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ABSTRACT

Juha Jirveli: Kainic acid-induced seizures: inflammation and excitotoxic neuronal
damage in the developing rat hippocampus. Department of Pharmacology, Drug
Development and Therapeutics, University of Turku and Turku Graduate School of
Biomedical Sciences.

Epileptic seizures are harmful to the developing brain. During epileptic seizures,
overactivation of glutamate receptors (GluR) leads to neuronal degeneration, defined
as excitotoxicity. The hippocampus is especially vulnerable to excitotoxic neuronal
death, but its mechanism has remained incompletely known in the developing brain.
Recently, signs of activation of inflammatory processes after epileptic seizures have been
detected in the hippocampus. The purpose of this thesis was to study the inflammatory
reaction and death mechanisms in excitoxic neurodegeneration induced by the glutamate
analogue kainic acid (KA) in the developing hippocampus. Organotypic hippocampal
slice cultures (OHCs), prepared from 6-7-day-old rats (P6-7) and treated with KA,
served as an in vitro model. KA-induced status epilepticus in P9 and P21 rats was used as
an in vivo model. The results showed that the pyramidal cell layers of the hippocampus
were the most susceptible to irreversible and age-specific neurodegeneration, which
occurred in the juvenile (P21), but not in the immature (P9), rat hippocampus. The
primary death mechanism was necrosis as there were no significant changes in the
expression of selected apoptosis markers and morphological cellular features of necrosis
were found. Inflammatory response was similarly age-dependent after KA treatment
as a rapid, fulminant and wide response was detected in the juvenile, but not in the
immature, rat brain. An anti-inflammatory drug treatment, given before KA, was not
neuroprotective in OHCs, possibly because of the timing of the treatment. In summary,
the results suggest that KA induces an age-dependent inflammatory response and
necrotic neurodegeneration, which may cause disturbances in hippocampal connectivity
and promote epileptogenesis.

Keywords: epilepsy, developing brain, hippocampus, neurodegeneration, apoptosis,
inflammation
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TIIVISTELMA

Juha Jirveld: Kainiinihapon aiheuttamat kouristukset: tulehdusreaktio ja
eksitotoksinen hermosoluvaurio kehittyviin rotan hippokampuksessa. Farmakologia,
ladkekehitys ja lddkehoito, Turun yliopisto ja Turun biolddketieteellinen tutkijakoulu.

Epileptiset kohtaukset ovat haitallisia kehittyville aivoille. Glutamaattireseptorien
yliaktivaatio kohtausten aikana aiheuttaa hermosolukuolemaa, mikd maaritellddn
eksitotoksisuudeksi. Hermosolukuolemaa tapahtuu erityisesti hippokampuksen alueella,
mutta sen mekanismi on jaényt epéselviksi kehittyvissd aivoissa. Tulehdusreaktion
on dskettdin havaittu aktivoituvan pian kohtausten jdlkeen. Tdssd tyossd tutkittiin
glutamaattianalogi kainiinihapon aiheuttaman hermosolukuoleman mekanismeja,
tulehdusreaktiota ja sen merkitystd kehittyvdn rotan hippokampuksen vauriossa.
Organotyyppisten hippokampusleikeviljelmien kdsittely kainiinihapollaja silld aiheutettu
status epilepticus (SE) 9 ja 21 piivan ikdisille rotille mallinsivat eksitotoksisuutta
ja pitkittynyttd epileptistd kohtausta. Tulokset osoittivat, ettd hippokampuksen
pyramidaalialueiden hermosolut olivat altteimpia vauriolle, joka oli peruuttamaton
ja ikériippuvainen, koska sitd havaittiin vain 21 pdivdn mutta ei 9 pdivéin ikdisilld
rotilla. Pédasiallinen solukuolemamekansmi oli nekroosi, koska apoptoosiin liittyvien
proteiinien ilmentyminen ei muuttunut merkittdvésti ja soluissa havaittiin nekroosin
piirteitd. Tulehdusreaktio aktivoitui ikdriippuvaisesti kainiinihappokésittelyn jalkeen: 21
pdivén ikdisillé rotilla aktivaatio tapahtui nopeasti, voimakkaasti ja kokonaisvaltaisesti,
mutta 9 pdivén ikiisilld rotilla aktivaatio oli erittdin heikko. Tulehduskipulddkekasittely
ennen kainiinihapon liséysti ei estédnyt hermosoluvauriota hippokampusleikeviljelmissa,
miké voi johtua ladkkeenannon ajoituksesta. Yhteenvetona todetaan, ettd kainiinihappo
johti  koe-eldimilld tulehdusreaktion ikdriippuvaiseen aktivaatioon, joka voi
edesauttaa nekroottista hermosoluvauriota ja héiritd normaalien hermosoluyhteyksien
muodostumista altistaen epilepsian kehittymiselle.

Avainsanat: epilepsia, kehittyvét aivot, hippokampus, hermosolukuolema, apoptoosi,
tulehdus
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ABBREVIATIONS

S5LOX 5-lipoxygenase

AA arachidonic acid

AED antiepileptic drug

AIF apoptosis-inducing factor

AMPA a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
AMPAR a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor
apaf-1 apoptotic protease activating factor-1
ATP adenosine triphosphate

BBB blood-brain barrier

BH bcl-2 homology domain

BSA bovine serum albumin

CA cornu ammonis (lat. Ammon’s horn)
cDNA complementary DNA

CNS central nervous system

COX cyclooxygenase

DAB 3,3’-diaminobenzidinetetrahydrochloride
DG dentate gyrus

DIV days in vitro

DMSO dimethyl sulfoxide

EDTA ethylenediaminetetraacetic acid

ELISA enzyme-linked immunosorbent assay

EC entorhinal cortex

EP prostaglandin E receptor

ER endoplasmic reticulum

FIB Fluoro-Jade B

GABA gamma-aminobutyric acid

GDNF glial cell line-derived neurotrophic factor
GFAP glial fibrillary acidic protein

GLAST glutamate aspartate transporter

GLT-1 glial glutamate transporter-1

GluR glutamate receptor

HI hypoxia-ischemia

HRP horseradish peroxidise

IFN interferon

IL interleukin

IL-1Ra interleukin-1 receptor antagonist

1.p. intraperitoneal

IP, inositol triphosphate

KA kainic acid

KAR kainic acid receptor
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MCP
MMP
mRNA
NMDA
NMDAR
NS-398
OHC

PARP
PBS
PCR
PFA
PG
ROS
rRNA
SDS
SE
TBS
TGF
TLE
TNF

monocyte chemotactic protein
matrix metalloproteinase
messenger RNA
N-methyl-D-aspartate
N-methyl-D-aspartate receptor
N-[2-(cyclohexyloxy)-4-nitrophenyl]-methanesulfonamide
organotypic hippocampal slice culture
postnatal day

poly(ADP ribose)polymerase
phosphate-buffered saline
polymerase chain reaction
paraformaldehyde
prostaglandin

reactive oxygen species
ribosomal RNA

sodium dodecyl sulphate
status epilepticus
Tris-buffered saline
transforming growth factor
temporal lobe epilepsy

tumor necrosis factor
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1 INTRODUCTION

Epilepsy is a chronic neurological disease, which affects roughly 1% of the human
population (Pitkénen and Sutula, 2002). Epilepsy is defined as as a disorder of the brain
characterized by an enduring predisposition to generate epileptic seizures (Fisher et al.,
2005). Status epilepticus (SE) is defined as a condition in which epileptic activity (e.g.
seizure) persists for more than 30 minutes or recurrent seizures over period of 30 minutes
without full recovery of consciousness between seizures (Commission on Classification
and Terminology of the International League Against Epilepsy, 1981; Lowenstein et
al., 1999). Epileptic seizures are a consequence of electrical disturbance in the brain,
characterized by an imbalance between excitation and inhibition (Fisher et al., 2005).
The developing brain is more prone to seizures, as excitation is physiologically favored
over inhibition during maturation (Holmes and Ben-Ari, 2001).

Epileptic seizures are harmful to the developing brain. Harmful effects include
neuronal degeneration and disturbances in developmental processes which may in
turn predispose to recurrence of seizures (Ben-Ari and Holmes, 2006). These effects
are highly age- and seizure model-dependent. For example, when SE is induced by an
intraperitoneal injection of the glutamatae analogue kainic acid (KA), neurodegeneration
occurs in the more mature postnatal brain, but not the immature brain (Haas et al., 2001;
Ravizza et al., 2005). The acute cellular harmful effects are later evident in the child as
cognitive impairment, e. g. learning disability and developmental delay (Holmes and
Lenck-Santini, 2006). Among the most vulnerable brain regions to seizure-induced
damage is the hippocampus, a part of the limbic system in the brain. The hippocampus
has a central physiological role in learning and memory.

Seizure-induced neurodegeneration is caused by overactivation of glutamate receptors
by glutamate, the major excitatory neurotransmitter of the brain, leading to excessive
calcium ion (Ca?") influx inside the neuronal cell resulting in neuronal damage, which
is defined excitotoxicity (Olney, 1969). However, the exact molecular mechanisms of
excitotoxic neuronal death in the developing hippocampus are incompletely known.
It has remained unelucidated, whether this death occurs via the harmful form of cell
death, called necrosis, or the less harmful programmed cell death, called apoptosis (Kerr
et al.,, 1972). Recently, also activation of inflammatory processes has been proposed
to contribute to excitotoxic neuronal damage in the adult brain, and some signs of
inflammatory responses after this have been detected in the developing brain as well
(Rizzi et al., 2003; Jung et al., 2006).

The main objectives of this thesis were to study the neuronal death mechanism in
excitoxic neurodegeneration and to investigate the contribution of inflammatory processes
to this by using in vitro and in vivo rat models of epileptic seizures and excitotoxicity of
the developing hippocampus.

The goal was to clarify these molecular mechanisms, which could contribute to the
development of drugs to counter the harmful effects of epileptic seizures in pediatric
patients.
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2 REVIEW OF THE LITERATURE

2.1 Glutamate

2.1.1 Glutamate as a neurotransmitter

Glutamate, or glutamic acid, is an amino acid and the major excitatory neurotransmitter
in the central nervous system (CNS). At the synapse, glutamate is stored in vesicles.
Nerve impulses trigger its release from the pre-synaptic nerve terminals and glutamate
binds to and activates glutamate receptors (GluR) in the post-synaptic neuron. It has
been known for over four decades that glutamate can cause neuronal destruction in the
mammalian brain (Olney, 1969), which subsequently was named excitotoxicity, due
to neuronal death resulting from excessive depolarization produced by the excitatory
substance (Olney, 1971; Olney et al., 1972). Excitotoxicity, in the form of overactivation
of GluRs, has since been found to be an important contributing factor in different brain
insults and lesions, such as hypoxia-ischemia (HI) and epilepsy (Whetsell 1996; Mattson
et al., 2000; Bengzon et al., 2002).

2.1.2 Glutamate receptors

GluRs are integral membrane proteins. There are two kinds of GluRs; ionotropic and
metabotropic. Furthermore, the ionotropic GluRs can be divided in three families
according to the activating agonists: N-methyl-D-aspartate (NMDA), a-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) and kainic acid (or kainate,
KA).

2.1.2.1 NMDA receptors

Three subunit families have been identified for NMDA receptors (NMDAR); NR1,
NR2 and NR3, which have different isoforms and splice variants (for references, see
Cull-Candy et al., 2001). Receptors function as heteromeric assemblies composed of
multiple NR1 subunits in combination with at least one member of the NR2 family. The
NR3 subunit does not form functional receptors alone, but can co-assemble with NR1/
NR2 complex. Each subunit confers distinct properties to the receptor assembly and
functional attributes of the receptors are largely determined by the expression of the
various subunits and isoforms (Cull-Candy etal.,2001). For example, the NR3 A subunit
suppresses receptor activity and thus decreases NMDAR-mediated neurotransmission
(Henson et al., 2010). This diversity is also evident in pharmacology, as NMDAR
antagonists and channel blockers show selectivity for certain subunit compositions
(Chazot et al., 1994). The central functional attributes of NMDARs are voltage-
sensitive block of the cation channel by extracellular Mg*, a high permeability to
Ca?" and unusually slow “activation/deactivation” kinetics (Cull-Candy et al., 2001).
Excessive calcium influx through NMDARSs can cause excitotoxic neuronal death, and
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blockade of NMDARSs has been neuroprotective in animal models of both stroke and
seizure (Lee et al., 1999). However, the potential usefulness of NMDAR antagonists as
drugs is limited by side effects. For example, using NMDAR antagonists has resulted
in dopaminergic hyperactivity and behavioural changes characteristic of schizophrenia
(for references, see Olney et al., 1999). Furthermore, mice with reduced NMDAR
expression have been proposed as models of schizophrenia (Mohn et al., 1999).
Interistingly, NMDA preconditioning (i.e. treatment with a sub-lethal dose of NMDA)
has conveyed neuroprotection against glutamate and KA-induced neurotoxicity,
which suggests the idea that neurons have the ability to generate tolerance against
excitotoxins (Mohammadi et al., 2009; Navon et al., 2011).

2.1.2.2 Kainate / AMPA type glutamate receptors

In the past, AMPA and KA receptors have been considered as only one functional unit
because of difficulties in differentiating them, and they were called AMPA/KA receptors
(Catarzi et al., 2007). Classification of these receptors according to their preferred agonist
has been replaced by classification based on the proteins which form the receptor. AMPA
receptors are heteromers and consist of four different subunits, GluR1, GluR2, GluR3,
and GluR4 (Catarzi et al., 2007).

KA receptors are comprised of a tetramer of subunits of five different types: GluRS,
GluR6, GluR7, KA1 and KA2 (for review, see Pinheiro and Mulle, 2006). GIuRS,
GluR6 and GluR7 subunits can form functional homomeric receptor-channels activated
by KA and show low affinity for glutamate (Egjeberg et al., 1991; Schiffer et al., 1997).
KA1 and KA2 subunits mediate high affinity for the ligands, but cannot form functional
channels without the other subunits (Werner et al., 1991; Herb et al., 1992). Kainate and
AMPA receptors act mainly as cation-selective ion channels (Dingledine et al., 1999).
Activation of postsynaptic KA receptors by e.g. glutamate generates an excitatory
postsynaptic current that leads to the cumulative depolarization of the postsynaptic
membrane (for references, see Pinheiro and Mulle, 2006). There are also presynaptic
KA receptors, which act as autoreceptors and can regulate neurotransmitter release (for
references, see Lerma et al., 2001; Pinheiro and Mulle, 2006).

2.1.2.3 Metabotropic glutamate receptors

Metabotropic glutamate receptors (mGluR), in contrast to ionotropic glutamate
receptors, mediate slow synaptic responses due to their coupling to intracellular G
proteins and second messengers (Nakanishi, 1994). They are divided into three groups.
Group I includes mGIuR 1 and mGluRS subtypes and is coupled to inositol triphosphate
(IP,)/Ca’* signal transduction. Group II includes mGluR2 and mGluR3 subtypes, and
group III mGluR4 and mGluR6—mGluR8 subtypes. Both Group II and III subtypes are
negatively coupled to adenylate cyclase (Nakanishi 1994). These receptors play a role in
synaptic plasticity, modulation of neural excitability, and neurotransmitter release (Conn
and Pin, 1997). The mGluR1 subtype has been proposed to play an important role in
regulating hippocampal network activity after early-life seizures (Avallone et al., 2006).
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2.1.2.4 Developmental changes in glutamate receptors

Glutamate has a critical role during development, as activation of GluRs is involved in
synaptogenesis, synaptic plasticity and neuronal migration (Collard et al., 1993; Yen
et al., 1993; Behar et al., 1999). The subunit expression of different GluRs is variable
through development, as e. g. during the first postnatal month in the rat hippocampus
the expression profile of most of the subunits of the ionotropic glutamate receptor types
(NMDAR, AMPAR and KAR) changes (Moyner et al., 1994; Pickard et al., 2000; Ritter
et al., 2002).

In general, the expression of NMDAR subunits NR2B, NR2D, and NR3A decreases
during development, whereas the expression of NR2A, NR2C, and NR3B subunits
increases and peaks during the third postnatal week in the rat (Monyer et al., 1994;
Ritter et al., 2002; Henson et al., 2010). The high levels of NR2B, NR2D, and NR3A
in the immature brain contribute to increased NMDAR-mediated Ca®* influx and thus
lower the threshold for seizures (Lau and Zukin, 2007). There is an increase in AMPARS
containing the GIuR2 subunit in the hippocampus during the first 2 postnatal weeks of rat
brain development, reaching its pinnacle at P14 and then declining (Pickard et al., 2000).
The GIuR4 subunit is expressed mainly early in the hippocampus while, in contrast, the
GluR1 to GIuR3 subunit expression increases with development (Zhu et al., 2000). In the
CA1 region of the hippocampus, the GluR2 receptor subunit replaces the GluR 1 subunit
(Ritter et al., 2002), which could lead to a reduced Ca** influx. Of the mGluR subunits,
mGluR1, mGIluR2, and mGluR4 messenger RNA (mRNA) expression is low at birth
in the rat brain, but increases during development. In contrast, mGluR3 and mGIluR5
are highly expressed at birth, but decrease during maturation (Catania et al., 1994). It
has been suggested that mGluR3 and mGIluR5 may play a role in synaptogenesis, and
mGluR2, and mGluR4 in mature synaptic transmission ( Catania et al., 1994; Avallone
et al., 2000).

2.1.3 Kainic acid

KA was first isolated from a type of seaweed in Japan (Murakami and Takemoto,
1953). Subsequently, it was discovered that local application of KA on neurons has
excitatory action and, furthermore, that KA causes neuronal destruction, especially in
the pyramidal cells of the hippocampus (Nadler et al., 1978). KA activates KARs and, on
higher concentrations, AMPARs (Lerma etal., 1993). KA-induced cell death has been
confirmed to occur through activation of KARs, as, for example, GluR6-knock down
protects from KA-induced cell death (Mulle et al., 1998). KARs are widely expressed
throughout the developing rat brain (e.g. in the hippocampus, cortex, thalamus and
cerebellum) (Bahn et al., 1994). However, expression patterns of different subunits
in different brain arecas are variable (Bahn et al., 1994). In the hippocampus, KAR
subunit expression is detectable in the hippocampus at the same time as the formation
of hippocampal structures begins (at around embryonic day 14 in the rat) (Bahn et
al., 1994). There is variation in the KAR subunit expression also between different
regions in the developing rat hippocampus. For example, the pyramidal and dentate
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granule cells express GluR6 in abundance, a population of the interneurons express
GluRS, while the KA1 subunit expression is mostly restricted to CA3 (Wisden and
Seeburg, 1993; Bahn et al, 1994). There are many transient peaks in KAR (as well as
in AMPAR and NMDAR) subunit expression during the postnatal development (from
PO to P35), which possibly denote important time-points in the development of the rat
hippocampus (e.g. P3 and P7) (Ritter et al., 2002). In general, KAR subunit expression
decreases in the rat hippocampus from the levels observed at the time of birth during
postnatal development (Ritter et al., 2002).

Extent and location of KA-induced neurodgeneration seems to depend on
the concentration KA used and the route of its administration. For example, an
intraperitoneal (i.p.) injection of KA leads in most cases to damage in the CA1 region
while an intracerebroventricular or intramygdaloid injection of KA damages more
prominently the CA3 region (Nadler et al., 1978; Sperk, 1994). A systemic or an
intracerebral injection of KA induces epileptic seizures and thus KA administration is
widely used as a model of temporal lobe epilepsy (TLE) (Nadler 1981; Ben-Ari, 1985;
Vincent and Mulle, 2009).

2.2 Hippocampus

2.2.1 Structure

The hippocampus is a structure located in the temporal lobe of the brain. It consists
of the following subregions; dentate gyrus (DG), and cornu ammonis (CA) regions
CA3, CA2 and CA1 and the subiculum (Fig. 1) (Amaral and Lavenex, 2007). The
DG has two layers; the granular cell layer housing the cell bodies of the granular
cell type of neurons, and the molecular cell layer, which consists mostly of dendrites
of the granular cells and axons projected towards them from the entorhinal cortex
(EC) (known as the perforant path) (Amaral and Lavenex, 2007). The axons of the
granular cells (known as mossy fibers) project towards the CA3 region. The CA
regions have the pyramidal cell layer at their core, consisting of the cell bodies of
the pyramidal cell type of neurons, and next to it stratum oriens (on the outside curve
of the pyramidal cell layer) and stratum radiatum (on the inside curve) (Amaral and
Lavenex, 2007). Stratum oriens houses the basal dendrites of the pyramidal cells,
while stratum radiatum contains the apical dendrites. The axons of the CA3 region
(known as Schaeffer collaterals) project first into the stratum oriens (of the same
region) and then to the stratum radiatum of the CA1 region. Axons from the CA1
region are extended towards the subiculum and from there axons extend back to the
EC (Amaral and Lavenex, 2007).
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Figure 1. Schematic representation of a cross-sectioned hippocampus and a simplified illustration
of the order of the main excitatory signal transduction from the entorhinal cortex through the
hippocampal circuitry (arrows and numbers). The signal arrives from the entorhinal cortex via
the perforant pathway (1), is received by dentate granule cells in the DG (2), and transmitted
to the pyramidal cells in CA3 (3). From CA3 the signal is relayed to the CA1 region (4) before
exiting the hippocampus via the subiculum (5) and heading back to the entorhinal cortex (6).
Modified from Caeser and Aertsen, 1991. Abbreviations: a, alveus; DG, dentate gyrus; EC,
entorhinal cortex; f, fimbria; H, hilus; mf, mossy fiber; pp, perforant pathway; S, subiculum;
sc, Schaeffer collaterals; sg, stratum granulare; sm, stratum moleculare; so, stratum oriens; sp,
stratum pyramidale; sr, stratum radiatum.

2.2.2 Function

The hippocampus is a part of the limbic system and is involved in many functions, for
example learning and memory. Roughly, the main excitatory pathway begins with input
from the entorhinal cortex at the DG and continues through the CA regions (from CA3
to CAl) to the subiculum and from there back to the entorhinal cortex (Amaral and
Lavenex, 2007).

The vast majority of the neuronal connections in the hippocampus are excitatory
with glutamate as neurotransmitter, but a small portion (about 10%) of the neurons
are inhibitory interneurons, found in all regions of the hippocampus, with gamma-
aminobutyric acid (GABA) acting as the transmitter (Freund and Buzsaki, 1996).
The interneurons have an important role in balancing and synchronizing the primarily
excitatory activity (Freund and Buzsaki, 1996).

The major extrinsic input into the hippocampus comes from the EC via the perforant
pathway (Witter et al., 1988). The fibers terminate in the outer two-thirds of the molecular
layer of the DG (Van Hoesen and Pandya, 1975). Additionally, the DG receives some
input from hypothalamus, septal nuclei and monoaminergic brain stem nuclei. The CA3
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and CA1 regions receive extrahippocampal input from cortical and subcortical areas
and especially abundantly from the amygdala (Pikkarainen et al., 1999; Pitkénen et al.,
2000). The DG does not project extrahippocampally, but the CA3 has some extrinsic
output, most importantly to the lateral septal nucleus (Swanson and Cowan, 1977). The
CAL1 has more extrahippocampal projections than CA3. In addition to the major output
route back to the EC through the subiculum, the CA1 projects to the lateral septal area,
and a number of other subcortical and cortical areas.

Among the brain structures, the hippocampus is especially vulnerable to damage
from disturbances, such as epileptic seizures. The subregions of the hippocampus
differ in susceptibility to neuronal damage, the CA3 and CA1 regions regarded as more
vulnerable than the DG (Faherty et al., 1999; Liu et al., 2001).

2.2.3 Development

Morphologically, the primate (including human) hippocampus develops earlier than in
rodents, as the majority of developmental processes take place in utero (Bayer, 1980;
Lavenex et al., 2007). Soon (3-4 days) after birth, human babies have recognitional
memory, which is based on hippocampal function (Pascalis & Schoenen, 1994). In the
rat brain in the first 2 postnatal weeks, a so-called brain growth spurt takes place, during
which there is an intense neuronal growth and synaptogenesis, and brain size grows
rapidly (Dobbing and Sands, 1979). Matching these developmental stages in rodents
and humans is complicated, due to variation in parameters. Roughly, the developmental
stage of a rat at the age of 7-10 days is similar to a full-term newborn baby, and a
3-week-old rat is comparable to a young child (reviewed by Avishai-Eliner et al., 2002).
In the rat hippocampus, neurons in the Ammon’s horn are generated prenatally, whereas
granule cells in the DG are mostly generated postnatally (Bayer, 1980). Furthermore,
interneurons are generated prenatally in rats, ahead of the glutamatergic pyramidal
neurons (Bayer, 1980).

2.3 Epilepsy

Epilepsy is a common neurological disease affecting roughly 1% of humans the highest
incidence being in infants and the elderly (Pitkdnen and Sutula, 2002). Epilepsy is defined
as a disorder of the brain characterized by an enduring predisposition to generate epileptic
seizures and by the neurobiologic, cognitive, psychological, and social consequences of
this condition (Fisher et al., 2005). In epilepsy, electrical imbalance in the brain results in
recurrent seizures (Fisher et al., 2005). Status epilepticus (SE) is defined as a condition
in which epileptic activity (e.g. seizure) persists for more than 30 minutes or recurrent
seizures over period of 30 minutes without full recovery of consciousness between
seizures (Commission on Classification and Terminology of the International League
Against Epilepsy, 1981; Lowenstein et al., 1999). The possible causes of epilepsy are
diverse, e.g. brain injury, stroke, brain infection, genetic alterations, but its etiology
remains unknown in most cases.
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In acquired epilepsy, an initial brain insult and/or seizure is followed by a silent,
seizure-free period, which is defined epileptogenesis, during which epilepsy develops
(for references, see Pitkdnen and Lukasiuk, 2011). It is a dynamic and diverse process
characterized by alteration of neuronal connections, neurodegeneration, neurogenesis,
gliosis, axonal sprouting, dendritic plasticity, blood—brain barrier (BBB) damage,
recruitment of inflammatory cells into brain tissue, reorganisation of the extracellular
matrix, and reorganisation of the molecular architecture of individual neuronal cells
(Pitkdnen and Lukasiuk, 2011). Epileptogenesis culminates in development of chronic
spontaneous seizures, i.e. epilepsy.

2.3.1 Epilepsy in the developing brain

There is a higher incidence of seizures in the immature brain than the mature brain, due
to the imbalance favouring excitation over inhibition during maturation (Holmes and
Ben-Ari, 2001). For example, GABA is the major inhibitory neurotransmitter in the
adult brain, but it is depolarizing during early neuronal development before maturation
of the K*/CI- co-transporter (Rivera et al., 1999). However, the immature brain is more
resistant to seizure-induced damage in the form of neuronal degeneration compared to
the mature adult brain (Baram et al., 2002; Ben-Ari and Holmes, 2006). In contrast,
the immature brain is susceptible to disturbances in developmental processes such as
displacement in cell migration and aberrant maturation of synapses, which may in turn
predispose to recurrence of seizures (Ben-Ari and Holmes, 2006). The susceptibility to
neuronal degeneration caused by seizures or SE is dependent on age and maturational
stage. Results vary according to the seizure and SE model used, but in general either
no nerve cell death or minor damage has been detected in the hippocampus, amygdala,
and temporal cortical regions of animals younger than two-weeks of age (Nitecka et al.,
1984; Cavalheiro et al., 1987; Sperber et al., 1991; Haas et al., 2001; Cilio et al., 2003),
whereas more severe damage has been observed in the brain of rats older than 2 weeks
(Sankar et al., 1998; Druga et al., 2005; Holopainen, 2008).

In addition to neuronal loss, harmful effects of early life SE in rodents also manifest
as an increased risk of later seizures or even developing TLE in adulthood (Holmes and
Ben-Ari, 1998; Dube et al., 2000; Cilio et al.,2003; Kubova et al., 2004), and cognitive
impairment such as memory deficits and spatial learning (Lynch et al., 2000; Kubova et
al., 2004). Similar consequences are seen in humans: although the majority of children
with epilepsy do relatively well, a part of them suffer from developmental delay, learning
disabilities, and behavioural and psychosocial problems (for references, see Holmes and
Lenck-Santini, 2006).

Antiepileptic drugs (AEDs) are used continuously to prevent seizures. However, in
the developing brain, AEDs trigger apoptotic neurodegeneration, which may be the cause
of side effects observed in pediatric patients taking AEDs such as developmental delay,
cognitiveimpairment and microcephaly (Bittigau etal., 2002). Phenytoin and valproic acid
can trigger region-specific apoptotic neuronal death in P7-P8 rats at plasma concentrations
relevant for seizure suppression in humans (Bittigau et al., 2002; Kim et al., 2007b). At
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this age neurons are rapidly growing and establishing synaptic connections (Bittigau
et al., 2002; Kim et al., 2007b). Furthermore, neurotoxicity of AEDs is suggested to be
age-dependent, and the molecular mechanism responsible for this is proposed to be the
impairment of neurotrophin-mediated, survival-promoting signals in the brain (Bittigau
et al., 2002). In humans, the period of synaptogenesis extends from the last 3 months of
pregnancy into the third year of life (Dobbing and Sands, 1979), and both phenytoin and
valproic acid are currently used at this age. Moreover, combining AEDs to reduce seizure
frequency may be even more deleterious for the immature brain than the use of a single
drug alone according to experimental data. For example, the combined treatment with
phenytoin and carbamazepine significantly exacerbated phenytoin-induced apoptotic
neuronal death in several brain regions of P7-P8 rats, while topiramate, given alone,
caused no damage, but when combined with phenytoin, enhanced phenytoin-induced
neurodegeneration (Kim et al., 2007a). However, topiramate can induce neuroprotection
in experimental HI models, as it has prevented hypomyelinating injury caused by HI
insult in P7 rats, and decreased the subsequent neuromotor deficits (Follett et al., 2004).
It also suppressed seizures and ameliorated long-term neurobehavioral deficits after
HI-induced seizures in P10 rats (Koh et al., 2004). Furthermore, gabapentin enhanced
neuronal survival and attenuated seizures in an ischemic experimental model, in which
the right common artery was ligated in P12 rats, and immediately after the ligation,
rats received an i.p. injection of gabapentin (Traa et al., 2008). These experimental data
suggest that newer AEDs can, at least when used as monotherapy, have beneficial effects
after brain insults in the immature brain.

2.3.2 Animal models of epilepsy

Epilepsy, a many-faceted disease, can also be modelled in different ways, depending on
the aims of the study. For example, the chronic disease condition can be induced or, in
contrast, acute seizures may be elicited. Seizures are induced by chemoconvulsants or
electrical stimulation. Most common chemoconvulsants, i.e. compounds used to induce
SE, are KA and pilocarpine, which are administered systemically (intaperitoneally,
intravenously or subcutaneously) or injected intracerebrally. KA acts on KARs and,
at higher concentrations, also AMPARs and causes the depolarization of the neurons
which have these receptors (reviewed above). In the hippocampus, in particular the
pyramidal neurons in the CA3 area (Bahn et al., 1994), in which the KA receptor density
is the highest in the brain, are vulnerable to generation of epileptiform activity after
depolarization with KA due to their network-like organization and tendency to generate
bursts (Ben-Ari, 1985; Lothman et al., 1991; Strowbridge 1999; Hemond et al., 2008;
Vincent and Mulle, 2009). Pilocarpine is a muscarinic acetylcholine receptor agonist.
Commonly, pilocarpine administration is preceded by pre-treatment with lithium, which
sentitizes the brain to pilocarpine allowing the usage of lower doses of pilocarpine (Jope
et al., 1986). Pilocarpine has been used to generate seizures both in immature and adult
rodents (Kubova et al., 2001; Dudek et al., 2002). In contrast to the KA model, neuronal
damage in the hippocampus has also been detected in postnatal day (P) 12-14 rats using
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pilocarpine (Sankar et al., 1998). Following the administration of the chemoconvulsant,
SE with generalized tonic-clonic seizures is provoked in minutes to hours depending on
the drug used, its concentration, and the strain and age of the animals. After a few hours,
the seizures disappear, and may or may not recur spontaneously later.

Kindling is a commonly used method, which was conceived already decades ago
(Goddard et al., 1969). In kindling, excitatory stimulation is mechanically applied into
the brain to create chronic TLE (Goddard et al., 1969). The targeted brain area, for
example the hippocampus or the amygdala, is stimulated with implanted electrodes
mildly and repeatedly, which eventually leads to spontaneous seizures (Sayin et al.,
2003). In electrically induced SE, a single and stronger electrical stimulation is applied
to specific sites of the brain, which leads to SE. The most sensitive area for SE induction
is basolateral amygdala (Goddard et al., 1969; Nissinen et al., 2000).

2.3.3 In vitro model: Organotypic hippocampal slice cultures

As the hippocampus is organized in a lamellar fashion, isolated secions cut
perpendicularly to the septotemporal axis retain the majority of the intrinsic connections
intact and thus may operate as independent functional units (Caeser and Aertsen, 1991).
Organotypic hippocampal slice cultures (OHC) are tissue cultures cut in such fashion
from the hippocampi of 6 to 7 day-old animals, and model the developing hippocampus.
In these cultures, cellular maturation, synaptic organization and functional connections
develop similarly to in situ conditions (Caeser and Aertsen, 1991; Gahwiler et al., 1997;
Holopainen, 2005). Furthermore, glutamate analogue treatment of these cultures induces
synaptic reorganization and functional changes compatible to the in vivo models of
excitotoxicity, such as epileptic animals (Routbort et al., 1999). Conversely, treatment
with for example non-NMDA antagonists blocks the increased activity (Routbort et al.,
1999; Bausch and McNamara, 2000). The severity and location of neuronal damage
caused by glutamate and its analogues (KA, AMPA, NMDA) in OHCs depends on the
agent used, its concentration and length of treatment time (Vornov et al., 1991; Bruce et
al., 1995; Kristensen et al., 2001).

2.4 Cell death mechanisms

Excitotoxicity is a process, in which excessive glutamate overactivates Ca?* permeable,
GluR-operated, channels causing Ca?* influx into the neuron, and the resulting imbalance
in intracellular Ca?* causes the activation of lethal signalling pathways ending in neuronal
death (Orrenius et al., 2003). However, the type of cell death may vary (Orrenius et al.,
2003). Early effects of Ca*" influx include the activation of Ca?*-dependent enzymes,
and generation of reactive oxygen species (ROS) (Wang et al., 2005). The mechanism
of neuronal death in excitotoxicity has been extensively investigated in models of
different CNS disturbances (e.g. hypoxia, ischemia, traumatic brain injury, epilepsy) in
the adult brain with somewhat conflicting results, but in the developing brain, the death
mechanism has remained incompletely studied.
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Cell death has classically been divided in two main categories: necrosis and apoptosis
(Kroemer et al., 2005). See Table 1 for comparison of morphological features between
apoptosis and necrosis. This view has been challenged and evidence has been presented
of other types of cell death and also cell death with mixed features. Furthermore, new
cell death mechanisms, e.g. autophagic cell death and excitotoxic cell death as a cell
death entity of its own, have been proposed (Kroemer et al., 2005).

Table 1. Comparison of morphological features of apoptosis and necrosis

Apoptosis Necrosis

Cell shrinkage Cell swelling

Chromatin condensation, DNA fragmentation Partial chromatin digestion

Cell membrane integrity maintained Cell membrane rupture, integrity lost
Cell organelles remain intact Cell organelles destroyed

2.4.1 Apoptosis

Apoptosis is a form of programmed cell death, which is usually a physiological
mechanism, although it can occur as a response to an insult. In the embryonic brain, in
its physiological role, it ensures controlled development in removing excess neurons.
Apoptosis is characterized by shrinkage of the nucleus with chromatin condensation and
cleavage, while cell membranes and organelles remain initially intact (Kerr etal., 1972;
Kroemer et al., 2005). Eventually the apoptotic cell is vacuolized into apoptotic bodies,
which are ingested by phagocytes. In this way, cell death does not cause disturbances to
the surrounding area.

2.4.1.1 Caspases

Apoptosis is commonly dependent on cysteine protease enzymes, known as caspases.
Apoptotic caspases can be divided into initiator caspases (caspase-2, -8, -9, -10 and -12)
and effector caspases (caspase-3, -6 and -7) (Slee et al., 1999). Caspase-3 is the most
prevalent caspase in the cell and responsible for the majority of apoptotic functions
(Zimmermann et al., 2001; Maiuri et al., 2007). Caspases are produced in inactive forms
called pro-caspases, and effector caspases require cleavage to become activated (Wilson
et al., 1994). During apoptosis, activated effector caspases cleave and inactivate vital
proteins for cellular survival, such as the DNA-repairing enzyme poly(ADP ribose)
polymerase (PARP) (Lazbenik et al., 1994). Also inactive caspases are substrates for
active caspases. Gene disruption experiments have established that caspases are essential
for normal brain development, as for example deletion of caspase-3 or caspase-9 leads
to developmental defects in the CNS and forebrain malformation (Kuida et al., 1996;
Hakem et al., 1998). There is some variance in the expression levels of caspases during
rat brain development. For example, caspase-2 expression rises 4 weeks after birth,
while caspase-3 expression is high from embryonic day 19 to 2 weeks after birth, and
decreasing thereafter (Shimohama et al., 1999).
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2.4.1.2 Bcl-2 family proteins

The bcl-2 family proteins are important for the intrinsic apoptotic pathway. They share
one or more of four domains of homology (called bcl-2 homology domains, BH), which
are important in dimeriztion and in functioning as regulators of apoptosis (Gross et al.,
1998; Cory and Adams, 2002). Bcl-2 family proteins can be divided into pro-apoptotic
(e.g. bax, bad, bak, bim) and anti-apoptotic (e.g. bcl-2, bel-x, bcl-w), based on their
function. The actions of the pro-apoptotic bcl-2 family proteins (detailed below) are
countered by the anti-apoptotic bcl-2 family proteins under stable conditions, usually by
forming a heterodimer (Zimmermann et al., 2001; Maiuri et al., 2007). Bax is the key
pro-apoptotic bel-2 family protein during brain development, as its disruption results
in increased numbers of neurons in selected neuronal populations (for references, see
Kuan et al., 2002). Of the anti-apoptotic bcl-2 family proteins, only bcl-x disruption
produces a dramatically changed neurodevelopmental phenotype, while disruption of
bcl-2 affects only programmed cell death in specific neuronal subpopulations during
embryogenesis and after the period of naturally occurring cell death (for references,
see Kuan et al., 2002). In general, the expression of bcl-2 family proteins seems to be
downregulated during the rat brain development. For example, bcl-2 protein level was
at its highest at embryonic day 19 and decreased after birth, while bax levels were high
from embryonic day 19 to 2 weeks after birth, and decreased from 4 weeks after birth
onwards (Shimohama et al., 1998).

2.4.1.3 Extrinsic and intrinsic apoptotic pathways

Apoptosic pathways can be divided into extrinsic and intrinsic (Zimmermann et al.,
2001; Maiuri et al., 2007). In the extrinsic apoptosic pathway, a death signal comes from
outside the cell and binds to a death receptor on the cell membrane (e.g. Fas). This starts
a cascade during which caspase-8 is activated, which in turn activates other caspases,
such as caspase-3. Upon activation by cleavage, caspase-3 cleaves proteins vital for cell
survival, for example PARP.

In the intrinsic pathway (Fig. 2), members of the pro-apoptotic bcl-2 family, e.g.
bax, undergo a conformational change and translocate from the cytosol onto the
mitochondrial outer membrane after withdrawal of survival signals or induction by
cellular stress (Zimmermann et al., 2001; Maiuri et al., 2007). On the mitochondrial
membrane, they participate in the formation of pores on the membrane, which leads to
release of cytochrome c¢ from the mitochondria into the cytosol (Zimmermann et al.,
2001; Maiuri et al., 2007). Cytochrome c together with caspase-9 and apoptotic protease
activating factor-1 (apaf-1) form a complex called apoptosome, which activates executor
caspases, including caspase-3 (Zou et al., 1997). Extrinsic and intrinsic pathways share
the last steps of the pathway, i.e. the activation of caspases, but the pathways may also
interconnect earlier; for example caspase-8 is able to recruit pro-apoptotic bcl-2 family
proteins (Zimmermann et al., 2001).

Additionally, alternative caspase-independent apoptosis pathways have been
identified. An example of this is a pathway in which apoptosis is induced by the apoptosis-
inducing factor (AIF) (Yu et al., 2002; Zhu et al., 2003). AIF is a mitochondrial protein,
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which translocates to the nucleus, where it induces large scale DNA fragmentation and
apoptosis (Henshall and Simon, 2005). In addition, the role of PARP in cell death has
been found to be more complicated than merely contributing to apoptosis by loss-of-
function (for references, see Virag and Szabo, 2002). PARP activation in DNA damage
has been hypothesized to have three different outcome possibilities (Virag and Szabo,
2002). If the DNA damage is mild, PARP functions normally and depending on the
sufficiency of DNA repair, the cell either survives or goes to apoptosis. However, if DNA
damage is excessive, PARP is overactivated resulting in depletion of cellular energy
stores, i.e. nicotinamide adenine dinucleotide (NAD) and adenosine triphosphate (ATP),
which leads to necrosis.

Besides mitochondria, apoptosis can be initiated by other cell organelles as well. For
example, unrepairable DNA damage in the cell nucleus causes the p53 protein to increase
the expression of pro-apoptotic bcl-2 family proteins (Ferri and Kroemer, 2001). Also
endoplasmic reticulum (ER) stress can initiate apoptosis, for example by calcium release
from the ER into the cytosol. Additionally, apoptosis may be locally regulated by the bcl-
2 family proteins and caspase-12 located at the ER (Ferri and Kroemer, 2001).
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Figure 2. A simplified illustration of the intrinsic apoptosic pathway. Modified from Zimmermann
et al.,, 2001. Abbreviations: Apaf-1, apoptotic protease activating factor-1; PARP, poly(ADP
ribose)polymerase

2.4.2 Necrosis

Necrosis is traditionally regarded as a pathologic and unregulated form of cell death
and is characterized by swelling of cell organelles and cell membrane breakdown, while
the nucleus and chromatin remain intact in the early phase but are fragmented later
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(Kroemer et al., 2005). Necrosis often leads to harmful effects on the surrounding area as
toxic cell debris is released from the dying cell on other cells and, as a consequence, also
the inflammatory reaction is activated. However, evidence is accumulating that necrosis
might also have some elements of regulation and programming. For example, Fas
receptor stimulation has been shown to elicit a caspase-independent pathway resulting in
necrosis (Holler et al., 2000; Matsumura et al., 2000). Necrosis is still largely identified
by absence of markers of apoptosis or features of other cell death types (described below).

2.4.3 Other types of cell death

Autophagic cell death is a relatively recently discovered form of cell death and is
described as a type of cell death that occurs in the absence of chromatin condensation
but accompanied by massive autophagic vacuolization of the cytoplasm. (Maiuri et al.,
2007; Kroemer et al., 2009). Autophagic cell death has been detected during neuronal
development and neurodegenerative diseases (Borsello et al., 2003: Yuan et al., 2003).
Also a protective role has been suggested for autophagy, since its loss in the CNS seems
to cause neurodegeneration (Komatsu et al., 2006). It has been suggested that autophagy
and apoptosis have abundant molecular crosstalk and may be triggered by common
upstream signals, such as the bcl-2 family proteins (Maiuri et al., 2007). In vivo studies
of autophagic cell death are still limited, but are expected due to considerable interest in
this cell death mechanism.

Excitotoxic cell death has been presented as a separate entity, but so far has not
been fully endorsed as an independent death mechanism due to common regulators and
overlap with other death types (Kroemer et al., 2005; Kroemer et al., 2009). Signs of
mixed features of different types of cell death have also been described, such as death
receptor mediated autophagic cell death with necrotic morphology (sometimes called
necroptosis) in ischemic neuronal injury (Degterev et al., 2005).

2.4.4 Death mechanism in excitotoxic neuronal death in the brain

In the mature brain, parts of the apoptotic pathways have been shown to be activated
after excitotoxic insult or seizures. At the mitochondrial level in the intrinsic pathway,
members of the bcl-2 family of proteins are triggered after seizures; e.g. bcl-2 expression
has been observed to be decreased compared to the pro-apoptotic bax, which also
translocated from the cytosol to the mitochondria (Lopez et al., 1999; Henshall et al.,
2002; Korhonen et al., 2003). AIF has been found to be involved in both bax-dependent
and bax-independent neuronal apoptosis in NMDA- and KA-mediated excitotoxicity
(Cheung et al., 2005). Additionally, gene disruption studies in mice have implicated
the pro-apoptotic bcl-2 family proteins Bim and Puma as mediators of hippocampal
neuronal death caused by KA-induced seizures, while bcl-w has been found to have
seizure- suppressing and neuroprotective functions (Murphy et al., 2007; Engel et al.,
2010; Murphy et al., 2010). Signs of extrinsic pathway involvement in excitotoxiciy have
been noticed in the form of caspase-8 processing and attenuation of neuronal death by
caspase-8 inhibition (Henshall et al., 2001; Li et al., 2006). However, results concerning
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caspase-3 activation after KA have been somewhat contradictory, as caspase-3 has been
detected to be either activated (Faherty et al., 1999), inactive (Fujikawa et al., 2002) or
only marginally activatied (Narkilahti et al., 2003). Increased levels of bax, cytochrome
¢ and caspase-3 have been detected in relatively mature 18-25 days in vitro (DIV) OHCs
after 50 pM KA treatment (Sakhi et al., 1997; Liu et al., 2001). However, inhibition
of caspases only partially protects neurons from KA toxicity, implying involvement of
multiple mechanisms (Liuetal.,2001). The role of PARP in excitotoxic neuronal death has
been suggested to be linked to AIF. PARP activation stimulated by glutamate analogues
(e.g. NMDA) or ischemia is required for translocation of AIF from the mitochondria to
the nucleus, which implies the existence of PARP-dependent but caspase-independent
form of programmed cell death (Yu et al., 2002; Culmsee et al., 2005).

Excitotoxic cell death mechanisms have been far less studied in the developing brain.
In P14-28 rats, SE-induced CA1 nerve cell death might involve both early necrosis
and apoptosis within days of the insult (Sankar et al., 1998; Wasterlain et al, 2002). It
has also been suggested that the mechanism of excitotoxic cell death in the developing
hippocampus has a temporal dependence with necrosis being the dominant cell death
mechanism acutely (a few days) after the excitotoxic insult, and apoptosis appearing
later, in the delayed phase of neuronal death (i.e. 1-2 months after the insult) (Humphrey
et al., 2002). More specifically, it has been proposed that in the perinatal brain, the loss
of connections from the neurons that die by non-apoptotic mechanisms in the first wave
cause the apoptotic death of the neurons, which received these connections prior to the
insult, in the second wave (Young et al., 2004).

2.5 Inflammation as a mediator of neuronal damage in epilepsy

Activation of the innate immunity, i.e. inflammation, after seizures or an excitotoxic
insult has been proposed to contribute to nerve cell damage in adult rats (for references,
see Vezzani and Granata, 2005). Some signs of induction of inflammatory mediators
after seizures have also been detected in the developing brain, (Rizzi et al., 2003).
Inflammatory processes are activated within hours after seizures or an excitotoxic insult
and include upregulation of cyclooxygenase (COX) enzymes, increased production
of prostaglandins and cytokines and activation of microglia and astrocytes (Tocco et
al., 1997; Jankowsky et al., 2001; Vezzani and Granata, 2005). Also, the potential of
anti-inflammatory drugs to protect from seizure-induced / excitoxoic damage has been
investigated, albeit almost exclusively in the adult brain.

2.5.1 Inflammatory processes in the brain

2.5.1.1 COX-enzymes and prostaglandins

There are two isoforms of the COX-enzyme: COX-1 and COX-2. In the brain, COX-1
is constitutively expressed mainly in the microglia (Yermakova et al., 1999). In contrast,
COX-2 is expressed at low levels in physiological conditions in neurons associated with
glutamatergic neurotransmission, and is inducible by a variety of stimuli (Kaufmann et
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al., 1996). The main function of the cyclooxygenase enzymes is to catalyze the first step
on the transformation of arachidonic acid (AA) into prostaglandins (PG), which in the
brain bind to G-protein coupled receptors located in the hypothalamus, thalamus, and
limbic system (Watanabe et al., 1989; Breyer et al., 2001). Specifically, AA is catalyzed
by COX into PGH,, of which PGE,, PGF,a, PGD,, PGIL,, and thromboxane A, are then
derived.

PGs have highly diverse and sometimes even antagonistic functions, possibly
depending on the receptor subtype to which they bind (for references, see Breyer et al.,
2001). COX-2 expression is upregulated and PG production and/or release is increased
within hours after seizures or excitotoxic insult in the brain, while neuronal degeneration
is detected later, which enables the hypothesis that these inflammatory mediators might
contribute to neuronal damage (Baran et al., 1987; Yamagata et al., 1993; Kaufmann et
al., 1996; Tocco et al., 1997; Yoshikawa et al., 2006). Of the PGs, particularly PGE, has
been studied in this context, and it has been suggested that its increase after KA-induced
seizures is dual-phased: an early (within 30 min) KA receptor-mediated phase, and a
later (several hours to 24 h) phase involving COX-2 induction (Yoshikawa et al., 2006).
Furthermore, it has been proposed that binding of PGE, to prostaglandin E receptor-1
(EP1) contributes to neuronal death, while its binding to prostaglandin E receptor-2
(EP2) promotes neuroprotection (McCullough et al., 2004; Carlson et al., 2009).

2.5.1.2 Glial cells

Microglia and astrocytes belong to the glial cell family, which includes also
oligodendrocytes. Glial cells are non-neuronal cells in the CNS that form myelin
(oligodendrocytes) and maintain homeostasis in the CNS and thus support neurons.
However, disturbances in normal glial cell function during pathological conditions in
the brain might lead to harmful effects. Recently, the role of glial cells, in particular
microglia and astrocytes in pathological brain conditions has come under intense scrutiny.
At the birth of the rat, the vast majority of brain cells are neurons, with only about 6%
being non-neuronal cells (Bandeira et al., 2009). During the second postnatal week,
massive gliogenesis takes place (Bandeira et al., 2009). Astrocytes and oligodendrocytes
are generated locally, while microglia are monocytes that have infiltrated into the brain
(Prinz and Mildner, 2011).

2.5.1.2.1 Microglia

Microglia are the resident immunocompetent cells in the CNS and form the main
immunological defence system in the brain (Streit and Kincaid-Colton, 1995; Kreutzberg
1996; Hanisch, 2002). Microglia infiltrate the brain during early embryonic development,
before the maturation of the BBB (Kreutzberg, 1996). In physiological conditions,
microglia have an appereance, which has been termed “resting”, characterized by a
small soma and processes which are thin and branched (Kreutzberg, 1996; Shapiro et al.,
2008). Despite the resting appereance, microglia are constantly in action, surveying the
neurons and their microenvironment biochemically with their highly mobile processes
and aborizations (Nimmerjahn et al., 2005; Hanisch and Kettenmann, 2007). Following
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certain pathological events which threaten the structural or functional integrity of
the CNS, for example seizures, microglia go through a morphological and functional
change (Giaume et al., 2007; Hanisch and Kettenmann, 2007; Shapiro et al., 2008).
Activated microglia are characterized by an enlarged cell body and thickened and more
ramified processes (Giaume et al., 2007; Hanisch and Kettenmann, 2007; Shapiro et al.,
2008). Microglia also migrate towards the damaged location, attracted by stimuli from
degenerating neurons (Hailer et al., 1997; Heppner et al., 1998). In addition to having
receptors for several activity modulators, microglia themselves can produce and release
a variety of signal molecules, such as cytokines (pro-inflammatory or anti-inflammatory)
and growth factors (Hanisch, 2002; Giaume et al., 2007; Hanisch and Kettenmann, 2007).
The functional response of microglia is therefore diverse and can lead to neuroprotection
or neuronal death depending on the activating conditions and severity of insult (Giaume
et al., 2007; Hanisch and Kettenmann, 2007).

Microglial activation has been detected after KA-induced seizures in the developing
(P15, P21) rat hippocampus as well as in hippocampal slice cultures after KA-treatment
(Rizzi etal., 2003; Somera-Molina et al., 2007; Cho et al., 2008). Microglial morphology
changes from resting to an active appereance and expression of microglial markers, such
as the Ibal protein, increases (Rizzi et al., 2003; Somera-Molina et al., 2007; Cho et al.,
2008).

2.5.1.2.2 Astrocytes

Astrocytes are star-shaped cells in the brain, with processes that form sheet-like
extensions that enwrap neurons and blood vessels. They have traditionally been viewed
as mostly passive supporting cells for the neurons. However, new discoveries have
been made of late, which highlight the importance of astrocytes and the diversity in
their organization and functions in physiological as well as in pathological settings (for
review, see Kimelberg, 2010). Astrocytes are linked to each other and communicate
via gap junctions to form activity groups (Giaume and McCarthy, 1996). Connexins
are the molecular constituents of gap junctions and their expression is robust in
astrocytes (Giaume and Mccarthy, 1996). In pathological conditions, connexins and gap
junctions have been shown to have both augmenting and attenuating effects on neuronal
degeneration (Giaume et al., 2007). Upon activation in certain conditions, e.g. seizures,
astrocytes, like microglia, go through a morphological change, becoming hypertrophied
with thickened processes (Shapiro et al., 2008).

On the molecular level, astrocytes respond to activating stimuli with a rise in
intracellular Ca?*, which can in turn cause the release of chemical mediators from
astrocytes, such as glutamate and ATP (for references, see Haydon and Carmignoto,
2006). Astrocytes have the ability to limit neuronal excitation in at least two ways:
maintaining low concentrations of extracellular potassium (K*) and by glutamate
uptake from the synaptic cleft, for which purpose they express two types of glutamate
transporters in rodents: glial glutamate transporter-1 (GLT-1) and glutamate aspartate
transporter (GLAST) (Rothstein et al., 1994: Lehre et al., 1995). During seizures,
astrocytic glutamate uptake may become impaired or they may even release glutamate
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which may contribute to excitotoxicity and development of later seizures (Wetherington
et al., 2008). Astrocytes, like microglia, can also produce and release cytokines, both
pro- and anti-inflammatory, and growth factors (Vezzani et al., 2008; Kim et al., 2010).
Thus, in summary, the response of astrocytes in pathological conditions, such as epileptic
seizures, can promote either neuroprotection or neurodegeneration.

Like microglia, astrocytes are activated after KA-induced seizures in the developing
(P15, P21) rat hippocampus as well as in hippocampal slice cultures after KA-treatment
(Rizzi et al., 2003; Somera-Molina et al., 2007; Cho et al., 2008). Astrocyte morphology
changes from resting to active appereance and the expression of the astrocyte marker
glial fibrillary acidic protein (GFAP) increases (Rizzi et al., 2003; Somera-Molina et al.,
2007; Cho et al., 2008).

2.5.1.3 Cytokines and growth factors

Cytokines are soluble polypeptides mediating cell-signalling in inflammation and are
secreted in the CNS by microglia and astrocytes (reviewed above). Cytokines can be
divided into pro-inflammatory, e.g. tumor necrosis factor- o (TNF-a) and interleukin-1
(IL-1), or anti-inflammatory, e.g. interleukin-10 (IL-10), based on their function, i.e.
they either promote or suppress inflammation, respectively. Cytokines such as IL-1j,
TNF-a, and IL-6 have been found to be induced rapidly in seizure models (including
KA-induced seizures) in the developing and the mature brain, i.e. within a few hours
after injection of chemoconvulsant (Jankowsky and Patterson, 2001; Ravizza et al.,
2005). Their role in seizure-induced neuronal degeneration has recently come under
increasing scrutiny. Pro-inflammatory cytokines, such as IL-1, have been implicated
in neurodegeneration (Rothwell, 1998). Suggested mechanisms of cytokine-mediated
neurotoxicity have been autocrine or paracrine production of neurotoxic compounds
and enhancement of NMDA- and AMPA-mediated Ca*" influx into neurons (Allan et
al., 2005; Vezzani and Baram, 2007). However, pro-inflammatory cytokines have been
reported to have neuroprotective functions as well, such as stimulation of antioxidant
pathways and induction of calbindin to counter the rise in intracellular Ca®* (Allan et al.,
2005). Therefore, classical pro-inflammatory cytokines such as IL-1 and TNF can have
either toxic or trophic effects, possibly depending on their extracellular concentrations,
duration of their induction, and receptor types activated (Vezzani et al., 2008). In
addition to neurotoxicity, pro-inflammatory cytokines have also been implicated in
epileptogenesis, i.e. increasing susceptibility for the development of spontaneous seizures
after the initial seizure. For example, transgenic mice overexpressing IL-6 have shown
increased sensitivity to seizures (Samland et al., 2003), and chronic IL-1p expression
has recently been associated with the development of spontaneous limbic seizures after
prolonged febrile seizures in P11 rats (Dube et al., 2010). Conversely, IL-1 receptor
antagonist (IL-1Ra) has mediated anticonvulsant effects in adult rodents in a number of
limbic seizure models, such as intrahippcompal KA and bicuculline (a GABA , receptor
antagonist) injection, and kindling (Vezzani et al., 2002).

The anti-inflammatory cytokine IL-10 suppresses inflammation by inhibiting
pro-inflammatory cytokine production (Moore et al., 1993). Its role in seizures and
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excitotoxicity has remained incompletely studied. IL-10 and its receptor were found
to be upregulated after a topical excitotoxic lesion by NMDA (Gonzalez et al., 2009).
Furthermore, administration of IL-10 has been shown to increase the threshold for febrile
seizures (Ishizaki et al., 2009).

The members of the matrix metalloproteinase (MMP) family are involved in the
metabolism in the pericellular environment and extracellular matrix breakdown and
remodelling (for references, see Sternlicht and Werb, 2001). MMPs have been implicated
in the pathogenesis of neurological disorders such as cerebral ischemia, Alzheimer’s
disease and brain trauma (for references, see Yong, 2005). MMP-9, one member of the
MMP family, is suggested to have an important role in synaptic plasticity and learning
(Meighan et al., 2006). Furthermore, its expression and activity have been found to be
increased after KA-induced SE (Zhang et al., 1998; Jourquin et al., 2003). Interferon
gamma (IFN-y) has immunostimulatory and immunomodulatory capabilities. [ts mRNA
expression was detected to be enhanced after lithium-pilocarpine induced SE in adult
rats while the expression of its receptor was upregulated in neurons, and, furthermore,
neutralization of the IFN-y receptor aggravated injury, suggesting a protective role for
IFN-y in epilepsy (Ryu, 2010).

Growth factors, also produced by microglia and astrocytes, stimulate cellular
growth, proliferation and differentiation. The expression of some growth factors,
such as glial cell line- derived neurotrophic factor (GDNF), and transforming growth
factor- (TGF-B) has been found to be induced after KA administration (Morgan et
al., 1993; Humpel et al., 1994). Both have been reported to protect neurons from
KA-induced degeneration (Martin et al., 1995; Prehn and Miller, 1996; Kim et al.,
2002). On the other hand, while seizure-induced changes in GDNF signalling seem
to be important for neuroprotective responses, they might also contribute to abnormal
excitability and development of epilepsy via effects on synaptic plasticity (Kokaia et
al., 1999).

2.5.1.4 Developmental differences in activation of inflammatory processes

Activation of the innate immunity after seizures in the developing brain has been
suggested to be age-specific. Tocco et al. (1997) found that constitutive COX-2 mRNA
expression increases with maturation and is enhanced after KA-induced seizures in the
hippocampus of juvenile P14 and P21 rats, but not in immature P7 rats. Also COX-2
protein expression has been detected to be increased with development and induced in
the developing hippocampus after repeated fluorothyl-induced seizures (Kim and Jang,
2006). Microglial and astrocyte activation seems to be age-dependent as well, as there
was little glial activation acutely (4 and 24 h) after KA-induced SE in P9 rats, whereas
pronounced activation was observed in P15 and P21 rats (Rizzi et al., 2003). Cytokine
mRNA expression also showed age-specifity in the same study. Expression of IL-1f,
TNF-a and IL-6 was studied, and all were induced 4 h after SE in P21 rats, but only
IL-1B in P15 rats, and none in P9 rats. Similar pattern of age-dependent inflammatory
response has been detected in other excitotoxicity models. For example, after hypoxic-
ischemic insult, expression of monocyte chemotactic protein-1 (MCP-1) and IL-18 was
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more prominently increased in hippocampal endothelial cells and perivascular areas of
P21 than P9 mice (Qiu et al., 2007). Taken together, it seems that inflammatory processes
are activated to a greater extent in the more mature juvenile brain than in the immature
brain in excitotoxicity.

2.5.2 Anti-inflammatory drugs as neuroprotectants

The observation that activation of inflammatory processes after seizures precedes and
might contribute to neuronal damage in the brain has lead to experiments testing the
hypothetic neuroprotective potential of anti-inflammatory drugs. These experiments,
carried out almost exclusively in the mature brain, have yielded mixed and sometimes
even contradictory results.

COX-2 selective inhibitors are commonly and widely used as pain-killers and, despite
recent setbacks stemming from their harmful cardiovascular side effects in adults,
therefore present the most straightforward candidate. Both in vitro and in vivo studies have
been carried out. In primary cortical cultures, COX-2 selective inhibitors flubriprofen
and N-[2-(cyclohexyloxy)-4-nitrophenyl]-methanesulfonamide (NS-398) afforded
protection in NMDA- but not in KA-induced neurotoxicity (Hewett et al., 2000). In
another cell culture study, NS-398 prevented KA-induced death in hippocampal neurons
but not in cortical neurons (Kim et al., 2001). More recently, in vivo studies with e.g.
celecoxib and rofecoxib claim to have resulted in neuroprotection from seizure-induced
damage (Kunz and Oliw, 2001b; Kawaguchi et al., 2005; Hewett et al., 2006; Jung et
al., 2006). However, in other studies COX-2 selective inhibitors even exacerbated KA-
induced neurotoxicity (Baik et al., 1999; Kunz and Oliw 2001a). It has been suggested
that timing of COX-2 inhibition is the determing factor for the outcome. Specifically,
pre-treatment does not lead to neuroprotection because it does not block the late-phase
PGE, increase, whereas post-treatment (a few hours after KA) is able to do so (Gobbo
and O’Mara, 2004; Takemiya et al., 2006). Furthermore, the transient increase in PGE,
production immediately following insult might even be neuroprotective (Gobbo and
O’Mara, 2004) and pre-treatment with COX-2 inhibitors could be deleterious because it
prevents increased PGE, production.

In models of ischemic brain injury, another setting of excitotoxicity, both non-selective
and COX-2 selective inhibitors have protected against neuronal injury (Candelario-Jalil
and Fiebich, 2008). In the adult rat brain, indomethacin and ibuprofen treatments have
reduced infarct size in focal brain ischemia and protected CAl neurons from global
ischemia (Patel et al., 1993; Buccellati et al., 1998). Also COX-2 selective inhibitors
NS-398 and nimesulide reduced infarct size in focal and global ischemia in rats (Nogawa
et al., 1997; Candelario-Jalil et al., 2004). However, indomethacin, ibuprofen and COX-
2 selective inhibitors have not afforded neuroprotection in all ischemia studies (for
refrences, see Candelario-Jalial and Fiebich, 2008). Clinical potential of COX-inhibitors
in treatment of ischemic brain injury is hampered by the increased cardiovascular risk
and the possible existence of also a cerebrovascular risk, which is observed especially
with large doses and/or chronic treatment (Andersohn et al., 2006). However, short-term
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administration might be a clinically viable treatment option in stroke (Candelario-Jalil
and Fiebach, 2008).

Other attempts to alleviate or prevent excitotoxic neurodgeneration by anti-
inflammatory drugs have included using an IL-1 receptor antagonist, which inhibited
microglial activation and afforded neuroprotection in NMDA (50 uM for 4 h)-mediated
neurotoxicity in OHCs (Vogt et al., 2008). Minocycline is an emerging candidate as it
is a potent inhibitor of microglial activation and caspase-related apopototic pathways,
and has shown promise in alleviating neuronal degeneration in ischemia, KA-induced
excitotoxicity in vitro and after KA-induced seizures in the hippocampus (Yrjanheikki
et al., 1999; Chen et al., 2000; Tikka et al., 2001; Heo et al., 2006).
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3 AIMS OF THE STUDY

The purpose of this work was to elucidate the incompletely known mechanisms
underlying excitotoxic neuronal death caused by KA in the developing hippocampus by
using in vitro and in vivo models. The main aims were:

I To examine the extent, localisation and temporal profile of KA-induced
neurodgeneration in the developing hippocampus.

II To determine the death mechanism of KA-induced neuronal degeneration in the
developing hippocampus.

IIT  To investigate the activation of inflammatory processes after KA treatment and
its possible contribution to KA-induced neurodegeneration in the developing
hippocampus.

IV To detect age-dependent differences in KA-induced activation of inflammatory
processes and neuronal death in the developing hippocampus
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4 MATERIALS AND METHODS

4.1 Experimental epilepsy models

4.1.1 Animals (I-IV)

For in vitro studies in organotypic hippocampal slice cultures, 6- to 7-day old Wistar (I)
or Harlan Sprague-Dawley (III) rats were used. For in vivo studies (11, V), 9-day-old and
21-day-old Harlan Sprague-Dawley rats were used. The age-groups for the in vivo studies
were selected to compare two different developmental stages: the immature (P9) rat and
the more mature juvenile (P21) rat. All animal experiments were conducted in accordance
with the guidelines of the European Community Council Directives 86/609/EEC, and had
the approval of the Animal Use and Care Committee of the University of Turku (I-II) or
the Office of the Regional Government of Western Finland (I1I-1V). All efforts were made
to minimize the pain, discomfort, and number of experimental animals.

4.1.2 Status epilepticus induced by kainic acid injection (II, I'V)

4.1.2.1 Status epilepticus in 9-day-old rats (11, IV)

Group 1 (II): P9 rat pups were weighted, and an i.p. single dose of KA (2 mg/kg) (Tocris
Cookson Ltd., Avomouth, UK) was given. After the injection, the pups first manifested
stiffening, scratching, head nodding, and forelimb clonus within 5 min with further
progression to generalized tonic-clonic seizures within 12-15 min. In order to ensure the
survival of P9 rats, SE was stopped with a single dose (0.3 ml/kg, i.p.) of paraldehyde
(Fluka Chemie AG, Buchs, Switzerland) 1 h after the KA injection. Shortly after that,
0.9% NaCl was injected (i.p.) at the dose of 2.5% of the body weight to help the recovery.
The mortality of rat pups was about 20%. After the cessation of seizures, pups were taken
back to the cages with their mother, and used for studies later. Instead of KA injection,
P9 control rats received the comparable volume of 0.9% NaCl as given to the KA-treated
rats, but to minimize the discomfort of the experimental animals, they did not receive
any further injections although were otherwise treated as their age-matched KA-injected
rats. Moreover, in this age group, the KA-treated and their age-matched control rats were
separated from their mothers for equivalent time.

Group 2 (IV): P9 rat pups were weighted, and a single dose of KA (1.2 mg/kg)
(Tocris) was given i.p. The pups first manifested stiffening, scratching, head nodding,
and forelimb clonus within 20-30 min after the injection with further progression to
generalized tonic-clonic seizures within 45-60 min, which continued for 3-4 h after the
KA injection. The mortality of the rat pups was negligible. After the cessation of seizures,
pups were taken back to the cages with their mother. Instead of KA injection, P9 control
rats received the comparable volume of 0.9% NacCl as given to the KA-treated rats. The
KA-treated and their age-matched control rats were separated from their mothers for
equivalent time.
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4.1.2.2 Status epilepticus in 21- day-old rats (11, IV)

P21 rats were weighted, and an i.p. single dose of KA (7 mg/kg) (Tocris Cookson Ltd.,
Avomouth, UK) was given. Rats first showed scratching, chewing, and myoclonic
jerks within 20-30 min followed by wet dog shakes, head nodding, forelimb clonus,
and rearing and falling. Behavioural signs of generalized tonic-clonic seizures occurred
within 45-60 min after the injection, which continued up to 3-4 h after the KA injection.
The mortality of animals was negligible. Instead of KA injection, P21 control rats
received the comparable volume of 0.9% NaCl as given to the KA-injected rats, but
were otherwise treated as their age-matched treated rats. Rats were visually followed-up
for about 2 h after the cessation of behavioural seizure signs, and they were thereafter
taken back to their cages. All KA-injected rats included in the studies manifested the
behavioural seizure signs as described above.

4.1.3 Organotypic hippocampal slice cultures (I, I1I)

Hippocampal slice cultures were prepared from the hippocampi of P6-7 rat pups using
the modfied method of Stoppini et al. (1991). Hippocampi were dissected and placed
immediately in cold Gey’s balanced salt solution (Gibco, UK) supplemented with
glucose (6.5 mg/ml). Slices (400 um) were cut perpendicular to the septotemporal
axis of the hippocampus using a Mcllwain tissue chopper. Slices from the middle third
of the hippocampus were separated, and placed on top of semipermeable membrane
inserts (Millipore) (three to four slices per insert) in a six-well plate containing 1.2 ml
of culture medium (50% of minimum essential medium, 25% Hanks’ balanced salt
solution (Gibco), 25% heat-inactivated horse serum, 25 mM HEPES, supplemented
with 0.5 ml Gluta-MaxII (Gibco) and 6.5 mg/ml glucose, pH adjusted to 7.2). Slices
were cultured in an incubator (37 °C, 5% CO,) for 7 DIV with medium changes twice
a week. No antibiotics were used. At 7 DIV slices were treated with KA (1, 2.5 or 5
uM) for various times by transferring the inserts into fresh culture medium containing
KA. A subset of slices were left untreated with only culture medium change to serve
as controls. Additionally, the COX-2 selective inhibitor NS-398 (10, 30, 60 or 90 uM),
dissolved in dimethyl sulfoxide (DMSO), was added to the culture medium of a further
subset of slices 1 h before adding KA. Slices were then further cultured in the presence
of both compounds.

4.2 Antibodies (I-TV)

Primary and secondary antibodies were used in Western blotting and immunocytochemical
experiments. The list of primary mouse monoclonal and rabbit polyclonal antibodies
used is shown in Table 2. Appropriate (anti-mouse or anti-rabbit) secondary antibodies
to detect primary antibodies were horseradish peroxidise (HRP)-conjugated goat IgG
in Western blotting experiments, and either biotin SP-conjugated or fluorescent Alexa
488/568 goat IgG in imunocytochemical experiments.
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Table 2. Primary antibodies used in Western blotting and immunostainings.

Target protein Species Origin (Company)

Actin Rabbit Sigma-Aldrich

Bax Mouse Sigma-Aldrich

Bcl-2 Rabbit Santa Cruz Biotechnology
Caspase-3 (cleaved) Rabbit Cell Signaling Technology
COX-2 Rabbit Cayman Chemical

GFAP Mouse Sigma-Aldrich

Ibal Rabbit Wako Chemicals

PARP Mouse Sigma-Aldrich

Tubulin (B) Mouse Sigma-Aldrich

Abbreviations; COX-2, cyclooxygenase-2; GFAP, glial fibrillary acidic protein; Ibal, ionized
calcium binding adaptor molecule 1; PARP, poly(ADP ribose)polymerase.

4.3 Histological staining methods

4.3.1 Fluoro-Jade B (I-11I)

Fluoro-Jade B (FJB) (Histo-Chem Inc., Jefferson, AR, USA) was used to detect
degenerating neurons. This dye is an anionic tribasic fluorescence derivative with
excitation peaks of 362 and 390 nm, and an emission peak of 550 nm, and it stains
degenerating neurons and their processes regardless of the mechanism by which a nerve
cell dies (Schmued and Hopkins, 2000). Tissue slices were first transferred to 0.06%
potassium permanganate (KMnO4, Sigma) for 2—5 min to reduce background staining.
Thereafter, slices were transferred to 0.001% FJB solution for 30 min. After staining,
slices on glasses were dried, immersed in xylene, and coverslipped. The number of
stained neurons was scored using the following categories: (0) no FBJ-stained neurons
in the cell layer (regarded as normal); (1) some (1-4) stained neurons; (2) very sparse
number of stained neurons; (3) many stained neurons; (4) a lot of stained neurons.

4.3.2 Thionin staining (IIT)

Thionin staining was used to detect loss of damaged neurons. Tissue slices were fixed,
transferred to glasses, and briefly stained with 0.1% thionin. Thereafter they were
dehydrated in alcohol series, cleared in xylene, and coverslipped. The loss of neurons
(i.e. absence of staining) in the CA3a/b pyramidal cell layer was scored blinded as
follows: (0) layer intact; (1) few lost neurons; (2) sparse number of lost neurons; (3)
majority of neurons lost; (4) entire layer disappeared.

4.4 SDS-PAGE and Western blotting

Tissue slices were collected in ice-cold homogenization buffer containing 50 mM Tris-
HCI (pH 7.4), 1% sodium dodecyl sulphate (SDS), 2 mM ethylenediaminetetraacetic
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acid (EDTA), 1 mM phenylmethylsulphonylfluoride, and 0.7 mM dithiothreitol,
homogenized (Ultra-Turrax T25, Janke and Kunkel, Staufen, Germany), boiled, and
centrifuged at +4 °C. The supernatants were frozen, and stored at —70 °C until used.
Total protein concentration of the samples was determined using the Lowry-based
assay (Bio-Rad, CA, USA). Equal amount of protein was applied to wells in 7.5-12%
acrylamide mini gels, and separated by electrophoresis. Proteins were transferred to
polyvinylidene fluoride Immobilon-P (Millipore, Bedford, MA, USA) membranes,
which were thereafter incubated overnight at + 4 °C with the primary antibodies.
Afterwards, membranes were washed and incubated with the appropriate HRP-
conjugated secondary antibody for 1 h at room temperature. The signal was obtained
using the enhanced chemiluminescence ECL system (Amersham, Buckinghamshire,
UK). The film (Hyperfilm ECL, Amersham, UK) was developed, and the optical signals
were quantified with Image J 1.20s (NIH, Bethesda, MD, USA). A semi-quantitative
analysis was calculated as percentage of the untreated control samples, the level of
which was set at 100%.

4.5 Immunocytochemistry (I-IV)

For the in vivo experiments, rats were deeply anesthetized with 50 mg/kg of pentobarbital,
and fixed by transcardiac perfusion with 4% paraformaldehyde (PFA) in phosphate-
buffered saline (PBS, pH 7.4). Brains were rapidly removed, postfixed at + 4 °C,
processed with antigen retrieval protocol, cryoprotected in 30% sucrose in PBS at + 4
°C, frozen, and kept at -80 °C until used. For immunostaining, brains were cryosectioned
in 40 pm slices, collected in Tris buffered-saline (TBS, pH 7.4) containing 0.1% Triton
X-100, and immediately processed in a free-floating system.

For the in vitro experiments, inserts with cultured hippocampal slices were first rinsed
with PBS (pH 7.2), fixed with 4% paraformaldehyde, and washed with PBS. Slices were
then carefully mechanically detached from the inserts, collected in Tris-buffered saline
(TBS, pH 7.4) containing 0.1% Triton X-100, and immediately processed in the free-
floating system. All further steps were common for brain slices and OHCs.

After incubation in a blocking solution containing 3% bovine serum albumin (BSA)
and 0.1% Triton X-100 in TBS (pH 7.4), slices were incubated with the primary antibody
overnight at +4 °C in blocking solution. After washings, slices were incubated with
the biotin SP-conjugated secondary, followed by incubation with the avidin-peroxidase
conjugate (Vectastain ABC Kit, Vector Laboratories, Burlingame, CA, USA). The
staining was detected using 3,3’-diaminobenzidinetetrahydrochloride (DAB) (Sigma)
as a chromogen. Three to four brain slices or OHCs, in which the primary antibody was
omitted but which were otherwise treated as indicated above, served as negative controls.
The immunoreactivity was examined with microscope under bright field. Alternatively,
after primary antibody incubation, a fluorescent secondary antibody Alexa 477 or Alexa
568 (Invitrogen, Carlsbad, CA, USA) was used and the specimen were examined with
microscope using an appropriate filter.
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4.6 Quantitative real-time PCR (111, IV)

Quantitative real-time polymerase chain reaction (qQPCR) was used to investigate
expression levels of mRNA of several proteins after KA treatment both in vivo (IV)
and in vitro (I11). Hippocampi or cultured hippocampal slices were quickly frozen with
liquid nitrogen, and stored at -70 °C until used. For the experiments, thawed samples
were homogenized with Ultra-Turrax, and the total RNA extraction was carried out
with Qiagen RNeasy mini kit (Qiagen, Hilden, Germany) using the protocol supplied
by the manufacturer. Total RNA was reverse transcribed to complementary DNA
(cDNA), performed by the M-MuLV Reverse Transcriptase RNase H+ (including RNase
inhibitor) (Finnzymes, Espoo, Finland). Quantitative real-time PCR was performed
using TagMan One-Step RT-PCR Master Mix Reagents Kit (Applied Biosystems,
Foster City, CA, USA). Amplification was carried out with the ABI 7300 Real-Time
PCR System (Applied Biosystems) with a two-step PCR protocol (preincubation of 10
min at +95 °C followed by 40 cycles at +95 °C for 15 s, and for 1 min at +60 °C). All
cytokine primers and probes were designed using Primer Express software (Applied
Biosystems) avoiding contaminating genomic DNA amplification by positioning one of
the primers or a probe over the exon/intron boundary. The cytokine cDNA was amplified
using primers and probes as described in Table 3. The mRNA quantification results were
normalized using the rat ribosomal 18s RNA (rRNA) (Applied Biosystems). Before the
study, the stability of rRNA expression in the samples was validated with an experiment
in which different concentrations of sample mRNA were used and rRNA expression was
measured. The stability of rRNA in stress conditions has also been previously shown
(Derks et al., 2008). In all studies, each sample was run in triplicate, and the comparative
threshold method (= AACT method) was used to examine the relative quantification
of the samples (Relative Quantitation computer software, Applied Biosystems). Fold-
expression changes were calculated using the equation 2-44T,

Table 3. The sequences of primers and probes used to amplify the cytokine cDNA.

Cytokine 5’ primer 3’ primer Probe

GDNF  GCCACCATCAAAAGACTGAAAAG  CGGTTCCTCTCTCTTCGAGGA — TCACCAGATAAACAAGCGGCGGCA

IFN-y  TCGAATCGCACCTGATCACTA GGGTTGTTCACCTCGAACTTG ~ CATCCTTTTTTGCTTTACTGTTGCTGAGAAG

IL-1B GAAAGACGGCACACCCACC AAACCGCTTTTCCATCTTCTTCT TGCAGCTGGAGAGTGTGGATCCCAAAC
1L-10 CCCTCTGGATACAGCTGCG GCTCCACTGCCTTGCTTTTATT CGCTGTCATCGATTTCTCCCCTGTGA
MMP-9 GTATGGTCGTGGCTCTAAACCTG  TCGGCTGTGGTTCAGCTG CCCAAGGCCTCCAGCCACCAC

TGF-1 TGAGTGGCTGTCTTTTGACGTC ~ CCTGTATTCCGTCTCCTTGGTT CTGGAGTTGTCCGGCAGTGGCTGA
TNF-0.  GACCCTCACACTCAGATCATCTTCT ACGCTGGCTCAGCCACTC TAGCCCACGTCGTAGCAAACCACCAA

The probes were labeled with FAM at the 5’ end and with TAMRA at the 3’ end.
Abbreviations: A, adenine; C, cytosine; G, guanine; GDNF, glial cell line-derived
neurotrophic factor; IFN-y, interferon gamma; IL-1p, interleukin-1 beta; IL-10,
interleukin-10; MMP-9, matrix metalloproteinase-9; T, thymine; TGF-B1, transforming
growth factor- beta 1; TNF-a, tumor necrosis factor alpha.
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4.7 ELISA (111, 1V)

Two kinds of enzyme-linked immunosorbent assay (ELISA) kits were used. One to
measure PGE, release into the culture medium from OHCs (III) and another to measure
in vivo IL-1 protein expression in the hippocampus after SE (IV).

In the in vitro study, PGE, amount in the culture medium of OHCs was measured 4h
after KA (5 uM) treatment alone, and after the pre-treatment of slices with the COX-2
inhibitor (90 uM) for 1 h prior to addition of KA (5 pM). Medium was collected and
stored at —70 °C until used. The concentration of PGE, released into the culture medium
of 8 slices per group was measured with an ELISA kit (Cayman Chemical). The protocol
supplied by the manufacturer was followed.

In the in vivo study, three control rats and four KA-injected rats (8 h after injection)
were used. Rats were decapitated, hippocampi quickly isolated, placed in ice-cold
homogenization buffer containing 50 mM Tris-HCI (pH 7.4), 1% SDS, 2 mM EDTA,
1 mM phenylmethylsulphonylfluoride, and 0.7 mM dithiothreitol, homogenized with
Ultra-Turrax, boiled, and centrifuged at 4 °C. The supernatants were frozen, and stored
at =70 °C until used. Total protein concentration of the samples was measured using
the Lowry-based assay (Bio-Rad, CA, USA). A commercial ELISA kit (Raybiotech,
Norcross, GA, USA) was used and the protocol supplied by the manufacturer was
followed. Results are given as pg of IL-1 per milligram of total protein.

4.8 Microscopy techniques

4.8.1 Light and fluorescent microscopy (I-1V)

Immunostained sections, in which DAB was used as chromogen (II-1V), and thionin
stained sections (III) were examined with a Leica DMR microscope (Heerbrugg,
Germany) under bright field. Immunostained sections, in which a fluorescent secondary
antibody was used (I-IV), and FJB-stained sections (I-I1I) were examined with the Leica
DMR microscope using the appropriate filter. Images were captured using an Olympus
U-TVI1 X digital camera (Olympus Optical, Tokyo, Japan), and further processed with
Adobe Photoshop Elements (version 3.0) and Corel Draw (version 11.0).

4.8.2 Confocal microscopy (I, I1I)

Some FJB-stained sections (I) and immunostained sections, in which a fluorescent
secondary antibody was used (III), were also examined with a Leica TCS SP confocal
microscope. The excitation wavelength for FIB and Alexa 488 was 488 nm and emission
detection window was 500-550 nm. The excitation wavelength for Alexa 568 was 568
nm and emission detection window was 600-700 nm.

4.8.3 Electron microscopy (I)

Slices were fixed with freshly prepared 5% glutaraldehyde (Electron Microscopy
Sciences, Fort Washington, PA, USA), the CA3a/b region was isolated by knife cuts,



Materials and Methods 41

and the specimen was further prepared according to standard procedures. For the light
microscopy, orientation sections from the CA3a/b region were cut at 1 pm thickness and
stained with toluidine blue. The ultrathin sections (70 nm) were stained with 5% uranyl
acetate and 5% lead citrate in Ultrostainer (Leica, Wien, Austria), and examined in a
JEM—-1200EX (JEOL, Tokyo, Japan) transmission electron microscope.

4.9 Statistical analysis (I-IV)

All statistical analyses were performed using the GraphPad Prism software program
(versions 3.0 and 4.0, GraphPad Software, San Diego, CA, USA). The level of significance
was set at p<0.05. The following statistical analyses were used in the original articles.

L.

1L

III.

Iv.

The overall group differences in the score numbers after the FJB staining within
the acute and recovery groups were assessed with two-way analysis of variance
(ANOVA), and the statistical significance of differences between the experimental
groups with one-way ANOVA with Tukey—Kramer Multiple Comparison Test as a
post hoc test. The nonparametric one-way ANOVA with Kruskal-Wallis Test was
used to analyze the group differences (acute and recovery groups) in the Western
blots.

The statistical significance of the overall changes in the signal intensity in Western
blots of the control and KA-treated rats was measured with the Kruskal-Wallis test
using Dunn’s Multiple Comparison Test as a post hoc test.

The statistical significance of the differences between control and treatment
groups was analyzed with one-way ANOVA using Tukey’s test as post hoc test,
except for Fluoro-Jade B and thionin scoring, and microglial cell counting, in
which Student’s unpaired #-test was used.

Statistical significance of differences between the groups was analyzed with
one-way ANOVA with Tukey’s test as a post hoc test in experiments in which
there were three or more groups. Differences between the two age groups at the
studied time-points were analyzed with two-way ANOVA. Statistical significance
of differences in experiments having two groups was analyzed with Student’s
unpaired t-test.
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S RESULTS

5.1 Time-course and localization of kainic acid-induced nerve cell
damage (I-11I)

5.1.1 In vivo (I)

In order to investigate the localization and extent of neuronal damage after KA-induced
SE, control and treated P9 and P21 rat hippocampal slices were stained with FIB 24
h after SE. KA-induced SE caused a region specific neuronal damage, detectable as
positively stained neurons, in the CA1 region of P21 rats 24 h after SE. Additionally,
some positive neurons were observed in the CA3 region. No control rats of either age or
P9 KA-treated rats exhibited FIB-positive staining in the hippocampus.

5.1.2 In vitro (I, IIT)

In order to reveal the time-course and localization of KA-induced neuronal damage in
vitro, OHCs were treated with 5 uM KA for various times: 6 h, 12 h, 24 h, and 48 h,
and additionally in each time-group a subset of slices was further cultured in normal
medium after KA treatment for an additional 48 h recovery period (I). KA treatment
caused a region specific and dose-dependent neuronal damage. First FJB-positive
neurons were found in the CA3a/b region after 12 h of KA treatment. Positively
stained neurons were also observed in CA3c and DG regions after 48 h of treatment.
Positive FJB-staining was detected neither in control slices nor in slices treated for 6
h with KA. Significant increases in the amount of FJB-positive neurons, as measured
by scoring, were found after the 48 h recovery period compared to the respective
acute 6, 12 and 24 h groups in the CA3a/b region, and the 12 and 24 h groups in the
CA3c region. In the DG, the difference between acute and recovery groups was not
significant.

In order to establish dose-dependency for neuronal damage caused by KA treatment,
OHCs were treated with 1, 2.5 and 5 uM KA for 24 h in another experiment (III).
Of the slices treated with 1 uM KA, 17.7% (3/17) of slices exhibited FJB-positive
neurons, while positive staining was found in 57.1% (16/28), and 88.9% (16/18) of
slices treated with 2.5, and 5 pM KA, respectively. The severity of damage was in
general mild with 1 pM KA, mild to moderate with 2.5 uM KA, and moderate to
severe with 5 uM KA. In all KA concentrations used, neuronal damage was almost
exclusively located in the CA3a/b region with occasional staining also in the CA3c
region after the 5 uM KA treatment. Disappearance of neurons in the CA3a/b region
was also observed when OHCs treated for 24 h KA followed by a 48 h recovery period
were stained with thionin.
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5.2 Expression of apoptosis markers in excitotoxic nerve cell damage (I, II)

The expression of proteins involved in apoptosis was studied by Western blotting and
immunocytochemistry in vitro in KA-treated OHCs (I) and in vivo in the hippocampus
of P21 rats after KA-induced SE (II). Studied proteins included active caspase-3 (I, 1),
uncleaved and cleaved PARP (I), bax (II) and bcl-2 (II). In OHCs, the expression of
neither caspase-3 nor PARP (uncleaved or cleaved) changed significantly after 4, 8, or 24
h (5 uM) KA treatment compared to the control group. /n vivo, in the P21 rat hippocampus
there were no significant differences in the expression of bax or active caspase-3 24 h, 3
d or 7 d after KA injection compared to the control level. Bel-2 expression significantly
decreased 24 h after KA injection, but returned to the control level 3 d after SE, and
remained so 7 d after SE. Single caspase-3 positive cells were observed similarly in
the CA1 region of both the control rats and KA-treated rats, while the cellular structure
of stained cells seemed irregular in the KA-treated group in comparison to the normal
structure of the stained cells in the control group.

5.3 Activation of inflammatory processes after kainic acid treatment

5.3.1 COX-2 expression and localization and PGE, production (I, III)

COX-2 expression was studied in vivo (1) after KA-induced SE in P9 and P21 rat brains
and in vitro in OHCs (II). The expression of PGE2, produced from arachidonic acid by
COX-2, was studied with EIA from the culture medium of OHCs 4 h after the initiation
of KA treatment (III).

II.  The expression of COX-2 increased almost five-fold 24 h after KA injection in
P21 rats, and returned to the control level within 3 days after the injection where
it remained also 7 d after SE. In P9 rats, however, COX-2 expression remained
unchanged compared to controls at all time-points studied (6 h, 24 h, 7 days).
Immunoreactivity of COX-2 was pronouncedly increased compared to controls in
the hippocampi of P21 rats 24 h after SE in the CA3-CA1 pyramidal cell regions,
dentate granule cells, and molecular layers of the DG, and to some extent also in
the CA3 stratum radiatum and stratum oriens. In P9 rats, no changes in COX-2
immunoreactivity were detected 24 h after the KA injection in any hippocampal
region compared to their age-matched controls. In addition to the hippocampus,
COX-2 immunoreactivity was also pronouncedly enhanced in the lateral and
basolateral nuclei of the amygdala, and piriform cortex of P21 rats 24 h after
SE, but not in the age-matched control rats, in which COX-2 immunoreactivity
remained unchanged in these brain areas. In contrast, in P9 rats, the COX-2
immunoreactivity was not changed 24 h after SE in any brain region compared to
the control rat.

III. In OHCs, KA treatment (5 uM, 24 h) resulted in pronouncedly enhanced COX-
2 immunoreactivity, in comparison to control slices, especially in the CA3c
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subregion, which contained numerous heavily COX-2 immunoreactive neurons.
Also the CA3a/b and CA1 subregions show a few COX-2 immunoreactive cells.
The concentration of PGE2 in the culture medium of KA-treated slices was
significantly increased 4 h after the initiation of KA treatment compared to the
culture medium of untreated, control slices.

5.3.2 Cytokine expression (III, I'V)

Expression of various cytokine mRNAs were investigated after KA treatment in the
hippocampus both in vitro in OHCs after 1 h, 6 h and 24 h KA (5 uM) treatment (IL-1p,
TNF-a and IL-10) (II1), and in vivo in P9 and P21 rat hippocampus 4, 8 and 24 h after
KA-injection (IL-1B, TNF-a,

IL-10, MMP-9, GDNF, IFN-y, and TGF-B1) (IV). In addition, in P21 rats, mRNA

expression of the cytokines in the hippocampus was measured 3 d after SE and IL-1§
protein expression with ELISA 8 h after KA-injection (IV).

III.

Iv.

The expression of neither the proinflammatory cytokines TNF-a, IL-1p, nor the
anti-inflammatory cytokine IL-10 mRNA in OHCs was significantly increased
from the control level at any studied time-point. It should be noted, that despite
efforts to minimize variation in culture and treatment processes, the variation
of cytokine mRNA expression was high between different samples of the same
treatment group. Interestingly, IL-1 mRNA expression decreased over time, the
difference compared to control level being significant 24 h after KA treatment.

Expression of mRNA of the classic pro-inflammatory cytokines IL-1p and TNF-a
increased rapidly and pronouncedly in the P21 rat hippocampus after SE. Both
cytokine mRNAs were significantly increased already at the earliest studied time-
point (4 h after KA-injection). TNF-ao mRNA expression decreased thereafter,
being still significantly enhanced at 8 h, but returning to the control level by 24
h. Meanwhile, IL-1 mRNA expression continued to rise, peaking at 8 h, when
it was almost 25-fold higher compared to the controls, and at 24 h its expression
still remained significantly higher than in the control group. To confirm the
enhanced expression after SE at the protein level, the IL-1p protein expression
in the hippocampus of P21 rats was studied with ELISA 8 h after KA injection.
The concentration of IL-1p protein was 95.3 &+ 7.8 pg/mg (mean + SEM) in the
control group, and it significantly (p<0.05, unpaired t-test) increased to 124.3
+ 10.1 pg/mg (mean £ SEM) in the KA-treated group (8 h after injection). In
contrast, in P9 rats, IL-1p mRNA expression did not significantly change from
the control group 4 h or 8 h after KA injection, but at 24 h its expression was
slightly, but significantly enhanced. Likewise, TNF-a mRNA expression in the P9
rat hippocampus after KA-induced SE increased more gradually and moderately
than in P21 rats, enhancement being significant first 8 h after KA injection, and
remained elevated up to 24 h. In P21 rats, expression of the anti-inflammatory IL-
10 mRNA was significantly increased at 4 h but thereafter it sharply decreased,



Results 45

returning to the control level already at 8h. In P9 rats, however, the increase in
IL-10 mRNA expression was again more gradual, being significant first 8 h after
SE, and thereafter returned to the control level by 24 h.

The two age groups had more similarities in the MMP-9 mRNA expression profile. In
both age groups, the expression of MMP-9 mRNA was significantly enhanced 8 h after
KA. However, in P21 rats the expression decreased to control level at 24 h, whereas in
P9 rats at the same time-point it remained significantly enhanced. In P21 rats, GDNF
expression was significantly enhanced at 4 h after KA injection, and it remained elevated
at 8 h and 24 h, whereas in the P9 rat hippocampus its expression remained unaltered
after SE at all time-points studied. In both age groups, the expression of neither IFN-y
nor TGF-B1 was significantly altered compared to their respective age-matched controls
at any time-point studied.

To study whether the SE-induced increase in expression of the studied cytokines was
prolonged beyond the acute phase, their mRNA expression was measured also 3 d after
SE in P21 rats and in their age-matched control group. However, the expression of all the
cytokines did not significantly differ from those of the controls 3 d after SE.

5.3.3 Glial cell activation (III, I'V)

The activation of glial cells, i.e. microglia and astrocytes, was studied in OHCs after
KA treatment (III) and in the postnatal rat hippocampus after SE (IV). In order to
visualize glial cells, immunocytochemistry was used to detect the microglial antigen
Ibal, and the astrocytic antigen GFAP. In OHCs, microglial and astrocytic activation
was observed 24 h after KA treatment (5 pM). Ibal immunoreactivity revealed
numerous heavily Ibal-stained cells scattered throughout the OHC, and these
microglial cells had an activated appearance showing an enlarged cell body and thicker
processes in increased numbers. Also enhancement of GFAP immunoreactivity was
observed in groups of astrocytes, together with a pronounced change in morphology.
These cells exhibited thickened, heavily GFAP-immunopositive processes after KA
treatment. It is of interest to note that astrocytes exhibiting active appearance tended
to be grouped together and that these groups were spread throughout the pyramidal
cell layers. In the hippocampus of P21 rats 3 d after SE, the morphology of microglia
and astrocytes changed from the resting appereance of the control hippocampi to the
active appearance. The active appereance was similar to that seen in KA-treated OHCs.
It is of importance to note that while activated astroctyes were spread throughout
the hippocampus, Ibal staining was heaviest in the microglia in the CA1 region. In
contrast, in P9 rats, both microglia and astrocytes retained the resting appereance
3 d after SE. A summary of the results concerning the activation of inflammatory
processes in the P9 and P21 rat hippocampus after KA-induced SE is presented in
Table 4.



46 Results

Table 4. Comparison of activation of inflammatory processes after KA-induced seizures in the
hippocampus between P9 and P21 rats.

P9 P21
COX-2 expression Unaltered Pronouncedly, but transiently
increased
Glial cells (microglia and Retain inactive morphological Morphology changes to active
astrocytes) appereance appearance
Cytokine mRNA expression  Mild, delayed increase Fast, pronounced, but
transient increase

Abbreviations: COX-2, cyclooxygenase-2; mRNA, messenger RNA.

5.3.4 Effect of a COX-2 selective inhibitor on excitotoxic nerve cell damage in
vitro (11T)

In order to investigate the hypothesized neuroprotective effects of COX-2 inhibition,
slices were treated with the COX-2 selective inhibitor NS-398 before adding KA. NS-
398 (90 uM) treatment was successful in inhibting the KA-induced increase in PGE2
production, attenuating PGE, release to the control level. However, neuronal death was
not ameliorated as evidenced by FJB and thionin stainings. In fact, KA-induced neuronal
loss in the CA3a/b region was exacerbated after NS-398 pre- and co-treatment. Slices
were also treated with NS-398 alone to rule out neurotoxicity by NS-398 or its dissolvent
DMSO. No discernible differences in FJB and thionin stainings were found between
control and NS-398 (90 uM)-treated OHCs.
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6 DISCUSSION

6.1 Methodological considerations

6.1.1 Animal models of human epilepsy

The objective in inducing SE in animals is to mimic human TLE as closely as possible.
The difference is that in experimental animals SE has to be provoked with extrinsic and
artificial methods, whereas SE in humans is an intrinsic and spontaneous pathological
process. Still, it is possible to gain valuable information from experimental animal
epilepsy models, and from this conclusions about human epilepsy can be drawn, albeit
with some careful consideration.

The KA model of SE has been used for over three decades (Nadler, 1981; Ben-Ari,
1985). The shared features between human TLE and the animal KA model are that in
both seizures originate in and remain confined to the limbic system, and that similar
neuronal loss and sclerosis occur in the vulnerable areas in the limbic system, for
example in hippocampal pyramidal cell regions (Nadler, 1981; Ben-Ari 1985; Vincent
and Mulle, 2009). The hallmark of epilepsy is the spontaneous recurrence of seizures.
In the adult rat, KA-induced SE is followed by a latent phase of 4-8 seizure-free weeks
after which the first spontaneous seizures occur, but epileptogenesis continues beyond
this, and frequency of seizures increases in a sigmoid fashion (Williams et al., 2009).

The plastic developing brain is a considerably different environment compared to the
mature adult brain. When using immature animals instead of adults, it is necessary to be
mindful of certain factors which might affect the results. For example, stress caused by
maternal deprivation leads to more prominent seizure-induced neuronal degeneration and
worsening of cognitive impairments in immature rats (Huang et al., 2002). Therefore,
it is important that the control and the treated immature animals are separated from
their mothers for an equal amount of time, as has been done in our experiments. When
comparing pathology resulting from KA-induced SE between adult and immature rat
brain it is evident that neuronal degeneration is more severe in the adult brain than in
the immature brain (Haas et al., 2001). However, sensitivity to convulsants influencing
amino acid receptors is argued to decrease with age (Mares et al., 2004). Lower doses of
KA are used in developing rats than in adult rats to maintain low mortality. To manage
the mortality issue in immature rats, one option is to use as low a KA dose as possible.
However, the number of animals that cannot be used due to failure to develop SE
may increase. Another option is to use a higher dose of chemoconvulsant and stop SE
chemically, e.g. with paraldehyde treatment (Kubova et al., 2001). After suppression of
SE with paraldehyde, some seizures still occur and continuation of ictal activity has been
confirmed with EEG recordings (Kubova et al., 2004; Druga et al., 2005). However,
paraldehyde treatment dose-dependently modulates the long-term outcomes of cognitive
functions after SE (Kubova et al., 2005). Our studies concentrated in the acute phase
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after SE (up to 7 days) and therefore avoided this. We explored both of these options and
experienced the advantages and disadvantages of both approaches as mentioned above.

6.1.2 Organotypic hippocampal slice cultures as in vitro model of epileptic
activity

Organotypic hippocampal slice cultures prepared from P6-7 rats correspond to the
human perinatal hippocampal tissue. OHCs retain morphological organization and the
majority of intrinsic neuronal connections intact (Caeser and Aertsen, 1991; Frotscher
et al., 1995). Additionally, during the first weeks of culturing, the cultures continue to
develop parallel to the in vivo hippocampal tissue, including proliferation of granule
cells, outgrowth and organization of axons and dendrites, and the maturation of receptors
and synapses (Caeser and Aertsen, 1991; Frotscher et al., 1995; Holopainen and Lauren,
2003; Holopainen, 2005). In contrast to cell cultures, all neuron types and different glia
of the in vivo hippocampus are found in OHCs. However, external connections are lost
and the severing of the input to the DG causes mossy fiber sprouting in the molecular
layer and enhanced excitability of the dentate granule cells (Caeser and Aertsen, 1991;
Frotscher et al.,1995; Bausch and McNamara, 2000; Lindroos et al., 2005). Also systemic
factors such as the infiltrating components of the immune system become absent.
OHC:s also present with similar features to their in vivo counterparts after KA treatment.
KA treatment of cultures induces epileptiform activity verified by electrophysiological
recordings, mossy fiber sprouting and cell death as comparable to that in vivo (Bruce et
al., 1995; Routbort et al., 1999; Lindroos et al., 2005). However, part of the toxic effect
is conveyed by direct local application of KA, which causes stronger KAR activation
and activation of also AMPARs (Kristensen et al., 2001). While animal data might
correspond better to human TLE, the advantages of OHCs are the better control over
experimental conditions and the ease of carrying out pharmacological experiments.

6.2 Death mechanism in excitotoxic neurodegeneration in the developing
hippocampus

KA (5 uM) treatment of OHCs caused irreversible neuronal damage and the CA3 was the
most severely damaged hippocampal region (I, III). The higher density of KA receptors
in the CA3 region compared to CA1 and DG regions in young rats might make the CA3
region more vulnerable to KA-induced damage, especially as part of the toxic effect is
caused by direct exposure to KA (Bahn et al., 1994; Kristensen et al., 2001; Ritter et al.,
2002). The initial KA exposure seems to induce a lasting epileptiform electrical acitivity
which maintains excitotoxicity as neuronal degeneration is not reversed during recovery
but even exacerbates, as is seen in our study and elsewhere (Bruce et al., 1995; Lahtinen
et al., 2001). Degenerating neurons were detected 12 h, but not 6 h after application of
KA treatment, which suggests a time window of a few hours after insult during which it is
possible to apply treatment to save neurons from degeneration. /n vivo, KA-induced SE
caused neuronal damage in the CA1 region of P21 rats. It remains unknown why neuronal
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degeneration was not detected in the CA3 region as has occurred in other studies in P21
rats, where degenerating neurons were found in both CA3 and CA1 regions after i.p. KA
injection (Rizzi et al., 2003; Ravizza et al., 2005). Usually, an i.p. KA injection leads to
neuronal damage in the CA1 region while an intracerebroventricular or intramygdaloid
injection of KA damages more prominently the CA3 region in the adult hippocampus
(Nadler et al., 1978; Sperk, 1994). CA3 neurons are susceptible to locally applied KA,
possibly because the density of KA1 subunit containing KARs is highest in CA3 in the
postnatal rat hippocampus (Bahn et al., 1994; Ritter et al., 2002). On the other hand, CA1
neurons might be prone to systemic excitotoxic injury because of regional differences
in astrocyte function impairment during excitotoxicity in the hippocampus. It has been
suggested that astrocytes in the CA1 region are more sensitive than in the DG. This
manifested after ischemia, a different model of excitotoxicity, as a more rapid decrease
in GLT-1 expression and glutamate transport activity in CA1 compared to DG, exposing
CA1 neurons to enhanced excitotoxicity (Ouyang et al., 2007).

The mechanism of excitotoxic nerve cell death in the adult brain has been a subject of
much debate and it seems the outcome varies greatly depending on the type, strength, and
length of the insult. In the developing brain, this phenomena has remained incompletely
known, but it would seem that the acute neuronal loss is mostly necrotic in the first
days after the excitotoxic insult, while apoptotic mechanisms take over later, possibly
as a response to the loss of neuronal connections (Sankar et al., 1998; Humphrey et al.,
2002; Wasterlain et al., 2002, Young et al., 2004). This is confirmed by our results both
in vitro and in vivo, as expression of all studied proteins involved in apoptosis, except
that of bcl-2, remained unaltered acutely after KA excitotoxicity (up to 7 days post-
treatment) and electron microscopy revealed morphological features of necrosis in the
degenerating neurons in OHCs 24 h after starting KA treatment. The transient decrease
in bel-2 expression at 24 h after KA-induced SE in P21 rats suggests a minor reaction in
the apoptotic machinery at the mitochondrial level, which, however, did not affect the
end result. It is evident that the effects of the initial insult are long-lasting as remodelling
of the developing injured hippocampus in the form of delayed apoptosis is detectable
after over 2 months from the initial insult (Humphrey et al., 2002).

Constitutive expression of proteins that indicate ongoing apoptosis (i.e. active form
of caspase-3 and cleaved PARP) was detected in control hippocampi both in vitro and
in vivo, which confirms that apoptosis is a physiological process in the developing
hippocampus, and suggests that it has a role in regulating the size of the brain cell
population during development at these ages (for references, see Kuan et al., 2000).

6.3 Inflammatory processes in excitotoxic nerve cell damage and
epileptogenesis

A wide array of inflammatory mediators was activated by KA-induced excitoxicity both
in vitro and in vivo. COX-2 expression and PGE, production increased, glia underwent
morphological changes from resting to active appearance, and the expression of many
cytokines augmented. These reactions have been detected also in other studies in the
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developing hippocampus after KA treatment (Tocco et al., 1997; Rizzi et al., 2003;
Yoshikawa et al., 2006). The individual contribution of the activation of these different
processes to neuronal degeneration is somewhat an open question. Overall, inflammation
provoked by lipopolysaccharide seems to exacerbate seizure-induced injury in the
developing hippocampus (Auvin et al., 2007). COX-2 induction and the following
increase in PGE, production are generally viewed as harmful events. However, inhibition
of COX-2 has in some cases exacerbated neuronal injury (Baik et al., 1999; Kunz and
Oliw, 2001a) and PGE, can act on the prostaglandin E receptor 1 (EP1) or 2 (EP2), of
which EP1 ligation promotes neuronal death, whereas EP2 affords neuroprotection in
glutamate receptor-mediated excitotoxicity (McCullough et al., 2004).

The activation of glia can also lead to both harmful and protective effects. The
possibility of this dual nature of their response is due to the great variety in their
receptors, useful for surveying the surrounding micro-environment, and the diversity of
signal molecules they themselves emit, e.g. both pro-and anti-inflammatory cytokines
(Giaume et al., 2007; Hanisch and Kettenmann, 2007). It might be that the degree of
neuronal damage determines the outcome, i.e. if the damage is moderate, glia support
the recovery of neurons, but if the damage is excessive, glia work to destroy the
neurons that are beyond rescue to prevent them from causing harm to other neurons,
e.g. electrical dysfunction (Hanisch and Kettenmann, 2007). Preliminary data suggests
that microglial inhibition by minocycline protects neurons in the hippocampus from
damage caused by KA-induced seizures (Heo et al., 2006). Both pro-inflammatory and
anti-inflammatory cytokines are induced by seizures as are growth factors (Jankowsky
and Patterson, 2001). The fact that even the classical pro-inflammatory cytokines
(e.g. IL-1p and TNF-a) can have trophic effects makes the verdict on the benignity of
cytokine induction complicated (Allan et al., 2005; Vezzani et al., 2008). The volume
of cytokine expression or the balance in expression of pro-inflammatory cytokines vs.
anti-inflammatory cytokines and growth factors could be important for the end result,
i.e. excessive cytokine expression or favoring pro-inflammatory cytokine expression
could lead to neurotoxicity. For example in our study (IV) in P21 rats that did present
with neuronal degeneration after SE, pro-inflammatory cytokine expression (IL-1f3
and TNF-a) outweighed the expression of the anti-inflammatory I1-10 and the growth
factor GDNF. Conversly, in the P9 rats, in which neurodegeneration was not detected,
IL-10 expression was more pronounced and pro-inflammatory cytokine expression
was mild. Our data show that COX-2 and cytokine induction is transient after SE in
the P21 hippocampus, quieting down by the third day post-SE, which is corroborated
by other studies (De Simoni et al., 2000; Hewett et al., 2006; Jung et al., 2006). In
contrast, hippocampal glial reaction after SE persists (Hiittmann et al., 2003; Shapiro
et al., 2008). According to our study (IV), astroglial reaction remains universal in the
hippocampus, whereas microglial response is targeted to the damaged CA1 region 3
d after SE. This suggests that the initial fulminant and general inflammatory response
develops into a more moderate microglial response targeted to the damaged area. In
another study, long-term glial reactivity after KA-induced seizures has been associated
with neuronal injury and neurobehavioral impairment (Somera-Molina et al., 2007).
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Taken together, our results together with the findings of others suggest that the initial
excessive COX-2 and cytokine reaction is harmful, the targeted microglial response at
injury-site denotes reaction to injury in the subacute phase, but at least long-term glial
reactivity is deleterious.

Another crucial aspect to consider about inflammatory processes in epilepsy is their
effect on seizure threshold and, more generally speaking, their effect on epileptogenesis
and epilepsy itself. Sustained glial activation in the developing brain has been suggested to
increase susceptibility to seizures in adulthood (Somera-Molinaetal.,2007). Furthermore,
aberrant neurogenesis caused by seizure-induced inflammation has been reversed by
microglial inhibition with minocycline (Yang et al., 2010). Regarding cytokines and
epileptogenesis, chronic IL-1B expression has been associated with the development
of spontaneous limbic seizures after prolonged febrile seizures in P11 rats (Dube et al.,
2010). Conversly, the naturally occurring IL-1Ra has mediated anticonvulsant effects
in a variety of limbic seizure models, including intrahippocampal KA and bicuculline
injection, and electrical kindling (Vezzani et al., 2002). Additionally, transgenic mice
overexpressing IL-6 in astrocytes showed increased sensitivity to seizures induced
by glutamatergic agonists (Samland et al., 2003). Compared to wild-type animals,
transgenic rats overexpressing MMP-9 had higher sensitivity to pentylenetetrazole
kindling-induced seizures, whereas in MMP-9 knockout mice the sensitivity was lower
(Wilczynski et al., 2008). These findings suggest that long-term glial activity through
sustained pro-inflammatory cytokine induction may lead to aberrant neurogenesis
in the developing brain forming excitatory circuits and thus contributes to increased
susceptibility to seizures in maturity.

6.4 Developmental differences in nerve cell damage and activation of
inflammatory processes induced by kainic acid

Previous studies have suggested that the immature brain is more resistant to seizure-
induced damage than the more mature juvenile brain. It seems that the age of around
two weeks (P14) is the turning point, since many studies in postnatal rodents have
reported neuronal degeneration after seizures in the limbic structures after, but minor
or no damage before this age (Nitecka et al., 1984; Cavalheiro et al., 1987; Sperber et
al., 1991; Sankar et al., 1998 ; Haas et al., 2001; Cilio et al., 2003; Druga et al., 2005).
However, more recently, it has been argued that the extent of damage caused by seizures
in the developing brain is primarily model-dependent, depending on e.g. convulsant
used, and type and severity of seizures elicited (Wasterlain, 2006). When SE is induced
by i.p. KA injection, the outcome does seem to be quite age-specific. The immature brain
resists neuronal damage from KA-induced SE well, but the more mature juvenile brain
is more prone to neuronal degeneration. In our study (II), KA-induced SE damaged the
hippocampus of the juvenile rat (P21) but not so in the immature rat (P9), a result which
is in line with other studies (Rizzi et al., 2003; Ravizza et al., 2005). The maturational
stage of our OHCs, which were taken from P6-7 rats and cultured for 7 days can be
considered to lie somewhere between the immature and juvenile hippocampus, and were
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damaged by KA. However, topical KA treatment differs from systemic administration,
and KA-induced damaged has been detected when immature P7 rats were given an
intracerebral injection (Humphrey et al., 2002; Dong et al., 2003). This is possibly due
to direct toxicity of KA and the fact that topical KA activates AMPA-receptors as well
(Kristensen et al., 2001).

In the developing hippocampus, activation of inflammatory processes by KA-induced
seizures is highly age-dependent. COX-2 mRNA upregulation in the hippocampus after
KA-induced seizures has been detected in P14 and P21 but not in P7 rats (Tocco et al.,
1997). This age-specificity was confirmed at the protein level in our study (I1), as COX-2
protein was induced in P21 rats but not in P9 rats. COX-2 was also induced in the OHCs by
KA treatment together with increased PGE, release into culture medium, which suggests
sufficient maturity of P6-7 + 7 DIV OHC:s to elicit this response. Activation of microglia
and astrocytes has also been detected in P15 and P21 rats, but excluding P9 rats, at 4 and
24 h after KA-induced SE (Rizzi et al., 2003). We detected similar age-dependent glial
activation (in P21 but not in P9) also 3 d after KA-induced SE, with the difference that
microglial activation was most prominent in the damaged CA1 region. This suggests
a sustained glial reaction and a targeted microglial response in the juvenile brain, and
lack of delayed glial activation in the immature brain after KA-induced SE. Both types
of glia were also activated in the OHCs 24 h after KA, and furthermore, heavily GFAP-
immunopositive astrocytes with active morphology tended to be grouped together (I1I).
This is supported by the finding that astroglia form networks in pathological situations
and these networks can supply energy for high neuronal demand, or, on the other hand,
amplify neuronal injury by allowing intercellular diffusion of death signals (Giaume
et al., 2010). This has been shown at a molecular level in the developing hippocampus
(OHCs, 14 DIV), when bicuculline treatment enhanced parallel gap junction expression
and function, and epileptiform discharges (Samoilova et al., 2003). Expression of IL-1p,
TNF-a and IL-6 has been studied in P9, P15, and P21 rats and all of these cytokines
were induced 4 h after SE in P21 rats, but only IL-1p in P15 rats, and none in P9
rats (Rizzi et al., 2003). Similar tendency has been discovered in hypoxia, a different
setting of excitotoxicity, where MCP-1 and IL-18 were more pronouncedly increased
in hippocampal endothelial cells and perivascular areas of P21 than of P9 mice (Qiu et
al., 2007). In our in vitro work (II1), IL-1p, TNF-a or IL-10 mRNA expression was not
induced, which may be due to technical aspects (high variance between OHCs) or the
immaturity of OHC:s in this respect. In our in vivo work (IV), pro-inflammatory (IL-1f3
and TNF-a) cytokine mRNA expression was robustly induced as well as that of IL-
10, GDNF and MMP-9 in the P21 rat hippocampus. Compared to the juvenile rats, in
P9 animals, the pro-inflammatory cytokine mRNA expression was increased, but only
mildly and more gradually, while IL-10 and MMP-9 mRNA expression were induced
similarly as in P21 rats. In summary, it would seem that KA-induced seizures activate
inflammatory processes to a greater degree in the more mature juvenile brain than in
the immature brain. Furthermore, the pro-inflammatory reaction is favored over anti-
inflammatory elements after KA-induced SE in the juvenile brain and vice versa in the
immature brain.
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The reason for the faster and stronger inflammatory response after SE in the more
mature developing brain compared to the immature brain can only be speculated. It
seems that the machinery of the innate immunity system in the brain matures during
development and a certain developmental stage is required to mount an effective
inflammatory reaction in response to environmental disturbances. This can be beneficial
in some cases, but harmful in others, as seems to be the case in acute seizures. The
immature brain seems to respond to SE with a plastic reaction instead of an inflammatory
one, which, however, may lead to formation of functionally aberrant neuronal circuits.
The long-term outcome of both of these age-dependent responses seems to be similar:
disturbed brain maturation and neuronal connectivity, and an enhanced susceptibility to
seizures. An illustration of the suggested age-dependent consequences of SE is shown
in Figure 3.

SE
Immature brain Juvenile brain
A
Negligible Fulminant
inflammatory inflammatory
response response
A
A 4
Plasti i Loss of
astic reaction neurons and

connections

Disturbed brain

maturation and

connectivity, enhanced
susceptibility to seizures

Figure 3. Suggested age-dependent consequences of SE.

6.5 Potential of anti-inflammatory drugs as neuroprotectants in epilepsy

Non-steroidal anti-inflammatory drugs, i.e. COX-inhibitors, present a straightforward
treatment option as they are already in wide use. As it is, their potential to procure
neuroprotection in epilepsy has been tested, but the outcomes have been variable. In
in vitro models, for example in primary cortical cultures, COX-2 selective inhibitors
flubriprofen and NS-398 afforded protection from NMDA- but not from KA-induced
neurotoxicity (Hewett et al., 2000). In another cell culture study, NS-398 prevented KA-
induced death in hippocampal neurons but not in cortical neurons (Kim et al., 2001). /n
vivo studies with celecoxib and rofecoxib have reported neuroprotection from seizure-
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induced damage (Kunz and Oliw, 2001b; Kawaguchi et al., 2005; Hewett et al., 2006;
Jung etal., 2006). However, in other studies, COX-2 selective inhibitors have, in contrast,
exacerbated KA-induced neurotoxicity (Baik et al., 1999; Kunz and Oliw 2001a). The
question of the importance of the timing of the COX-2 inhibition treatment in respect to
the excitotoxic insult has been raised, as pre-treatment has been shown to be insufficient
to block the second phase of PGE, increase and only post-treatment is suggested to
afford neuroprotection (Gobbo and O’Mara, 2004; Takemiya et al., 2006). Furthermore,
seizure severity and neuronal damage induced by KA have been enhanced in COX-
2 deficient and wild-type mice chronically pre-treated with celecoxib (Toscano et al.,
2008). Our in vitro work (II1), where COX-2 pre- and co-treatment in respect to KA did
not ameliorate neurodegeneration and even slightly enhanced neuronal loss, is in line
with these observations. Taken together this suggests that the acute PGE, spike after KA
is a beneficial and required response for neuronal survival, while sustained increase in
the late-phase PGE, production is harmful and should be countered with COX inhibitor
treatment in order to achieve neuroprotection from seizures.

Other candidates for anti-inflammatory neuroprotective treatment include IL-1
receptor antagonists, immunosuppressants, and microglia inhibitors. The microglia-
inhibiting tetracycline antibiotic minocycline, has inhibited caspase-dependent and
-independent cell death pathways and protected neurons from KA-induced hippocampal
damage in mice (Heo et al., 2006). In vitro, post-treatment of OHCs with the IL-1
receptor antagonist inhibited microglial activation and afforded neuroprotection in
NMDA (50 uM for 4 h)-mediated neurotoxicity (Vogt et al., 2008). The 5-lipoxygenase
(5LOX) enzyme, which catalyzes the production of both leukotriens and anti-
inflammatory lipoxins, has been shown to be induced within 3 h after KA injection
(Manev et al., 2000). Treatment of relatively mature OHCs (21-25 DIV) with a low
dose of immunosuppressant tacrolimus (0.1 pM) after KA exposure (5 uM, 18 h) has
attenuated the expression of SLOX and caspase-3 proteins leading to neuroprotection
(Lee et al., 2010). These tentative findings further highlight the advantages of post-
treatment over pre-treatment and present multiple options to be explored further in
order to achieve protection from neurodegeneration in epilepsy via anti-inflammatory
treatment. Future studies with COX-inhibitors are needed and should aim at screening
more compounds, establishing the optimal timing of treatment, and performing in vivo
studies in developing animals.
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7 CONCLUSIONS

Inducing neuronal degeneration in the developing rat hippocampus with KA, as was
done in our work, is a viable model to gather comparable information about molecular
mechanisms of and contributing factors to neuronal death in the developing human brain
caused by SE and other excitotoxic brain pathologies.

Our results show that KA induced region-specific and age-dependent neuronal
degeneration in the developing hippocampus. In OHCs, irreversible neuronal damage
was detectable by FJB first at 12 h after commencement of KA treatment. The most
vulnerable areas of the hippocampus, according to our in vitro and in vivo results, were
the pyramidal cell layers CA3 (in OHCs) and CA1 (in P21 rats). There was a clear age-
dependency in neuronal damage, as P9 rats suffered no detectable neurodegeneration.

The predominant death mechanism in KA-induced excitotoxic neurodegeneration
was necrosis. Selected proteins involved in caspase-dependent apoptosis were not
triggered to a significant extent and ultrastructual analysis of dying neurons revealed
necrotic morphology in the intracellular environment. However, caspase-independent
apoptosis or other recently discovered cell death mechanisms with overlapping features
of necrosis and apoptosis cannot be completely excluded.

Inflammatory processes were activated pronouncedly and rapidly, but largely
transiently, in the hippocampus in OHCs and juvenile rats. COX-2 was induced and
PGE, production increased, glial cells underwent a morphological change from resting
to active appearance and cytokine mRNA expression increased in vivo. However,
activation of inflammatory processes after KA-induced SE was age-dependent, since
COX-2 was not induced and glial cells retained the resting appearance in the immature
rat hippocampus. Also, cytokine mRNA expression was more pronouncedly and rapidly
induced in the juvenile P21 hippocampus, compared to the more moderate and delayed
increase in the immature P9 hippocampus. Furthermore, glial cell morphological change
occurred only in the P21 hippocampus 3 d after SE. Remarkably, microglial activation
was most prominent in the damaged CA1 area 3 d after SE, at which time COX-2 and
cytokine expression was abated, suggesting a regulated shift from fulminant initial
reaction to a more moderate and targeted response. In addition to possibly contributing
to neuronal degeneration, acute activation of inflammatory processes might have
epileptogenic effects.

COX-inhibitors have yielded somewhat mixed results when tested against
excitotoxicity in the adult brain, while their effects on excitotoxicity in the developing
brain are much less known. Pre- and co-treatment (in respect to KA treatment) with the
COX-2 selective inhibitor NS-398 did not alleviate neuronal degeneration in OHCs, but
even slightly exacerbated it. This can be due to ineffectivity of this compund against the
specific effects of KA or the timing of the treatment. Reviewing results of other studies,
it seems that a more optimal time-point for intervention with COX-inhibitors is a few
hours after the insult. The hypothesis in this is that the initial boost in PG production
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following KA might be required as a defensive mechanism, while a sustained production
increase is harmful and should be prevented in order to achieve neuroprotection.

Other anti-inflammatory drugs have shown promise in affording neuroprotection
from excitotoxic insults, which highlights the role of inflammation in excitotoxic
neuronal damage. However, the vast majority of these studies have been conducted
only in the adult brain. Overall, studies with anti-inflammatory drugs in the developing
brain are required to reveal an effective treatment to avert the harmful acute and chronic
consequences of epileptic seizures in pediatric patients.



Acknowledgements 57

ACKNOWLEDGEMENTS

This thesis work was carried out in the Institute of Biomedicine, Department of
Pharmacology, Drug Development and Therapeutics, University of Turku. [ am grateful
to the Professors Mika Scheinin and Risto Huupponen for allowing me to use the fine
facilities of the department. [ also greatly appreciate the financial and educational support
of the Turku Graduate School of Biomedical Sciences.

My supervisor, Docent Irma Holopainen, has really been the driving force behind
this Thesis. Her never-ending enthusiasm about my work and her extraordinary ability
to motivate me in the moments of despair has time and again given me reassurance that
the Thesis is actually going to be a reality someday. In addition to matters of science, she
frequently has supplied me with wisdom about life in general in a humorous, warm, and
collegial fashion.

I want to thank the members of my thesis committee: Professor Matti Poutanen
and Docent Mikko Uusi-Oukari. The annual committee meetings have educated me in
evaluating my work and have helped me to envision ideas for the future.

I greatly appreciate the constrcuctive criticism and encouraging comments of the
official reviewers of this thesis, Docent Laura Korhonen and Docent Hana Kubova.

I thank the co-authors of my articles: Tiina-Kaisa Kukko-Lukjanov, PhD, Francisco
Lopez-Picon, PhD, Professor Lauri Pelliniemi, Anna Plysjuk, BM, and Saku Ruohonen
PhD. Your contribution has been invaluable.

To the other past and present members of the Hippo-group: Maria Gronman, BSc,
Niina Jalava, MSc, Olli Kannaste, MSc, Hanna Laurén, PhD, and Jenni Virta, BSc. I
really cherish our relaxed atmosphere, team spirit and especially that, which our group
leader would call “childish humour”.

I thank the present and former members of the Department of Pharmacology, Drug
Development and Therapeutics for a pleasant work environment and the stimulating
discussions around the lunch & coffee table.

I want to give warm thanks to my parents for their care and belief in me. My
energetic sister Suvi is to be thanked for tirelessly keeping in touch and sending long-
distance updates from Central Europe and all around the World. I also wish to thank my
grandmother for her affection — kiitos tuestasi, mummi!

My beloved wife Liisa has given me more than words can describe. Her love has kept
me going. I look forward to welcoming our first child into the World with her, because |

already know that she will be a wonderful mother.



58 Acknowledgements

The following organizations are gratefully acknowledged for their financial support:
the Finnish Cultural Foundation, the Finnish Medical Foundation, the Research and
Science Foundation of Farmos, the Turku Graduate School of Biomedical Sciences, and

the Turku University Foundation.

Turku, June 2011

M Y



References 59

REFERENCES

Allan SM, Tyrrell PJ, Rothwell NJ (2005) Interleukin-1
and neuronal injury. Nat Rev Immunol 5:629-640.

Amaral D, Lavenex P (2007) Hippocampal
neuroanatomy. In: Andersen P, Morris R,Amaral D,
Blss T and O’Keefe J, eds. The hippocampus book.
Oxford University Press, New York, USA, p. 51.

Andersohn F, Schade R, Suissa S, Garbe E (2006)
Cyclooxygenase-2 selective nonsteroidal anti-
inflammatory drugs and the risk of ischemic stroke:
a nested case-control study. Stroke 37:1725-1730.

Auvin S, Shin D, Mazarati A, Nakagawa J, Miyamoto
J, Sankar R (2007) Inflammation exacerbates
seizure-induced injury in the immature brain.
Epilepsia 48 Suppl 5:27-34.

Avallone J, Gashi E, Magrys B, Friedman LK (2006)
Distinct regulation of metabotropic glutamate
receptor (mGluR1 alpha) in the developing limbic
system following multiple early-life seizures. Exp
Neurol 202:100-111.

Avishai-Eliner S, Brunson KL, Sandman CA, Baram
TZ (2002) Stressed-out, or in (utero)? Trends
Neurosci 25:518-524.

Bahn S, Volk B, Wisden W (1994) Kainate receptor
gene expression in the developing rat brain. J
Neurosci 14:5525-5547.

Baik EJ, Kim EJ, Lee SH, Moon C (1999)
Cyclooxygenase-2 selective inhibitors aggravate
kainic acid induced seizure and neuronal cell death
in the hippocampus. Brain Res 843:118-129.

Bandeira F, Lent R, Herculano-Houzel S (2009)
Changing numbers of neuronal and non-neuronal
cells underlie postnatal brain growth in the rat. Proc
Natl Acad Sci U S A 106:14108-14113.

Baram TZ, Eghbal-Ahmadi M, Bender RA (2002)
Is neuronal death required for seizure-induced
epileptogenesis in the immature brain? Prog Brain
Res 135:365-375.

Baran H, Heldt R, Hertting G (1987) Increased
prostaglandin formation in rat brain following
systemic application of kainic acid. Brain Res
404:107-112.

Bausch SB, McNamara JO (2000) Synaptic
connections from multiple subfields contribute to

granule cell hyperexcitability in hippocampal slice
cultures. J Neurophysiol 84:2918-2932.

Bayer SA (1980) Development of the hippocampal
region in the rat. II. Morphogenesis during
embryonic and early postnatal life. ] Comp Neurol
190:115-134.

Behar TN, Scott CA, Greene CL, Wen X, Smith SV,
Marie D, Liu QY, Colton CA, Barker JL (1999)
Glutamate acting at NMDA receptor stimulates
embryonic cortical neuronal migration. J Neurosc.
19:4449-4461.

Ben-Ari Y (1985) Limbic seizure and brain damage
produced by kainic acid: mechanisms and relevance
to human temporal lobe epilepsy. Neuroscience
14:375-403.

Ben-Ari Y, Holmes GL (2006) Effects of seizures on
developmental processes in the immature brain.
Lancet Neurol 5:1055-1063.

Bengzon J, Mohapel P, Ekdahl CT, Lindvall O (2002)
Neuronal apoptosis after brief and prolonged
seizures. Prog Brain Res 135:111-119.

Bttigau P, Sifringer M, Genz K, Reith E, Pospischil
D, Govindarajalu S, Dzietko M, Pesditschek S, Mai
1, Dikranian K, Olney JW, Ikonomidou C (2002)
Antiepileptic drugs and apoptotic neurodegeneration
in the developing brain. Proc Natl Acad Sci U S A
99:15089-15094.

Borsello T, Croquelois K, Hornung JP, Clarke PG
(2003) N-methyl-d-aspartate-triggered neuronal
death in organotypic hippocampal cultures is
endocytic, autophagic and mediated by the c-Jun
N-terminal kinase pathway. Eur J Neurosci 18:473-
485.

Breyer RM, Bagdassarian CK, Myers SA, Breyer
MD (2001) Prostanoid receptors: subtypes and s
signaling. Annu Rev Pharmacol Toxicol 41:661-
690.

Bruce AJ, Sakhi S, Schreiber SS, Baudry M (1995)
Development of kainic acid and N-methyl-D-
aspartic acid toxicity in organotypic hippocampal
cultures. Exp Neurol 132:209-219.

Buccellati C, Folco GC, Sala A, Scelsi R, Masoero
E, Poggi P, Govoni S, Favalli L, Rozza A (1998)
Inhibition of prostanoid synthesis protects against



60 References

neuronal damage induced by focal ischemia in rat
brain. Neurosci Lett 257:123-126.

Caeser M, Aertsen A (1991) Morphological
organization of rat hippocampal slice cultures. J
Comp Neurol 307:87-106.

Candelario-Jalil E, Fiebich BL (2008) Cyclooxygenase
inhibition in ischemic brain injury. Curr Pharm Des
14:1401-1418.

Candelario-Jalil E, Gonzalez-Falcon A, Garcia-Cabrera
M, Leon OS, Fiebich BL (2004) Wide therapeutic
time window for nimesulide neuroprotection in a
model of transient focal cerebral ischemia in the rat.
Brain Res 1007:98-108.

Carlson NG, Rojas MA, Black JD, Redd JW, Hille
J, Hill KE, Rose JW (2009) Microglial inhibition
of neuroprotection by antagonists of the EPI
prostaglandin E2 receptor. J Neuroinflammation
6:5.

Catania MV, Landwehrmeyer GB, Testa CM, Standaert
DG, Penney JB, Jr., Young AB (1994) Metabotropic
glutamate receptors are differentially regulated
during development. Neuroscience 61:481-495.

Catarzi D, Colotta V, Varano F (2007) Competitive
AMPA receptor antagonists. Med Res Rev 27:239-
278.

Cavalheiro EA, Silva DF, Turski WA, Calderazzo-
Filho LS, Bortolotto ZA, Turski L (1987) The
susceptibility of rats to pilocarpine-induced seizures
is age-dependent. Brain Res 465:43-58.

Chazot PL, Coleman SK, Cik M, Stephenson FA
(1994) Molecular characterization of N-methyl-D-
aspartate receptors expressed in mammalian cells
yields evidence for the coexistence of three subunit
types within a discrete receptor molecule. J Biol
Chem 269:24403-24409.

Chen M, Ona VO, Li M, Ferrante RJ, Fink KB, Zhu
S, Bian J, Guo L, Farrell LA, Hersch SM, Hobbs
W, Vonsattel JP, Cha JH, Friedlander RM (2000)
Minocycline inhibits caspase-1 and caspase-3
expression and delays mortality in a transgenic
mouse model of Huntington disease. Nat Med
6:797-801.

Cheung EC, Melanson-Drapeau L, Cregan SP,
Vanderluit JL, Ferguson KL, McIntosh WC, Park
DS, Bennett SA, Slack RS (2005) Apoptosis-
inducing factor is a key factor in neuronal cell
death propagated by BAX-dependent and BAX-
independent mechanisms. J Neurosci 25:1324-1334.

Cho IH, Hong J, Suh EC, Kim JH, Lee H, Lee JE, Lee
S, Kim CH, Kim DW, Jo EK, Lee KE, Karin M,
Lee SJ (2008) Role of microglial IKKbeta in kainic
acid-induced hippocampal neuronal cell death.
Brain 131:3019-3033.

Cilio MR, Sogawa Y, Cha BH, Liu X, Huang LT,
Holmes GL (2003) Long-term effects of status
epilepticus in the immature brain are specific for age
and model. Epilepsia 44:518-528.

Collard K, Edwards R, Liu Y (1993) Changes in
synaptosomal glutamate release during postnatal
development in the rat hippocampus and cortex.
Dev Brain Res 71:37-43.

Commission of ILAE, 1981 (1981) Commission on
Classification and Terminology of the International
League Against Epilepsy, Proposal for revised
clinical and electroencephalographic classification
of epileptic seizures. Epilepsia 22: 489-501.

Conn PJ, Pin JP (1997) Pharmacology and functions
of metabotropic glutamate receptors. Annu Rev
Pharmacol Toxicol 37:205-237.

Cory S, Adams JM (2002) The Bcl2 family: regulators
of the cellular life-or-death switch. Nat Rev Cancer
2:647-656.

Cull-Candy S, Brickley S, Farrant M (2001) NMDA
receptor subunits: diversity, development and
disease. Curr Opin Neurobiol 11:327-335.

Culmsee C, Zhu C, Landshamer S, Becattini B, Wagner
E, Pellecchia M, Blomgren K, Plesnila N (2005)
Apoptosis-inducing factor triggered by poly(ADP-
ribose) polymerase and Bid mediates neuronal cell
death after oxygen-glucose deprivation and focal
cerebral ischemia. J Neurosci 25:10262-10272.

De Simoni MG, Perego C, Ravizza T, Moneta D, Conti
M, Marchesi F, De Luigi A, Garattini S, Vezzani A
(2000) Inflammatory cytokines and related genes
are induced in the rat hippocampus by limbic status
epilepticus. Eur J Neurosci 12:2623-2633.

Degterev A, Huang Z, Boyce M, Li Y, Jagtap P,
Mizushima N, Cuny GD, Mitchison TJ, Moskowitz
MA, Yuan J (2005) Chemical inhibitor of
nonapoptotic cell death with therapeutic potential
for ischemic brain injury. Nat Chem Biol 1:112-119.

Derks NM, Muller M, Gaszner B, Tilburg-Ouwens
DT, Roubos EW, Kozicz LT (2008) Housekeeping
genes revisited: different expressions depending
on gender, brain area and stressor. Neuroscience
156:305-309.


http://www.sciencedirect.com/science/article/pii/S0920121106001793#bbib6

References 61

Dingledine R, Borges K, Bowie D, Traynelis SF (1999)
The glutamate receptor ion channels. Pharmacol
Rev 51:7-61.

Dobbing J, Sands J (1979) Comparative aspects of the
brain growth spurt. Early Hum Dev 3:79-83.

Dong H, Csernansky CA, Goico B, Csernansky JG
(2003) Hippocampal neurogenesis follows kainic
acid-induced apoptosis in neonatal rats. J Neurosci
23:1742-1749.

Druga R, Mares P, Otahal J, Kubova H (2005)
Degenerative neuronal changes in the rat
thalamus induced by status epilepticus at different
developmental stages. Epilepsy Res 63:43-65.

Dube C, Boyet S, Marescaux C, Nehlig A (2000)
Progressive metabolic changes underlying the
chronic reorganization of brain circuits during the
silent phase of the lithium-pilocarpine model of
epilepsy in the immature and adult Rat. Exp Neurol
162:146-157.

Dube CM, Ravizza T, Hamamura M, Zha Q, Keebaugh
A, Fok K, Andres AL, Nalcioglu O, Obenaus A,
Vezzani A, Baram TZ (2010) Epileptogenesis
provoked by prolonged experimental febrile
seizures: mechanisms and biomarkers. J Neurosci
30:7484-7494.

Dudek FE, Hellier JL, Williams PA, Ferraro DJ,
Staley KJ (2002) The course of cellular alterations
associated with the development of spontaneous
seizures after status epilepticus. Prog Brain Res
135:53-65.

Egebjerg J, Bettler B, Hermans-Borgmeyer I,
Heinemann S (1991) Cloning of a ¢cDNA for a
glutamate receptor subunit activated by kainate but
not AMPA. Nature 351:745-748.

Engel T, Murphy BM, Hatazaki S, Jimenez-Mateos
EM, Concannon CG, Woods I, Prehn JH, Henshall
DC (2010) Reduced hippocampal damage and
epileptic seizures after status epilepticus in mice
lacking proapoptotic Puma. Faseb J 24:853-861.

Faherty CJ, Xanthoudakis S, Smeyne RJ (1999)
Caspase-3-dependent neuronal death in the
hippocampus following kainic acid treatment. Brain
Res Mol Brain Res 70:159-163.

Ferri KF, Kroemer G (2001) Organelle-specific
initiation of cell death pathways. Nat Cell Biol
3:E255-263.

Fisher RS, van Emde Boas W, Blume W, Elger C,
Genton P, Lee P, Engel J, Jr. (2005) Epileptic

seizures and epilepsy: definitions proposed by the
International League Against Epilepsy (ILAE)
and the International Bureau for Epilepsy (IBE).
Epilepsia 46:470-472.

Follett PL, Deng W, Dai W, Talos DM, Massillon
LJ, Rosenberg PA, Volpe JJ, Jensen FE (2004)
Glutamate  receptor-mediated  oligodendrocyte
toxicity in periventricular leukomalacia: a protective
role for topiramate. J Neurosci 24:4412-4420.

Freund TF, Buzsaki G (1996) Interneurons of the
hippocampus. Hippocampus 6:347-470.

Frotscher M, Heimrich B (1995) Lamina-specific
synaptic connections of hippocampal neurons in
vitro. J Neurobiol 26:350-359.

Fujikawa DG, Ke X, Trinidad RB, Shinmei SS, Wu A
(2002) Caspase-3 is not activated in seizure-induced
neuronal necrosis with internucleosomal DNA
cleavage. J Neurochem 83:229-240.

Giaume C, Kirchhoff F, Matute C, Reichenbach A,
Verkhratsky A (2007) Glia: the fulcrum of brain
diseases. Cell Death Differ 14:1324-1335.

Giaume C, Koulakoff A, Roux L, Holcman D, Rouach
N (2010) Astroglial networks: a step further in
neuroglial and gliovascular interactions. Nat Rev
Neurosci 11:87-99.

Giaume C, McCarthy KD (1996) Control of gap-
junctional communication in astrocytic networks.
Trends Neurosci 19:319-325.

Gobbo OL, O’Mara SM (2004) Post-treatment, but not
pre-treatment, with the selective cyclooxygenase-2
inhibitor celecoxib markedly enhances
functional recovery from kainic acid-induced
neurodegeneration. Neuroscience 125:317-327.

Goddard GV, McIntyre DC, Leech CK (1969) A
permanent change in brain function resulting from
daily electrical stimulation. Exp Neurol 25:295-330.

Gonzalez P, Burgaya F, Acarin L, Peluffo H,
Castellano B, Gonzalez B (2009) Interleukin-10 and
interleukin-10 receptor-I are upregulated in glial
cells after an excitotoxic injury to the postnatal rat
brain. J Neuropathol Exp Neurol 68:391-403.

Gross A, Jockel J, Wei MC, Korsmeyer SJ (1998)
Enforced dimerization of BAX results in its
translocation, mitochondrial dysfunction and
apoptosis. Embo J 17:3878-3885.

Géhwiler BH, Capogna M, Debanne D, McKinney
RA, Thompson SM (1997) Organotypic slice



62 References

cultures: a technique has come of age. Trends
Neurosci 20:471-477.

Haas KZ, Sperber EF, Opanashuk LA, Stanton
PK, Moshe SL (2001) Resistance of immature
hippocampus to morphologic and physiologic
alterations following status epilepticus or kindling.
Hippocampus 11:615-625.

Hailer NP, Heppner FL, Haas D, Nitsch R (1997)
Fluorescent dye prelabelled microglial cells migrate
into organotypic hippocampal slice cultures and
ramify. Eur J Neurosci 9:863-866.

Hakem R, Hakem A, Duncan GS, Henderson JT, Woo
M, Soengas MS, Elia A, de la Pompa JL, Kagi D,
Khoo W, Potter J, Yoshida R, Kaufman SA, Lowe
SW, Penninger JM, Mak TW (1998) Differential
requirement for caspase 9 in apoptotic pathways in
vivo. Cell 94:339-352.

Hanisch UK (2002) Microglia as a source and target of
cytokines. Glia 40:140-155.

Hanisch UK, Kettenmann H (2007) Microglia: active
sensor and versatile effector cells in the normal and
pathologic brain. Nat Neurosci 10:1387-1394.

Haydon PG, Carmignoto G (2006) Astrocyte control of
synaptic transmission and neurovascular coupling.
Physiol Rev 86:1009-1031.Hemond P, Epstein D,
Boley A, Migliore M, Ascoli GA, Jaffe DB (2008)
Distinct classes of pyramidal cells exhibit mutually
exclusive firing patterns in hippocampal area CA3b.
Hippocampus 18:411-424.

Hemond P, Epstein D, Boley A, Migliore M, Ascoli
GA, Jaffe DB (2008) Distinct classes of pyramidal
cells exhibit mutually exclusive firing patterns in
hippocampal area CA3b. Hippocampus 18:411-424.

Henshall DC, Araki T, Schindler CK, Lan JQ, Tiekoter
KL, Taki W, Simon RP (2002) Activation of Bcl-
2-associated death protein and counter-response of
Akt within cell populations during seizure-induced
neuronal death. J Neurosci 22:8458-8465.

Henshall DC, Bonislawski DP, Skradski SL, Lan
JQ, Meller R, Simon RP (2001) Cleavage of bid
may amplify caspase-8-induced neuronal death
following focally evoked limbic seizures. Neurobiol
Dis 8:568-580.

Henshall DC, Simon RP (2005) Epilepsy and apoptosis
pathways. J Cereb Blood Flow Metab 25:1557-
1572.

Henson MA, Roberts AC, Perez-Otano I, Philpot BD
(2010) Influence of the NR3A subunit on NMDA
receptor functions. Prog Neurobiol 91:23-37.

Heo K, Cho YJ, Cho KJ, Kim HW, Kim HJ, Shin
HY, Lee BI, Kim GW (2006) Minocycline
inhibits caspase-dependent and -independent cell
death pathways and is neuroprotective against
hippocampal damage after treatment with kainic
acid in mice. Neurosci Lett 398:195-200.

Heppner FL, Skutella T, Hailer NP, Haas D, Nitsch
R (1998) Activated microglial cells migrate
towards sites of excitotoxic neuronal injury inside
organotypic hippocampal slice cultures. Eur J
Neurosci 10:3284-3290.

Herb A, Burnashev N, Werner P, Sakmann B, Wisden
W, Seeburg PH (1992) The KA-2 subunit of
excitatory amino acid receptors shows widespread
expression in brain and forms ion channels with
distantly related subunits. Neuron 8:775-785.

Hewett SJ, Silakova JM, Hewett JA (2006) Oral
treatment with rofecoxib reduces hippocampal
excitotoxic neurodegeneration. J Pharmacol Exp
Ther 319:1219-1224.

Hewett SJ, Uliasz TF, Vidwans AS, Hewett JA (2000)
Cyclooxygenase-2 contributes to N-methyl-D-
aspartate-mediated neuronal cell death in primary
cortical cell culture. J Pharmacol Exp Ther 293:417-
425.

Holler N, Zaru R, Micheau O, Thome M, Attinger
A, Valitutti S, Bodmer JL, Schneider P, Seed
B, Tschopp J (2000) Fas triggers an alternative,
caspase-8-independent cell death pathway using
the kinase RIP as effector molecule. Nat Immunol
1:489-495.

Holmes GL, Ben-Ari Y (1998) Seizures in the
developing brain: perhaps not so benign after all.
Neuron 21:1231-1234.

Holmes GL, Ben-Ari Y (2001) The neurobiology and
consequences of epilepsy in the developing brain.
Pediatr Res 49:320-325.

Holmes GL, Lenck-Santini PP (2006) Role of interictal
epileptiform abnormalities in cognitive impairment.
Epilepsy Behav 8:504-515.

Holopainen IE (2005) Organotypic hippocampal slice
cultures: a model system to study basic cellular
and molecular mechanisms of neuronal cell death,
neuroprotection, and synaptic plasticity. Neurochem
Res 30:1521-1528.



References 63

Holopainen IE (2008) Seizures in the developing brain:
cellular and molecular mechanisms of neuronal
damage, neurogenesis and cellular reorganization.
Neurochem Int 52:935-947.

Holopainen IE, Lauren HB (2003) Neuronal activity
regulates GABAA receptor subunit expression
in organotypic hippocampal slice cultures.
Neuroscience 118:967-974.

Huang LT, Holmes GL, Lai MC, Hung PL, Wang CL,
Wang TJ, Yang CH, Liou CW, Yang SN (2002)
Maternal deprivation stress exacerbates cognitive

deficits in immature rats with recurrent seizures.
Epilepsia 43:1141-1148.

Humpel C, Hoffer B, Stromberg I, Bektesh S, Collins
F, Olson L (1994) Neurons of the hippocampal
formation  express glial cell line-derived
neurotrophic factor messenger RNA in response to
kainate-induced excitation. Neuroscience 59:791-
795.

Humphrey WM, Dong H, Csernansky CA, Csernansky
JG (2002) Immediate and delayed hippocampal
neuronal loss induced by kainic acid during early
postnatal development in the rat. Brain Res Dev
Brain Res 137:1-12.

Hiittmann K, Sadgrove M, Wallraff A, Hinterkeuser
S, Kirchhoff F, Steinhauser C, Gray WP (2003)
Seizures preferentially stimulate proliferation of
radial glia-like astrocytes in the adult dentate gyrus:
functional and immunocytochemical analysis. Eur J
Neurosci 18:2769-2778.

Ishizaki Y, Kira R, Fukuda M, Torisu H, Sakai Y,
Sanefuji M, Yukaya N, Hara T (2009) Interleukin-10
is associated with resistance to febrile seizures:
genetic association and experimental animal studies.
Epilepsia 50:761-767.

Jankowsky JL, Patterson PH (2001) The role of
cytokines and growth factors in seizures and their
sequelae. Prog Neurobiol 63:125-149.

Jope RS, Morrisett RA, Snead OC (1986)
Characterization of lithium potentiation of
pilocarpine-induced status epilepticus in rats. Exp
Neurol 91:471-480.

Jourquin J, Tremblay E, Decanis N, Charton G,
Hanessian S, Chollet AM, Le Diguardher T,
Khrestchatisky M, Rivera S (2003) Neuronal
activity-dependent  increase of net matrix
metalloproteinase activity is associated with
MMP-9 neurotoxicity after kainate. Eur J Neurosci
18:1507-1517.

Jung KH, Chu K, Lee ST, Kim J, Sinn DI, Kim JM,
Park DK, Lee JJ, Kim SU, Kim M, Lee SK, Roh
JK (2006) Cyclooxygenase-2 inhibitor, celecoxib,
inhibits the altered hippocampal neurogenesis
with attenuation of spontaneous recurrent seizures
following pilocarpine-induced status epilepticus.
Neurobiol Dis 23:237-246.

Kaufmann WE, Worley PF, Pegg J, Bremer M, Isakson
P (1996) COX-2, a synaptically induced enzyme,
is expressed by excitatory neurons at postsynaptic
sites in rat cerebral cortex. Proc Natl Acad Sci U S
A 93:2317-2321.

Kawaguchi K, Hickey RW, Rose ME, Zhu L, Chen J,
Graham SH (2005) Cyclooxygenase-2 expression is
induced in rat brain after kainate-induced seizures
and promotes neuronal death in CA3 hippocampus.
Brain Res 1050:130-137.

Kerr JF, Wyllie AH, Currie AR (1972) Apoptosis: a
basic biological phenomenon with wide-ranging
implications in tissue kinetics. Br J Cancer 26:239-
257.

Kim DK, Jang TJ (2006) Cyclooxygenase-2 expression
and effect of celecoxib in flurothyl-induced neonatal
seizure. Int J Exp Pathol 87:73-78.

Kim HC, Bing G, Kim SJ, Jhoo WK, Shin EJ, Bok Wie
M, Ko KH, Kim WK, Flanders KC, Choi SG, Hong
JS (2002) Kainate treatment alters TGF-beta3 gene
expression in the rat hippocampus. Brain Res Mol
Brain Res 108:60-70.

Kim J, Kondratyev A, Gale K (2007a) Antiepileptic
drug-induced neuronal cell death in the immature
brain: effects of carbamazepine, topiramate, and
levetiracetam as monotherapy versus polytherapy. J
Pharmacol Exp Ther 323:165-73.

Kim JS, Kondratyev A, Tomita Y, Gale K (2007b)
Neurodevelopmental impact of antiepileptic drugs
and seizures in the immature brain. Epilepsia 48
Suppl 5:19-26

Kim EJ, Lee JE, Kwon KJ, Lee SH, Moon CH, Baik
EJ (2001) Differential roles of cyclooxygenase
isoforms after kainic acid-induced prostaglandin
E(2) production and neurodegeneration in cortical
and hippocampal cell cultures. Brain Res 908:1-9.

Kim JH, Min KIJ, Seol W, Jou I, Joe EH (2010)
Astrocytes in injury states rapidly produce anti-
inflammatory factors and attenuate microglial
inflammatory responses. J Neurochem 115:1161-
1171.



64 References

Kimelberg HK Functions of mature mammalian
astrocytes: a current view. Neuroscientist 16:79-
106.

Koh S, Tibayan FD, Simpson JN, Jensen FE (2004)
NBQX or topiramate treatment after perinatal
hypoxia-induced seizures prevents later increases in
seizure-induced neuronal injury. Epilepsia 45:569-
575.

Kokaia Z, Airaksinen MS, Nanobashvili A, Larsson E,
Kujamaki E, Lindvall O, Saarma M (1999) GDNF
family ligands and receptors are differentially
regulated after brain insults in the rat. Eur J Neurosci
11:1202-1216.

Komatsu M, Waguri S, Chiba T, Murata S, Iwata J,
Tanida I, Ueno T, Koike M, Uchiyama Y, Kominami
E, Tanaka K (2006) Loss of autophagy in the central
nervous system causes neurodegeneration in mice.
Nature 441:880-884.

Korhonen L, Belluardo N, Mudo G, Lindholm D
(2003) Increase in Bcl-2 phosphorylation and
reduced levels of BH3-only Bel-2 family proteins in
kainic acid-mediated neuronal death in the rat brain.
Eur J Neurosci 18:1121-1134.

Kreutzberg GW (1996) Microglia: a sensor for
pathological events in the CNS. Trends Neurosci
19:312-318.

Kristensen BW, Noraberg J, Zimmer J (2001)
Comparison of excitotoxic profiles of ATPA, AMPA,
KA and NMDA in organotypic hippocampal slice
cultures. Brain Res 917:21-44.

Kroemer G, El-Deiry WS, Golstein P, Peter ME, Vaux
D, Vandenabeele P, Zhivotovsky B, Blagosklonny
MYV, Malorni W, Knight RA, Piacentini M, Nagata
S, Melino G (2005) Classification of cell death:
recommendations of the Nomenclature Committee
on Cell Death. Cell Death Differ 12 Suppl 2:1463-
1467.

Kroemer G, Galluzzi L, Vandenabeele P, Abrams J,
Alnemri ES, Baehrecke EH, Blagosklonny MV,
El-Deiry WS, Golstein P, Green DR, Hengartner
M, Knight RA, Kumar S, Lipton SA, Malorni W,
Nunez G, Peter ME, Tschopp J, Yuan J, Piacentini
M, Zhivotovsky B, Melino G (2009) Classification
of cell death: recommendations of the Nomenclature
Committee on Cell Death. Cell Death Differ 16:3-
11.

Kuan CY, Roth KA, Flavell RA, Rakic P (2000)
Mechanisms of programmed cell death in the
developing brain. Trends Neurosci 23:291-297.

Kubova H, Druga R, Lukasiuk K, Suchomelova L,
Haugvicova R, Jirmanova I, Pitkdnen A (2001)
Status epilepticus causes necrotic damage in the
mediodorsal nucleus of the thalamus in immature
rats. J Neurosci 21:3593-3599.

Kubova H, Mares P, Suchomelova L, Brozek G, Druga
R, Pitkdnen A (2004) Status epilepticus in immature
rats leads to behavioural and cognitive impairment
and epileptogenesis. Eur J Neurosci 19:3255-3265.

Kubova H, Rejchrtova J, Redkozubova O, Mares P
(2005) Outcome of status epilepticus in immature
rats varies according to the paraldehyde treatment.
Epilepsia 46 Suppl 5:38-42.

Kuida K, Zheng TS, Na S, Kuan C, Yang D,
Karasuyama H, Rakic P, Flavell RA (1996)
Decreased apoptosis in the brain and premature
lethality in CPP32-deficient mice. Nature 384:368-
372.

Kunz T, Oliw EH (2001a) Nimesulide aggravates
kainic acid-induced seizures in the rat. Pharmacol
Toxicol 88:271-276.

Kunz T, Oliw EH (2001b) The selective
cyclooxygenase-2 inhibitor rofecoxib reduces
kainate-induced cell death in the rat hippocampus.
Eur J Neurosci 13:569-575.

Lahtinen H, Autere AM, Paalasmaa P, Lauri SE, Kaila
K (2001) Post-insult activity is a major cause of
delayed neuronal death in organotypic hippocampal
slices exposed to glutamate. Neuroscience 105:131-
137.

Lau CG, Zukin RS. NMDA receptor trafficking in
synaptic plasticity and neuropsychiatric disorders.
Nat Rev Neurosci 2007;8:413-26.

Lavenex P, Banta Lavenex P, Amaral DG (2007)
Postnatal development of the primate hippocampal
formation. Dev Neurosci 29:179-192.

Lazebnik YA, Kaufmann SH, Desnoyers S, Poirier
GG, Earnshaw WC (1994) Cleavage of poly(ADP-
ribose) polymerase by a proteinase with properties
like ICE. Nature 371:346-347.

Lee KH, Won R, Kim UJ, Kim GM, Chung MA,
Sohn JH, Lee BH (2010) Neuroprotective effects
of FK506 against excitotoxicity in organotypic
hippocampal slice culture. Neurosci Lett 474:126-
130.

Lee JM, Zipfel GJ, Choi DW (1999) The changing
landscape of ischaemic brain injury mechanisms.
Nature 399:A7-14.



References 65

Lehre KP, Levy LM, Ottersen OP, Storm-Mathisen

J, Danbolt NC (1995) Differential expression of

two glial glutamate transporters in the rat brain:
quantitative and immunocytochemical observations.
J Neurosci 15:1835-1853.

Lerma J, Paternain AV, Naranjo JR, Mellstrom B
(1993) Functional kainate-selective glutamate
receptors in cultured hippocampal neurons. Proc
Natl Acad Sci U S A 90:11688-11692.

Lerma J, Paternain AV, Rodriguez-Moreno A, Lopez-
Garcia JC (2001) Molecular physiology of kainate
receptors. Physiol Rev 81:971-998.

Li T, Lu C, Xia Z, Xiao B, Luo Y (2006) Inhibition
of caspase-8 attenuates neuronal death induced
by limbic seizures in a cytochrome c-dependent
and Smac/DIABLO-independent way. Brain Res
1098:204-211.

Lindroos MM, Soini SL, Kukko-Lukjanov TK, Korpi
ER, Lovinger D, Holopainen IE (2005) Maturation
of cultured hippocampal slices results in increased
excitability in granule cells. Int J Dev Neurosci
23:65-73.

Liu W, Liu R, Chun JT, Bi R, Hoe W, Schreiber
SS, Baudry M (2001) Kainate excitotoxicity in
organotypic hippocampal slice cultures: evidence
for multiple apoptotic pathways. Brain Res
916:239-248.

Lopez E, Pozas E, Rivera R, Ferrer 1 (1999) Bcl-
2, Bax and Bcl-x expression following kainic
acid administration at convulsant doses in the rat.
Neuroscience 91:1461-1470.

Lothman EW, Bertram EH, 3rd, Stringer JL (1991)
Functional anatomy of hippocampal seizures. Prog
Neurobiol 37:1-82.

Lowenstein DH (1999) Status epilepticus: an overview
of the clinical problem. Epilepsia 40 Suppl 1:S3-8;
discussion S21-22.

Lynch M, Sayin U, Bownds J, Janumpalli S, Sutula T
(2000) Long-term consequences of early postnatal
seizures on hippocampal learning and plasticity. Eur
J Neurosci 12:2252-2264.

Maiuri MC, Zalckvar E, Kimchi A, Kroemer G (2007)
Self-eating and self-killing: crosstalk between
autophagy and apoptosis. Nat Rev Mol Cell Biol
8:741-752.

Manev H., Uz T, Qu T (2000) 5-Lipoxygenase
and cyclooxygenase mRNA expression in rat

hippocampus:early response to glutamate receptor
activation by kainate. Exp Gerontol 35: 1201-1209.

Mares P, Folbergrova J, Kubova H (2004) Excitatory
aminoacids and epileptic seizures in immature
brain. Physiol Res 53 Suppl 1:S115-124.

Martin D, Miller G, Rosendahl M, Russell DA
(1995) Potent inhibitory effects of glial derived
neurotrophic factor against kainic acid mediated
seizures in the rat. Brain Res 683:172-178.

Matsumura H, Shimizu Y, Ohsawa Y, Kawahara
A, Uchiyama Y, Nagata S (2000) Necrotic death
pathway in Fas receptor signaling. J Cell Biol
151:1247-1256.

Mattson MP, Culmsee C, Yu ZF (2000) Apoptotic and
antiapoptotic mechanisms in stroke. Cell Tissue Res
301:173-187.

McCullough L, Wu L, Haughey N, Liang X, Hand
T, Wang Q, Breyer RM, Andreasson K (2004)
Neuroprotective function of the PGE2 EP2 receptor
in cerebral ischemia. J Neurosci 24:257-268.

Meighan SE, Meighan PC, Choudhury P, Davis CJ,
Olson ML, Zornes PA, Wright JW, Harding JW
(2006) Effects of extracellular matrix-degrading
proteases matrix metalloproteinases 3 and 9 on
spatial learning and synaptic plasticity. ] Neurochem
96:1227-1241.

Mohammadi S, Pavlik A, Krajci D, Al-Sarraf H
(2009) NMDA preconditioning and neuroprotection
in vivo: delayed onset of kainic acid-induced
neurodegeneration and c-Fos attenuation in CA3a
neurons. Brain Res 1256:162-172.

Mohn AR, Gainetdinov RR, Caron MG, Koller
BH (1999) Mice with reduced NMDA receptor
expression  display  behaviors  related  to
schizophrenia. Cell 98:427-436.

Moore KW, O’Garra A, de Waal Malefyt R, Vieira
P, Mosmann TR (1993) Interleukin-10. Annu Rev
Immunol 11:165-190.

Morgan TE, Nichols NR, Pasinetti GM, Finch
CE (1993) TGF-beta 1 mRNA increases in
macrophage/microglial cells of the hippocampus in
response to deafferentation and kainic acid-induced
neurodegeneration. Exp Neurol 120:291-301.

Monyer H, Burnashev N, Laurie DJ, Sakmann B,
Seeburg PH (1994) Developmental and regional
expression in the rat brain and functional properties
of four NMDA receptors. Neuron 12:529-540.



66 References

Mulle C, Sailer A, Perez-Otano I, Dickinson-Anson H,
Castillo PE, Bureau I, Maron C, Gage FH, Mann JR,
Bettler B, Heinemann SF (1998) Altered synaptic
physiology and reduced susceptibility to kainate-
induced seizures in GluR6-deficient mice. Nature
392:601-605.

Murakami S, Takemoto T, Shimizu ZJ (1953) Pharm
Soc Japan 73:1026.

Murphy B, Dunleavy M, Shinoda S, Schindler C,
Meller R, Bellver-Estelles C, Hatazaki S, Dicker
P, Yamamoto A, Koegel I, Chu X, Wang W, Xiong
Z, Prehn J, Simon R, Henshall D (2007) Bcl-w
protects hippocampus during experimental status
epilepticus. Am J Pathol 171:1258-1268.

Murphy BM, Engel T, Paucard A, Hatazaki S,
Mouri G, Tanaka K, Tuffy LP, Jimenez-Mateos
EM, Woods I, Dunleavy M, Bonner HP, Meller
R, Simon RP, Strasser A, Prehn JH, Henshall DC
(2010) Contrasting patterns of Bim induction and
neuroprotection in Bim-deficient mice between
hippocampus and neocortex after status epilepticus.
Cell Death Differ 17:459-468.

Nadler JV (1981) Minireview. Kainic acid as a tool
for the study of temporal lobe epilepsy. Life Sci
29:2031-2042.

Nadler JV, Perry BW, Cotman CW (1978)
Intraventricular kainic acid preferentially destroys
hippocampal pyramidal cells. Nature 271:676-677.

Nakanishi S (1994) Metabotropic glutamate receptors:
synaptic transmission, modulation, and plasticity.
Neuron 13:1031-1037.

Navon H, Bromberg Y, Sperling O, Shani E (2011)
Neuroprotection by NMDA  Preconditioning
Against Glutamate Cytotoxicity is Mediated
Through Activation of ERK 1/2, Inactivation of
JNK, and by Prevention of Glutamate-Induced
CREB Inactivation. J Mol Neurosci. Epub ahead of
print May 10.

Nimmerjahn A, Kirchhoff F, Helmchen F (2005)
Resting microglial cells are highly dynamic
surveillants of brain parenchyma in vivo. Science
308:1314-1318.

Nissinen J, Halonen T, Koivisto E, Pitkanen A (2000)
A new model of chronic temporal lobe epilepsy
induced by electrical stimulation of the amygdala in
rat. Epilepsy Res 38:177-205.

Nitecka L, Tremblay E, Charton G, Bouillot JP,
Berger ML, Ben-Ari Y (1984) Maturation of kainic
acid seizure-brain damage syndrome in the rat. II.

Histopathological sequelae. Neuroscience 13:1073-
1094

Nogawa S, Zhang F, Ross ME, ladecola C (1997)
Cyclo-oxygenase-2 gene expression in neurons
contributes to ischemic brain damage. J Neurosci
17:2746-2755.

Narkilahti S, Pirttila TJ, Lukasiuk K, Tuunanen J,
Pitkdnen A (2003) Expression and activation of
caspase 3 following status epilepticus in the rat. Eur
J Neurosci 18:1486-1496.

Olney JW (1969) Brain lesions, obesity, and other
disturbances in mice treated with monosodium
glutamate. Science 164:719-721.

Olney JW (1971) Glutamate-induced neuronal
necrosis in the infant mouse hypothalamus. An
electron microscopic study. J Neuropathol Exp
Neurol 30:75-90.

Olney JW, Newcomer JW, Farber NB (1999) NMDA
receptor hypofunction model of schizophrenia. J
Psychiatr Res 33:523-533.

Olney JW, Sharpe LG, Feigin RD (1972) Glutamate-
induced brain damage in infant primates. J
Neuropathol Exp Neurol 31:464-488.

Orrenius S, Zhivotovsky B, Nicotera P (2003)
Regulation of cell death: the calcium-apoptosis link.
Nat Rev Mol Cell Biol 4:552-565.

Ouyang YB, Voloboueva LA, Xu LJ, Giffard RG
(2007) Selective dysfunction of hippocampal CAl
astrocytes contributes to delayed neuronal damage
after transient forebrain ischemia. J Neurosci
27:4253-4260.

Pascalis O, de Schonen S (1994) Recognition memory
in 3- to 4-day-old human neonates. Neuroreport
5:1721-1724.

Patel PM, Drummond JC, Sano T, Cole DJ, Kalkman
CJ, Yaksh TL (1993) Effect of ibuprofen on regional
eicosanoid production and neuronal injury after
forebrain ischemia in rats. Brain Res 614:315-324.

Pickard L, Noel J, Henley JM, Collingridge GL,
Molnar E (2000) Developmental changes in
synaptic AMPA and NMDA receptor distribution
and AMPA receptor subunit composition in living
hippocampal neurons. J Neurosci 20:7922-7931.

Pikkarainen M, Ronkko S, Savander V, Insausti R,
Pitkanen A (1999) Projections from the lateral,
basal, and accessory basal nuclei of the amygdala



References 67

to the hippocampal formation in rat. J Comp Neurol
403:229-260.

Pinheiro P, Mulle C (2006) Kainate receptors. Cell
Tissue Res 326:457-482.

Pitkdnen A, Lukasiuk K (2011) Mechanisms of
epileptogenesis and potential treatment targets.
Lancet Neurol 10:173-186.

Pitkdnen A, Pikkarainen M, Nurminen N, Ylinen
A (2000) Reciprocal connections between the
amygdala and the hippocampal formation, perirhinal
cortex, and postrhinal cortex in rat. A review. Ann N
Y Acad Sci 911:369-391.

Pitkédnen A, Sutula TP (2002) Is epilepsy a progressive
disorder? Prospects for new therapeutic approaches
in temporal-lobe epilepsy. Lancet Neurol 1:173-
181.

Prehn JH, Miller RJ (1996) Opposite effects of TGF-
beta 1 on rapidly- and slowly-triggered excitotoxic
injury. Neuropharmacology 35:249-256.

Prinz M, Mildner A (2011) Microglia in the CNS:
immigrants from another world. Glia 59:177-187.

Qiu L, Zhu C, Wang X, Xu F, Eriksson PS, Nilsson
M, Cooper-Kuhn CM, Kuhn HG, Blomgren K
(2007) Less neurogenesis and inflammation in the
immature than in the juvenile brain after cerebral
hypoxia-ischemia. J Cereb Blood Flow Metab
27:785-794.

Ravizza T, Rizzi M, Perego C, Richichi C, Veliskova
J, Moshe SL, De Simoni MG, Vezzani A (2005)
Inflammatory response and glia activation in
developing rat hippocampus after status epilepticus.
Epilepsia 46 Suppl 5:113-117.

Ritter LM, Vazquez DM, Meador-Woodruff JH (2002)
Ontogeny of ionotropic glutamate receptor subunit
expression in the rat hippocampus. Brain Res Dev
Brain Res 139:227-236.

Rizzi M, Perego C, Aliprandi M, Richichi C, Ravizza
T, Colella D, Veliskova J, Moshe SL, De Simoni
MG, Vezzani A (2003) Glia activation and cytokine
increase in rat hippocampus by kainic acid-induced
status epilepticus during postnatal development.
Neurobiol Dis 14:494-503.

Rothstein JD, Martin L, Levey Al, Dykes-Hoberg M,
Jin L, Wu D, Nash N, Kuncl RW (1994) Localization
of neuronal and glial glutamate transporters. Neuron
13:713-725.

Rothwell NJ. (1998) Interleukin-1 and
neurodegeneration. Neuroscientist 4: 195-201.

Routbort MJ, Bausch SB, McNamara JO (1999)
Seizures, cell death, and mossy fiber sprouting
in kainic acid-treated organotypic hippocampal
cultures. Neuroscience 94:755-765.

Ryu HJ, Kim JE, Kim MJ, Kwon HJ, Suh SW, Song
HK, Kang TC (2010) The protective effects of
interleukin-18 and interferon-gamma on neuronal
damages in the rat hippocampus following status
epilepticus. Neuroscience 170:711-721.

Sakhi S, Bruce A, Sun N, Tocco G, Baudry M, Schreiber
SS (1997) Induction of tumor suppressor p53 and
DNA fragmentation in organotypic hippocampal
cultures following excitotoxin treatment. Exp
Neurol 145:81-88.

Samland H, Huitron-Resendiz S, Masliah E, Criado
J, Henriksen SJ, Campbell IL (2003) Profound
increase in sensitivity to glutamatergic- but not
cholinergic agonist-induced seizures in transgenic
mice with astrocyte production of IL-6. J Neurosci
Res 73:176-187.

Samoilova M, Li J, Pelletier MR, Wentlandt K,
Adamchik Y, Naus CC, Carlen PL (2003)
Epileptiform activity in hippocampal slice cultures
exposed chronically to bicuculline: increased gap
junctional function and expression. J Neurochem
86:687-699.

Sankar R, Shin DH, Liu H, Mazarati A, Pereira de
Vasconcelos A, Wasterlain CG (1998) Patterns of
status epilepticus-induced neuronal injury during
development and long-term consequences. J
Neurosci 18:8382-8393.

Sayin U, Osting S, Hagen J, Rutecki P, Sutula T (2003)
Spontaneous seizures and loss of axo-axonic and
axo-somatic inhibition induced by repeated brief
seizures in kindled rats. J Neurosci 23:2759-2768.

Schiffer HH, Swanson GT, Heinemann SF (1997)
Rat GluR7 and a carboxy-terminal splice variant,
GluR7b, are functional kainate receptor subunits
with a low sensitivity to glutamate. Neuron
19:1141-1146.

Schmued LC, Hopkins KJ (2000) Fluoro-Jade B: a
high affinity fluorescent marker for the localization
of neuronal degeneration. Brain Res 874:123-130.

Shapiro LA, Wang L, Ribak CE (2008) Rapid astrocyte
and microglial activation following pilocarpine-
induced seizures in rats. Epilepsia 49 Suppl 2:33-41.


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Samoilova M%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Li J%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Pelletier MR%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Wentlandt K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Adamchik Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Naus CC%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Carlen PL%22%5BAuthor%5D
file:///C:/Ty%c3%b6t/Turun%20yliopisto/Annales%20D/J%c3%a4rvel%c3%a4/javascript:AL_get(this, 'jour', 'J Neurochem.');

68 References

Shimohama S, Fujimoto S, Sumida Y, Tanino H
(1998) Differential expression of rat brain bcl-2
family proteins in development and aging. Biochem
Biophys Res Commun 252:92-96.

Shimohama S, Tanino H, Fujimoto S (1999) Changes
in caspase expression in Alzheimer’s disease:
comparison with development and aging. Biochem
Biophys Res Commun 256:381-384.

Slee EA, Harte MT, Kluck RM, Wolf BB, Casiano
CA, Newmeyer DD, Wang HG, Reed JC, Nicholson
DW, Alnemri ES, Green DR, Martin SJ (1999)
Ordering the cytochrome c-initiated caspase
cascade: hierarchical activation of caspases-2, -3,
-6, -7, -8, and -10 in a caspase-9-dependent manner.
J Cell Biol 144:281-292.

Somera-Molina KC, Robin B, Somera CA, Anderson
C, Stine C, Koh S, Behanna HA, Van Eldik LJ,
Watterson DM, Wainwright MS (2007) Glial
activation links early-life seizures and long-term
neurologic dysfunction: evidence using a small
molecule inhibitor of proinflammatory cytokine
upregulation. Epilepsia 48:1785-1800.

Sperber EF, Haas KZ, Stanton PK, Moshe SL (1991)
Resistance of the immature hippocampus to seizure-
induced synaptic reorganization. Brain Res Dev
Brain Res 60:88-93.

Sperk G (1994) Kainic acid seizures in the rat. Prog
Neurobiol 42:1-32.

Sternlicht MD, Werb Z (2001) How matrix
metalloproteinases regulate cell behavior. Annu Rev
Cell Dev Biol 17:463-516.

Stoppini L, Buchs PA, Muller D (1991) A simple
method for organotypic cultures of nervous tissue.
J Neurosci Methods 37:173-182.

Streit WJ, Kincaid-Colton CA (1995) The brain’s
immune system. Sci Am 273:54-55, 58-61.

Strowbridge BW (1999) Glutamate receptors mediate
TTX-resistant synchronous activity in the rat
hippocampus. J Neurosci 19:5758-5767.

Swanson LW, Cowan WM (1977) An autoradiographic
study of the organization of the efferent connections
of the hippocampal formation in the rat. ] Comp
Neurol 172:49-84.

Takemiya T, Maehara M, Matsumura K, Yasuda
S, Sugiura H, Yamagata K (2006) Prostaglandin
E2 produced by late induced COX-2 stimulates
hippocampal neuron loss after seizure in the CA3
region. Neurosci Res 56:103-110.

Tikka T, Fiebich BL, Goldsteins G, Keindnen R,
Koistinaho J (2001) Minocycline, a tetracycline
derivative, is neuroprotective against excitotoxicity
by inhibiting activation and proliferation of
microglia. J Neurosci 21:2580-2588.

Tocco G, Freire-Moar J, Schreiber SS, Sakhi SH, Aisen
PS, Pasinetti GM (1997) Maturational regulation
and regional induction of cyclooxygenase-2 in rat
brain: implications for Alzheimer’s disease. Exp
Neurol 144:339-349.

Toscano CD, Ueda Y, Tomita YA, Vicini S, Bosetti F
(2008) Altered GABAergic neurotransmission is
associated with increased kainate-induced seizure
in prostaglandin-endoperoxide synthase-2 deficient
mice. Brain Res Bull 75:598-609.

Traa BS, Mulholland JD, Kadam SD, Johnston MV,
Comi AM (2008) Gabapentin neuroprotection
and seizure suppression in immature mouse brain
ischemia. Pediatr Res 64:81-85.

Van Hoesen G, Pandya DN (1975) Some connections
of the entorhinal (area 28) and perirhinal (area 35)
cortices of the rhesus monkey. 1. Temporal lobe
afferents. Brain Res 95:1-24.

Vezzani A, Baram TZ (2007) New roles for
interleukin-1 Beta in the mechanisms of epilepsy.
Epilepsy Curr 7:45-50.

Vezzani A, Granata T (2005) Brain inflammation
in epilepsy: experimental and clinical evidence.
Epilepsia 46:1724-1743.

Vezzani A, Moneta D, Richichi C, Aliprandi M,
Burrows SJ, Ravizza T, Perego C, De Simoni MG
(2002) Functional role of inflammatory cytokines
and antiinflammatory molecules in seizures and
epileptogenesis. Epilepsia 43 Suppl 5:30-35.

Vezzani A, Ravizza T, Balosso S, Aronica E (2008)
Glia as a source of cytokines: implications for
neuronal excitability and survival. Epilepsia 49
Suppl 2:24-32.

Vincent P, Mulle C (2009) Kainate receptors in
epilepsy and excitotoxicity. Neuroscience 158:309-
323.

Virag L, Szabo C (2002) The therapeutic potential
of poly(ADP-Ribose) polymerase inhibitors.
Pharmacol Rev 54:375-429.

Vogt C, Hailer NP, Ghadban C, Korf HW, Dehghani F
(2008) Successful inhibition of excitotoxic neuronal
damage and microglial activation after delayed


http://www.ncbi.nlm.nih.gov/pubmed?term=%22Toscano CD%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ueda Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Tomita YA%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Vicini S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Bosetti F%22%5BAuthor%5D
file:///C:/Ty%c3%b6t/Turun%20yliopisto/Annales%20D/J%c3%a4rvel%c3%a4/javascript:AL_get(this, 'jour', 'Brain Res Bull.');

References 69

application of interleukin-1 receptor antagonist. J
Neurosci Res 86:3314-3321.

Vornov JJ, Tasker RC, Coyle JT (1991) Direct
observation of the agonist-specific regional
vulnerability to glutamate, NMDA, and kainate
neurotoxicity in organotypic hippocampal cultures.
Exp Neurol 114:11-22.

Wang Q, Yu S, Simonyi A, Sun GY, Sun AY (2005)
Kainic acid-mediated excitotoxicity as a model for
neurodegeneration. Mol Neurobiol 31:3-16.

Wasterlain CG (2006) Invulnerability of the immature
brain to seizures: do dogmas have nine lives?
Epilepsy Curr 6:59-61.

Wasterlain CG, Niquet J, Thompson KW, Baldwin
R, Liu H, Sankar R, Mazarati AM, Naylor D,
Katsumori H, Suchomelova L, Shirasaka Y (2002)
Seizure-induced neuronal death in the immature
brain. Prog Brain Res 135:335-353.

Watanabe Y, Hamada K, Bommelaer-Bayt MC, Dray
F, Kaneko T, Yumoto N, Hayaishi O (1989) Distinct
localization of prostaglandin D2, E2 and F2 alpha
binding sites in monkey brain. Brain Res 478:143-
148.

Werner P, Voigt M, Keindnen K, Wisden W, Seeburg
PH (1991) Cloning of a putative high-affinity
kainate receptor expressed predominantly in
hippocampal CA3 cells. Nature 351:742-744.

Wetherington J, Serrano G, Dingledine R (2008)
Astrocytes in the epileptic brain. Neuron 58:168-
178.

Whetsell WO, Jr. (1996) Current concepts of
excitotoxicity. ] Neuropathol Exp Neurol 55:1-13.

Wilezynski GM, Konopacki FA, Wilczek E, Lasiecka
Z, Gorlewicz A, Michaluk P, Wawrzyniak M,
Malinowska M, Okulski P, Kolodziej LR, Konopka
W, Duniec K, Mioduszewska B, Nikolaev E,
Walczak A, Owczarek D, Gorecki DC, Zuschratter
W, Ottersen OP, Kaczmarek L (2008) Important role
of matrix metalloproteinase 9 in epileptogenesis. J
Cell Biol 180:1021-1035.

Williams PA, White AM, Clark S, Ferraro DJ, Swiercz
W, Staley KJ, Dudek FE (2009) Development of
spontaneous recurrent seizures after kainate-induced
status epilepticus. J Neurosci 29:2103-2112.

Wilson KP, Black JA, Thomson JA, Kim EE, Griffith
JP, Navia MA, Murcko MA, Chambers SP,
Aldape RA, Raybuck SA, et al. (1994) Structure

and mechanism of interleukin-1 beta converting
enzyme. Nature 370:270-275.

Wisden W, Seeburg PH (1993) A complex mosaic
of high-affinity kainate receptors in rat brain. J
Neurosci 13:3582-3598.

Witter MP, Griffioen AW, Jorritsma-Byham B, Krijnen
JL (1988) Entorhinal projections to the hippocampal
CAl region in the rat: an underestimated pathway.
Neurosci Lett 85:193-198.

Yamagata K, Andreasson KI, Kaufmann WE, Barnes
CA, Worley PF (1993) Expression of a mitogen-
inducible cyclooxygenase in brain neurons:
regulation by synaptic activity and glucocorticoids.
Neuron 11:371-386.

Yang F, Liu ZR, Chen J, Zhang SJ, Quan QY, Huang
YG, Jiang W (2010) Roles of astrocytes and
microglia in seizure-induced aberrant neurogenesis
in the hippocampus of adult rats. J Neurosci Res
88:519-529.

Yen LH, Sibley JR, Constantine-Paton M (1993) Fine-
structural alterations and clustering of developing
synapses after chronic treatments with low levels of
NMDA. J Neurosci 13:4949-4960.

Yermakova AV, Rollins J, Callahan LM, Rogers J,
O’Banion MK (1999) Cyclooxygenase-1 in human
Alzheimer and control brain: quantitative analysis
of expression by microglia and CA3 hippocampal
neurons. J Neuropathol Exp Neurol 58:1135-1146.

Yong VW (2005) Metalloproteinases: mediators of
pathology and regeneration in the CNS. Nat Rev
Neurosci 6:931-944.

Yoshikawa K, Kita Y, Kishimoto K, Shimizu T
(2006) Profiling of eicosanoid production in the rat
hippocampus during kainic acid-induced seizure:
dual phase regulation and differential involvement
of COX-1 and COX-2. J Biol Chem 281:14663-
14669.

Young C, Tenkova T, Dikranian K, Olney JW (2004)
Excitotoxic versus apoptotic mechanisms of
neuronal cell death in perinatal hypoxia/ischemia.
Curr Mol Med 4:77-85.

Yrjanheikki J, Tikka T, Keindnen R, Goldsteins
G, Chan PH, Koistinaho J (1999) A tetracycline
derivative, minocycline, reduces inflammation and
protects against focal cerebral ischemia with a wide
therapeutic window. Proc Natl Acad Sci U S A
96:13496-13500.



70 References

Yu SW, Wang H, Poitras MF, Coombs C, Bowers WJ,
Federoff HJ, Poirier GG, Dawson TM, Dawson VL
(2002) Mediation of poly(ADP-ribose) polymerase-
1-dependent cell death by apoptosis-inducing factor.
Science 297:259-263.

Yuan J, Lipinski M, Degterev A (2003) Diversity in the
mechanisms of neuronal cell death. Neuron 40:401-
413.

Zhang JW, Deb S, Gottschall PE (1998) Regional
and differential expression of gelatinases in rat
brain after systemic kainic acid or bicuculline
administration. Eur J Neurosci 10:3358-3368.

Zhu JJ, Esteban JA, Hayashi Y, Malinow R (2000)
Postnatal synaptic potentiation: delivery of GluR4-
containing AMPA receptors by spontaneous activity.
Nat Neurosci 3:1098-106.

Zhu C, Qiu L, Wang X, Hallin U, Cande C, Kroemer
G, Hagberg H, Blomgren K (2003) Involvement
of apoptosis-inducing factor in neuronal death
after hypoxia-ischemia in the neonatal rat brain. J
Neurochem 86:306-317.

Zimmermann KC, Bonzon C, Green DR (2001) The
machinery of programmed cell death. Pharmacol
Ther 92:57-70.

Zou H, Henzel WJ, Liu X, Lutschg A, Wang X (1997)
Apaf-1, a human protein homologous to C. elegans
CED-4, participates in cytochrome c-dependent
activation of caspase-3. Cell 90:405-413.



	ABBREVIATIONS
	LIST OF ORIGINAL COMMUNICATIONS
	1	INTRODUCTION
	2	REVIEW OF THE LITERATURE
	2.1	Glutamate
	2.1.1	Glutamate as a neurotransmitter
	2.1.2	Glutamate receptors
	2.1.2.1	NMDA receptors    
	2.1.2.2	Kainate / AMPA type glutamate receptors
	2.1.2.3	Metabotropic glutamate receptors
	2.1.2.4	Developmental changes in glutamate receptors

	2.1.3	Kainic acid

	2.2	Hippocampus   
	2.2.1	Structure 
	2.2.2	Function 
	2.2.3	Development

	2.3	Epilepsy
	2.3.1	Epilepsy in the developing brain
	2.3.2 	Animal models of epilepsy
	2.3.3	In vitro model: Organotypic hippocampal slice cultures

	2.4	Cell death mechanisms
	2.4.1	Apoptosis
	2.4.1.1	Caspases
	2.4.1.2	Bcl-2 family proteins
	2.4.1.3	Extrinsic and intrinsic apoptotic pathways

	2.4.2	Necrosis
	2.4.3	Other types of cell death
	2.4.4	Death mechanism in excitotoxic neuronal death in the brain 

	2.5	Inflammation as a mediator of neuronal damage in epilepsy
	2.5.1	Inflammatory processes in the brain
	2.5.1.1	COX-enzymes and prostaglandins
	2.5.1.2	Glial cells 
	2.5.1.2.1 Microglia
	2.5.1.2.2 Astrocytes

	2.5.1.3	Cytokines and growth factors
	2.5.1.4	Developmental differences in activation of inflammatory processes

	2.5.2	Anti-inflammatory drugs as neuroprotectants 


	3	AIMS OF THE STUDY
	4	MATERIALS AND METHODS
	4.1	Experimental epilepsy models
	4.1.1	Animals (I-IV)
	4.1.2	Status epilepticus induced by kainic acid injection (II, IV)
	4.1.2.1	Status epilepticus in 9-day-old rats (II, IV)
	4.1.2.2	Status epilepticus in 21- day-old rats (II, IV)

	4.1.3	Organotypic hippocampal slice cultures (I, III)

	4.2	Antibodies (I-IV)
	4.3	Histological staining methods
	4.3.1	Fluoro-Jade B (I-III)
	4.3.2	Thionin staining (III) 

	4.4	SDS-PAGE and Western blotting
	4.5	Immunocytochemistry (I-IV)
	4.6	Quantitative real-time PCR (III, IV)
	4.7	ELISA (III, IV)
	4.8	Microscopy techniques
	4.8.1	Light and fluorescent microscopy (I-IV)
	4.8.2	Confocal microscopy (I, III)
	4.8.3	Electron microscopy (I)

	4.9	Statistical analysis (I-IV)

	5	RESULTS
	5.1	Time-course and localization of kainic acid-induced nerve cell damage (I-III)
	5.1.1	In vivo (II)
	5.1.2	In vitro (I, III)

	5.2	Expression of apoptosis markers in excitotoxic nerve cell damage (I, II)
	5.3	Activation of inflammatory processes after kainic acid treatment
	5.3.1	COX-2 expression and localization and PGE2 production (II, III)
	5.3.2	Cytokine expression (III, IV)
	5.3.3	Glial cell activation (III, IV)
	5.3.4	Effect of a COX-2 selective inhibitor on excitotoxic nerve cell damage in vitro (III)


	6	DISCUSSION
	6.1	Methodological considerations
	6.1.1	Animal models of human epilepsy
	6.1.2	Organotypic hippocampal slice cultures as in vitro model of epileptic activity

	6.2	Death mechanism in excitotoxic neurodegeneration in the developing hippocampus
	6.3	Inflammatory processes in excitotoxic nerve cell damage and epileptogenesis
	6.4	Developmental differences in nerve cell damage and activation of inflammatory processes induced by kainic acid
	6.5	Potential of anti-inflammatory drugs as neuroprotectants in epilepsy

	7	CONCLUSIONS
	ACKNOWLEDGEMENTS
	REFERENCES



