al 1984; Mares and Velisek 1992; Schoepp et al 

1990). A role of inhibitory systems can be tested in a similar way. 

Administration of antagonists of inhibitory receptors (e.g. of GABA-A 

receptors) induces seizures most easily in the third postnatal week in rats 

(Mares et al 1982). 
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The existence of “ontogeny window of higher sensitivity to produce 

epileptic seizures” was shown not only for chemical models but also for 

electrical stimulation of different brain structures. Kindling induced by 

electrical stimulation of amygdala can be elicited in 15-day-old rats with 

higher stimulation intensities and with high number of stimulations than 

in adult rats (Moshe et al 1981). However threshold for 21-39 day-old 

(prepubertal and pubertal rats) was lower than in adult and young animals 

(Gilbert and Cain 1981; Moshe et al 1981). In contrast, a study from our 

laboratory (Mares et al 2002) demonstrate that the threshold for elicitation 

of cortical epileptic afterdischarges in sensorimotor cortex is lowest 

around the 18th postnatal day. 

Results from ontogenetic studies thus demonstrated that age-dependent 

changes of sensitivity to epileptogenic agents could exhibit different 

developmental profiles.  

Ictogenesis – generation of epileptic seizures – includes not only the 

initiation of epileptic activity, its spread and generalization, but also the 

termination of epileptic activity. It is clear that easy initiation of epileptic 

seizures in developing brain is due to many factors. However, it is highly 

improbable that epileptic activity spread and generalized easily during 

infancy because the connections between individual brain structures are 

immature. Moshe et al. (1981) showed that behavioral manifestation of 

single afterdischarges during kindling was the same in prepubertal and 

pubertal rats (25-35 days old) and adult animals, whereas they found 

marked differences in progress of kindling phases in immature animals. 

The youngest rats exhibit poor transition of activity from limbic into 

motor structures and EEG-motor correlation is very poor.  

Arrest of epileptic activity represents an important phenomenon. 

Generally, seizures in the immature brain are longer than in adult brain 

(e.g. Mares et al. 2002). Development of postictal depression in 
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connection with level of brain maturation was for the first time discussed 

by Moshe and Albala (Moshe and Albala 1983). They described that 16-

day-old rats were unable to stop afterdischarges elicited by short time 

repetitive electrical stimulation of amygdala. Similar results were received 

in our laboratory for a model of repetitive hippocampal stimulation in 12-

day-old rats, whereas 25-day-old animals had this mechanism fully 

developed (Velisek and Mares 1991); the same situation was observed 

during stimulation of sensorimotor cortex (Mares et al 1992; Mares et al 

2002). 

Ontogenetic changes in brain excitability 

There is an imbalance between excitation and inhibition in the brain at 

early developmental stages. It is characterized by the relatively slow 

maturation of inhibitory neurotransmitter systems on the one hand and the 

rapid, exuberant maturation of excitatory systems on the other. 

Gammaaminobutyric acid (GABA) is the main inhibitory neurotransmitter 

in the adult brain. Potentiation of GABA receptor activity represents the 

main mechanism of action of commonly prescribed antiepileptic drugs 

(AEDs), such as phenobarbital, the benzodiazepines, and to a lesser extent 

valproate, topiramate, and levitiracetam. GABAergic system consists of 

three main receptor subtypes: GABAA, GABAB, and GABAC. Ionotropic 

GABAA receptors are primarily located postsynaptically and mediate most 

of the fast synaptic inhibition in the brain due to its permeability for 

chloride anions; under certain circumstances, they may also gate 

bicarbonate. 

GABAB receptors are G-protein-linked metabotropic receptors located 

both presynaptically and postsynaptically. Their activation results in 

slower and longer (hundreds of milliseconds) inhibitory currents.  

Ionotropic GABAC receptors are localized mainly in retina. 
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The function of the GABAergic system differs markedly in the mature 

and immature brain. Whereas GABAA receptor activation results in 

neuronal hyperpolarization and an inhibition of cell firing in the mature 

brain, receptor activation results in membrane depolarization and 

excitation at very early development (Ben-Ari et al 1990; Cherubini et al 

1990; Mohler 2007). The switch from GABA-mediated excitation to 

inhibition can be related to changes in the chloride gradient that form a 

part of normal development (Clayton et al 1998; Ganguly et al 2001; Lu 

et al 1999; Payne et al 2003; Plotkin et al 1997; Rivera et al 1999) (see 

Fig. 3). 

 

 
Fig.3. This schematic illustrates how the developmental shift in the 
chloride gradient (Cl−) affects GABAergic transmission in the immature 
and mature brain. GABAAR - GABAA receptor; KCC2 - transports Cl− out 
of the cell; NKCC1 - transports Cl− into the cell; mRNA - messenger 
RNA; Vm - membrane voltage; ECl - chloride equilibrium potential [from 
Rivera et al 1999; Plotkin et al 1997; Clayton et al 1998; Lu et al 1999; 
Ganguly et al 2000]. 
 
Depolarizing excitatory GABA currents are critical for the development 

of various calcium-dependent processes, e.g. neuronal proliferation, 

migration, targeting, and synaptogenesis (Barbin et al 1993; Ben-Ari et al 
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1997; Leinekugel et al 1999; LoTurco et al 1995; Owens et al 1996). In 

addition, GABA currents were suggested to play a critical role in the 

generation of ictal activity in the developing brain. Synchronous neuronal 

activity in the hippocampus can be driven by GABAA receptor activation 

and inhibited by GABAA receptor blockade (Ben-Ari et al 1989). More 

recent evidence, however, suggests that GABA-mediated excitation may 

drive ictal activity in the developing hippocampus as well (Dzhala and 

Staley 2003; Khalilov et al 2003). Dzhala and Staley (2003) found that the 

ictal-like epileptiform activity induced by high extracellular potassium 

levels in cultured hippocampal slices from juvenile rats was exacerbated 

by the GABAA receptor agonist, muscimol, and inhibited by the 

antagonist, bicuculline. This is the opposite of what is typically observed 

in the hippocampus of adult rats. 

Neurologists are concerned that a secondary focus may develop after 

repetitive seizures. Khalilov and collaborators demonstrated formation of 

a mirror focus in immature rat hippocampi and identified GABA-

mediated excitation as one of the mechanisms underlying its induction 

(Khalilov et al 2003).  

 
A growing body of evidence indicates that early-life seizures can alter the 

functions of both inhibitory and excitatory neurotransmitter systems and 

intrinsic neuronal properties, what possibly contributes to cognitive 

deficits (Mohler 2007) or development of epilepsy (Marsh et al 2006). 

Alteration of the major inhibitory system, the GABAergic system, can 

affect both learning abilities and brain excitability. In lithium-pilocarpine-

induced model of SE, changes in GABAA receptor expression were 

observed in both adult and immature (10-day-old) rats. Importantly, the 

pattern of GABAA changes was highly related to the age at SE. In the 

dentate gyrus of the hippocampus, rats that experienced SE in adulthood 

have reduced level of α1 subunit expression whereas selective increase in 
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the α1 subunit occurred in 10-day-old rats both immediately and later 

after seizures (Brooks-Kayal et al 1998; Raol et al 2006; Zhang et al 

2004). The increase of the α1 subunit was accompanied by enhanced type 

1-benzodiazepine (BDZ) augmentation in hippocampus when the animals 

reach adulthood (Brooks-Kayal et al 1998). Similar age-dependent 

changes of BDZ receptor binding was also found in rats exposed to 

kainate-induced SE in 15- and 35-day-old rats (Rocha et al 2000). 

Anatomical evidence indicates that GABAergic and opioidergic systems 

are closely linked and that the expression of the µ-opioid receptors by 

GABAergic neurons is common in several brain areas of rat (Kalyuzhny et 

al 2000; Kalyuzhny and Wessendorf 1998). Close relationship between 

these two systems was confirmed by electrophysiological studies (Duggan 

and North 1983). These data suggest that in a large proportion of cases, 

the effects of µ-opioid receptors are mediated by GABAergic neurons.  

Opioid receptors were found to be functional at early stages of ontogeny, 

and to modulate specific developmental functions. Systemic 

administration of opioids alters the seizure threshold of convulsants such 

as the volatile agent flurothyl (Cowan et al 1979), and under certain 

conditions opioids themselves are epileptogenic (Snead, III 1986). 

Electroencephalographic and behavioral manifestations of convulsive 

activity occur with low doses of opioids and are inhibited by opioid 

antagonists, implying a receptor-mediated mechanism. Membrane binding 

data indicate that the affinities of µ-, κ- and δ-sites for radiolabeled drugs 

are similar in neonatal and adult rats. µ- and κ-receptors are present in 

significant densities during early neonatal periods (µ-receptors are present 

at levels at least as high as those found in the adult), while δ-receptors 

appear much later (Milligan et al 1987). Autoradiographic data indicate 

that µ- and κ-receptors appear very early in the development of several 

brain regions, including the neostriatum, olfactory tubercle and rostral 

midbrain, and later in other regions such as the thalamus and 
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hypothalamus. Whereas the densities of κ-binding sites remain relatively 

constant throughout development, there is a transient appearance and/or 

redistribution of µ-receptors in several brain areas. Delta-receptors are 

present in low densities in the basal forebrain at birth. The level of δ-

receptor binding increases markedly during the third postnatal week in all 

brain areas examined (Kornblum et al 1987). 

Previous studies demonstrate that SE induces changes in expression of µ-

opioid receptors. Similarly to GABA receptors also changes of µ-opioid 

receptor system were related to the age on SE onset (Perez-Cruz and 

Rocha 2002). 

At present, SE-induced changes in GABAergic and opioid receptor 

binding were never studied in the same animals. Also, there are no 

detailed information concerning changes in specific brain areas of the 

immature rat brain at short and long intervals after severe epileptic 

seizures or SE. Lithium-pilocarpine induced SE causes changes of both 

BDZ- and µ- receptor binding in selected brain structures (amygdala 

complex, hippocampus, basal ganglia and thalamic nuclei) of immature as 

well as adult rats (Rocha et al 2007). The patterns of changes were less 

expressed in immature rats and were highly related to the age at SE, to the 

time after SE and to the brain structure.  

 

In addition to excitatory action of GABA, glutamate as the primary 

excitatory neurotransmitter in the brain plays a role. It acts on two major 

receptor subtypes: ionotropic receptors that are ligandgated, cation-

selective channels (of NMDA, AMPA, and kainate types) and 

metabotropic receptors that are linked to G-proteins (Johnston 1996; Raol 

et al 2001).  

Work from a number of laboratories on the ontogeny of receptor 

development in rat brain from birth to adulthood (Insel et al 1990; Miller 

and Ferrendelli 1990; Sims and Robinson 1999; Swann et al 1992) 
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showed that rapid growth of both NMDA and AMPA receptor function 

during the first two postnatal weeks, and peak functional levels, overshoot 

those seen in adulthood by approximately 50%. This sets the stage for the 

functional predominance of excitation in the neonatal brain. In addition, 

there are qualitative changes (subunit composition of individual receptor) 

that further enhance excitatory neurotransmission (Johnston, 1996; Raol, 

Lynch et al 2001).  

Experimental data received from numerous laboratories describe the main 

changes of the glutamatergic system during early development: 

• Expression of the most important glutamate transporter, GLT1, is very 

low; the postsynaptic response is potentiated due to longer presence of 

glutamate in the synaptic cleft (Sims and Robinson 1999). 

• NMDA receptors have different subunit compositions than in the adult 

rodents and therefore different functional properties. They are more 

permeable to calcium and magnesium blockade is less efficient. NMDA 

receptors also depolarize more easily and the resultant excitatory 

postsynaptic currents last longer (Flint et al 1997; Hestrin 1992). 

• More AMPA receptors are permeable to calcium due to a low expression 

of the GluR2 subunit. AMPA receptors also desensitize more slowly and 

stay open longer (Pickard et al 2000). 

• Metabotropic receptors have increased turnover of inositol triphosphate 

(IP3P), which enhances their signaling (Catania et al 1994). 

 

Taken together, these results support the hypothesis that the increased 

seizure susceptibility of the immature brain results, at least in part, from 

the slow maturation of GABAergic inhibition relative to glutamatergic 

excitation. 

 

Cumulative evidence suggests that the developmental imbalance between 

excitation and inhibition may contribute to the increased susceptibility of 
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the immature brain to seizures. Similarly, early-life seizures can disrupt 

normal activity-dependent patterns of receptor development in both 

excitatory and inhibitory neurotransmitter systems in the brain. Although 

some of these changes may be protective, others may enhance limbic 

excitability and increase the probability that epilepsy will develop at a 

later time. 
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IV. Methods used to study excitability and consequences after SE 

There are many different methods allowing researchers to study the 

consequences of experimentally induced SE, and the choice is determined 

by the model or aims to study specific structures or phenomena. Our 

laboratory is focused on development of cerebral cortex, therefore we 

studied possible changes of cortical excitability after SE elicited in early 

ontogeny. Four electrophysiological methods were used for evaluation of 

these changes:  

Interhemispheric (transcallosal) evoked potentials are mediated by corpus 

callosum and – as late components are concerned - by subcortical 

structures. The development of cortical interhemispheric response was 

repeatedly described (Hatotani and Timiras 1967; Mares et al 1975; 

Seggie and Berry 1972). The first two components of these potentials 

(first positive and first negative wave) represent true transcallosal 

potentials, i.e. monosynaptic responses to an influx of action potentials 

from the opposite hemisphere (Grafstain 1959). 

- The next two methods allow the study of dynamics of cortical responses: 

Paired-pulse paradigm elicits the simplest potentiation phenomenon. 

Paired-pulse potentiation (and/or depression) of cortical interhemispheric 

responses develops during the third postnatal week in rats (Mares et al 

1993) therefore possible developmental delay could also be recognized. 

Low-frequency stimulation results in another simple potentiation 

phenomenon. Frequency potentiation develops a little later than paired-

pulse potentiation (Mares et al 1993) and thus represents a phenomenon 

with different mechanism of generation.  

Cortical epileptic afterdischarges elicited by low-frequency rhythmic 

electrical stimulation of the sensorimotor area of cerebral cortex represent 

model epileptic seizures of cortical origin. This model allows the 

determination of five different phenomena: 
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o 1. Movements elicited by individual stimuli, i.e. by direct 

activation of motor cortex. 

o 2. Spike-and-wave afterdischarges, generated by thalamocortical 

system (Avanzini et al 1992).  

o 3. Clonic movements accompanying spike-and-wave 

afterdischarges, i.e. spread of epileptic activity into the generator 

of this pattern of convulsions localized in the basal forebrain 

(Browning and Nelson 1986).  

o 4. Transition into another type of afterdischarges identical with 

those elicited by stimulation of limbic structures (hippocampus - 

Dyer et al 1979), i.e. spread of epileptic activity to the limbic 

system. 

o 5. Recurrent afterdischarge occurred in result of epileptic 

activity circulation in the limbic system and spreading this 

activity into other brain region across neuronal pathways. 
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AIMS OF WORK 
 

The questions to be answered were if status epilepticus elicit changes in cortical 

excitability after SE elicited in immature rats. What is the role of developmental 

stage when status is elicited and what is the time course of possible 

consequences? The changes could be expected because of an important role of 

neocortex in early childhood epilepsies (Dulac 1994). To study these problems 

four different electrophysiological methods were used at different intervals after 

SE: 

 

1. Transcallosal, i.e. simple monosynaptic, responses of sensorimotor cortex 

were evoked by single pulses and input-output curve (intensity of stimulus 

vs. amplitude of responses) was constructed to have basic information 

about excitability of sensorimotor area. 

 

2. Paired-pulse stimulation paradigm was applied to know potentiation and/or 

depression of the second response. Aftereffects of the first response will 

inform about the state of excitatory transmission. 

 
3. Frequency potentiation and/or depression was used to study dynamics of 

cortical activity in a more complicated situation. 

 

4. Epileptic afterdischarges induced by stimulation of cortical sensorimotor 

area were studied to have a direct measure of generation of epileptic 

seizures, their spread and duration. May the changes of this model epileptic 

seizure form a background for possible increased seizure susceptibility? 
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GENERAL DISCUSSION 

Summarizing our data, we have to discriminate early and late consequences of 

SE.  

Early period after SE (up to 6 days) 

Degenerating neurons with characteristic of interneurons were demonstrated in 

both SE12 and SE25 rats. FluoroJade B-positive neurons were not numerous in 

SE12 rats, whereas substantial numbers of positive neurons were found in SE25 

animals. 

Evoked potentials exhibited at first transient changes tended towards lower 

amplitudes of single responses and a potentiation of responses to the 5-stimuli 

train three days after SE in the SE12 group, and an increased amplitude of 

individual waves as a consequences of frequency stimulation in SE25 rats. 

Paired-pulse potentiation of interhemispheric responses was abolished 

specifically at intervals from 100 to 160 ms, but not at shorter and longer 

intervals. This effect was permanent in the P12 group, but only transient (three 

days after SE) in SE25 animals. 

Cortical epileptic afterdischarges exhibited abolition of the second (limbic) type 

of afterdischarges and recurrent afterdischarges in both age groups. Duration of 

ADs was shortened 3 days after SE in P12 rats at 3 and 6 days after SE in P25 

group. P12 group then exhibited a transient increase in duration of ADs 6 days 

after SE.  

Long-term effects (13 and 26 days after SE) 

Single responses exhibited opposite effects in the two age groups: 26 days after 

SE younger group exhibited lower amplitudes than control rats whereas SE25 

animals generated responses with higher amplitude than controls, their 

input/output curve was steeper. Paired-pulse potentiation failed to appear at 

interstimulation intervals from 100 to 160 ms in SE12 group only. This age 

group also exhibited a tendency to lower responses to frequency stimulation 

whereas SE25 rats generated higher responses than controls 13 days after SE. 
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None of the parameters of epileptic afterdischarges was changed in either age 

group. 

 

Results of individual parts of the study are discussed in individual papers; here I 

will discuss the relations between individual results and the principal question 

about increased excitability of cerebral cortex as a consequence of SE elicited in 

developing rats. Methodological considerations have to be mentioned at first. 

 

 

Methodological considerations 
 

1. Choice of age groups: The two ages at which SE is elicited were 

selected to represent important developmental stages – level of brain (or 

at least cortical) maturation in 12-day-old rats corresponds to very early 

postnatal development of human brain, 25-day-old ones to schoolchildren. 

Status epilepticus has different effects on immature brains at these two 

stages: there is a general agreement in the literature that SE elicited after 

postnatal day 21 is deleterious to the brain. On the contrary, data on rats 

with SE in the first two postnatal weeks are contradictory. Some papers 

conclude that there are no marked consequences of SE (Sperber 1996; 

Sperber et al 1999), others including results from our laboratory 

demonstrate serious effects of SE even at this age (Babb et al 1996; 

Druga et al 2005; Kubova et al 2001; Kubova et al 2004; Sankar et al 

1998). These effects are not only age but also model specific (Sankar et al 

2000). To avoid differences due to different timing in individual studies 

our ontogenetic experiments always analyze several intervals after SE. 

Because of substantial changes among the groups used in behavioral and 

morphological experiments (usually one day, one week and one month - 

(Druga et al 2005; Kubova et al 2000; Kubova et al 2001; Kubova et al 

2004) present study was extended to more intervals (3, 6, 9, 13 and 26 

days). 
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2. Evoked potentials stimulation protocols were arranged according to 

the age of animals. Longer interval between single as well as paired 

pulses had to be used in youngest rats because of higher fatigability of 

responses (Myslivecek 1970); to avoid effects of rhythmic repetition 

stimuli were always irregularly generated with intervals of 10±2 s in 15-

day-old rats and of 5±2 s in older animals. Intervals between series in 

frequency stimulation were also longer in the youngest group studied. 

Double threshold intensity used in paired-pulse and low frequency 

stimulations was chosen as equivalent of biological entity of stimulation. 

 

3. The 8 Hz frequency stimulation was used for elicitation of cortical 

epileptic afterdischarges. Kindling studies use high frequencies for 

elicitation of afterdischarges (Sato et al 1990) but previous study from our 

laboratory (Mares et al 2002) demonstrated a marked difference between 

50- and 8-Hz stimulation frequencies. High frequency did not allow the 

study of motor phenomena related to individual stimuli and sharp EEG 

elements and more easily elicited afterdischarges of the limbic type. Due 

to our interest in cortical changes the 8-Hz frequency was selected in 

addition it was close to stimulation parameters used in the first description 

of ontogeny of cortical afterdischarges (Mares et al 1980). The duration 

of stimulus trains was chosen to have similar number of stimuli (120 in 

the 8 Hz stimulation) to literary data because there is an inverse relation 

between the number of stimuli and the threshold intensity. This relation 

was demonstrated up to the ‘ceiling’ number which is approximately 100 

pulses (Lothman and Williamson 1992).  
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Summary 

Status epilepticus represents a severe insult for the mature as well as the 

developing brain; consequences of this insult are usually studied in limbic 

structures. We started to study possible consequences of lithium-

pilocarpine SE elicited in two age groups of immature rats in the cerebral 

cortex. The reason for this study was the clinical experience that in 

childhood epilepsies the cerebral cortex plays an important role. 

Status epilepticus was induced in rats 12 and/or 25 days old. Three, 6, 9, 13 

and 26 days after status electrophysiological testing was performed. 

Interhemispheric (transcallosal) evoked responses were elicited by single 

stimuli and input/output (intensity of stimulus/amplitude of responses) 

curve were constructed, paired-pulse and frequency potentiation of these 

responses was studied; cortically induced epileptic afterdischarges were 

used to test seizure susceptibility of the cerebral cortex. 

Changes at early intervals after SE can be interpreted mostly as a sign of 

decreased cortical excitability; this might be due to the poor state of 

animals after such a severe insult as SE lasting for hours. Paired-pulse 

potentiation was replaced at nearly all intervals after SE by depression; 

frequency potentiation was diminished in comparison with controls. 

Thresholds for elicitation of cortical epileptic afterdischarges, characterized 

by spike-and-wave rhythm in the EEG (and accompanied by clonic 

seizures of head and forelimb muscles), remained uninfluenced by SE. 

Transition into the other type of epileptic afterdischarges, spread of 

epileptic activity into limbic structures, was markedly delayed in both age 

groups. It is probably due to damage of the thalamic mediodorsal nucleus 

that represents the preferred relay for spread of epileptic activity from 

thalamocortical system into limbic structures. Changes at late intervals (13 

and 26 days) are different: SE12 animals exhibited lower amplitude of 

single pulse responses whereas the in SE25 animals the input/output curve 
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was steeper than in controls. It was the only finding at late intervals after 

SE, which can be interpreted as a sign of increased excitability. 

Special attention has to be focused on a finding of suppressed paired-pulse 

potentiation specific for interpulse intervals from 100 to 160 ms at all 

stages after SE in the SE12 group. This finding indicates a permanent 

change whose functional significance is not known and has to be analyzed 

in future. 

We can conclude that there are no clear signs of neocortical 

hyperexcitability, in contrast to this phenomenon in limbic structures, after 

different types of seizure activity in immature rats as demonstrated in the 

literature. The neocortex is affected by severe seizure activity in a different 

way than hippocampal formation. A substantial difference between old and 

new cortical structures is not surprising because differences among various 

parts of hippocampal formation were demonstrated in the literature.  

Our study clearly demonstrated that different intervals after SE must be 

studied because the consequences exhibit dynamic changes even 

qualitatively different. Furthermore, with data for different intervals after 

SE is it possible to discriminate between transient and permanent changes.  

In addition to studies in adult animals, ontogenetic studies have to 

differentiate between developmental delay and qualitatively altered 

development. Majority of our findings at short intervals after SE can be 

interpreted as developmental delay; the best example is delayed appearance 

of transition of epileptic afterdischarges into the limbic system. 

As far as the mechanisms of described changes are concerned, we can 

hypothesize that interplay of glutamatergic and GABAergic system in the 

developing brain responsible for studied phenomena is specifically altered 

at different intervals after SE. Further studies that are necessary represent 

future programs of work. 
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