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1. Introduction

Epilepsy is a chronic, noninfectious brain disease that affects people of all ages worldwide. In
total, 50 million people were diagnosed with epilepsy in 2020, almost 80% of them living in
developing countries [1].

As a disease, epilepsy is a complex social and economic problem. Living with epilepsy can not
only be a challenge for patients and their families, but also put a great burden on the
neurological and paediatric health care systems. However, with appropriate medical care,
support, and management strategies, many people with epilepsy can lead a full and productive
life. An estimated 70% of patients with epilepsy could be seizure-free if properly diagnosed
and treated. However, about three-quarters of people with epilepsy in low-income countries do
not receive the treatment they need, and this can reach 90%. In these countries, many health
professionals do not have training to recognise, diagnose, and treat epilepsy. In the most
resource-poor countries, antiepileptic drugs are not available. The WHO is working with the
ministries of health and its partners to improve access to affordable epilepsy treatment [1].

In the European Union alone, the pharmaceutical industry has a market of € 20 billion to treat
the disease, yet a third of patients are ineffective.

The economic, social and personal burden of this disorder underscores the need for more
research efforts that lead to new approaches for the diagnosis, treatment, and prevention of
epilepsy and its consequences. There are two main pillars of these research efforts: on the one
hand, researchers are focusing on how to reduce seizure activity and minimize its impact on life
quality; on the other hand, more forward-looking experiments are being conducted targeting
the prevention of convulsions. This preventive approach can also be achieved through
pharmacotherapy, but there are many attempts to develop more targeted and less expensive
therapeutic instruments to prevent seizures. Although human studies would be optimal, they
are not always possible or feasible due to obvious ethical, statistical, and financial constraints.
Consequently, preclinical studies employing animal models to study and test new therapeutic
mechanisms remain important and indispensable.

In the subsequent sections of the Introduction, I will first briefly review the nomenclature,
epidemiology, and clinical classification of epilepsy syndromes, then focus on the
neuropathology and pathophysiology of temporal lobe epilepsy (TLE) and how it can be studied

in experimental animal models.



1.1. Definition of epilepsy

Epileptic syndromes are one of the most common neurological diseases, characterised by a
tendency to have recurrent unprovoked seizures. More appropriately, epilepsies are now
regarded a group of conditions with different pathophysiologies, aetiologies, and various
manifestations depending on factors such as the part of the brain affected, the individual's age,
the underlying causes, and the spread of seizure activity.

Seizures and epilepsy are complex neurological conditions that arise from the hyperexcitability
of neurons in the cerebral hemispheres. Abnormal electrical activity in the brain can cause
seizures that can recur, often spontaneously and without warning.

Physiologically, epilepsy is characterised by occasional sudden, excessive, rapid, and local
discharges of cortical neurons. Current evidence suggests that increased and hypersynchronous
neuronal discharges play a critical role in the generation of seizures.

On a clinical level, epileptic seizures are intermittent events that typically onset suddenly,
spread rapidly, and are usually brief [2-4].

Uncontrolled electrical disturbances in the brain can manifest as a variety of symptoms,
including involuntary movements, sensory disturbances, changes in behaviour or feelings, loss
of consciousness, and autonomic changes. Seizures can be preceded by a prodrome, may
include an aura, and can be followed by a postictal state. The abnormal cerebral electrical
activity  (hyperactivity) during seizures can be detected and analysed by

electroencephalography (EEG) [5] and magnetic resonance imaging (MRI) [6].

1.2. Epidemiology of epilepsy

After stroke, epilepsy has become the second most common neurological disease worldwide.
Regarding geographical differences, national and international surveys have not shown
significant variations in the global prevalence of epilepsy. It can affect individuals of any race,
age, or social class. However, individuals with a family history of epilepsy may have a slightly
higher risk compared to the general population. Although epilepsy can develop at any stage of
life, it is more common in elderly people. There are two peak prevalence periods: infancy and
childhood and older than 60 - 70 years.

In Hungary, epilepsy affects 0.3 - 0.6% of the population, that is, about 30 - 60 thousand people
diagnosed with epilepsy in 2010 [7].

The incidence of the disease is 0.4 to 1%. This value is highest in childhood and infancy, when
it exceeds 1%, with a decreasing trend from infancy to adolescence. Due to epilepsy that often

lasts for decades, the cumulative incidence can reach 3 to 5% at the end of life [8].



1.3. Aetiology of epilepsy

Epileptic seizures are complex events that involve abnormal excitability and synchronisation of
neuronal activity in the brain. There is often a cycle of excitation followed by inhibition and
subsequent rebound excitation, leading to synchronised firing of neurons and the generation of
seizure activity. Altered neuronal membrane permeability and disturbances in the regulation of
extracellular ion concentrations lead to membrane depolarisation and alteration of the spatial
and temporal distribution of excitatory and inhibitory synapses. All of this affects the excitatory
postsynaptic potential (EPSP) / inhibitory postsynaptic potential (IPSP) ratio, damage to
receptors in postsynaptic membranes, and imbalance between excitatory and inhibitory
neurotransmitters. Finally, all of these together contribute to increased neuronal excitability and
can play a role in the development of seizures [9].

Abnormal stimulation through specific pathways and reverberation through excitatory recurrent
pathways can trigger spasms and cause significant destruction of the sensitive neuronal cell
population [10].

The combined abnormal interaction between the excitatory and inhibitory systems is crucial in
the generation and termination of epileptic seizures. The coordinated action of the feedback and
feedforward functions of inhibitory neurons helps regulate neuronal activity and can influence
the occurrence of seizures. Several excitatory cells are simultaneously inhibited, and then, after
the refractory phase, these neurons are able to trigger an action potential simultaneously [9].
The range of potential causes of epilepsy varies with age. In infants, common acquired causes
include perinatal hypoxia/asphyxia, perinatal intracranial trauma, metabolic disturbances,
congenital malformations of the brain, and infections that can cause generalised seizures. In
young children and adolescents, idiopathic (genetically determined) epilepsies are prevalent. In
adults, there is an equal prevalence of focal and generalised seizures, typically due to tumour,
alcoholism, cerebrovascular disorders, or neurotrauma [2, 3, 11]. Adult-onset epilepsy can
result from causes that originated in childhood, but in young adults, factors such as alcohol
consumption and head injuries are among the common triggers. In elderly people, the
prevalence is skewed toward focal seizures and brain tumours account for a significant
proportion of epilepsy cases in people between the ages of 30 and 50, while cerebrovascular
disease becomes the leading cause in those over 50 years of age. There is growing evidence of
a link between Alzheimer's disease and epilepsy. Epilepsy and epileptiform activity in old age
can precede the cognitive decline characteristic of Alzheimer's disease by years, and the

presence of seizures has been shown to predict a more rapid progression of the disease [12].



Understanding the complex interplay of excitatory and inhibitory systems in the brain is
essential to develop effective treatments for epilepsy and to manage seizures in affected

individuals.

1.4. Classification of epilepsies

The classification of seizures is fairly complex. However, two main groups are widely accepted,
based on EEG. In focal epilepsy, the seizure originates in a limited area of the brain (ictus) and
causes slightly milder symptoms, whereas in generalised epilepsy the seizure appears in the
entire cortex at the same time [13].

Depending on the underlying cause, we can differentiate genuine epilepsy from symptomatic
epilepsy. Although genuine epilepsy is idiopathic and structural cerebral lesions can not be
demonstrated, symptomatic epilepsies can be caused by acquired CNS injuries or congenital
abnormalities. Temporal lobe epilepsy (TLE) corresponds to complex partial epilepsy
according to the officially adopted classification based on the recommendation of the

International League Against Epilepsy (ILAE) [14].

1.5. Pathogenesis and pathology of TLE

There are no clear data on the prevalence of TLE, but it is likely to account for 50 - 70% of
adult epilepsies, making it the most common type of epilepsies [3].

The term TLE refers to the epileptogenic focus. A finer distinction is made between lateral and
medial TLE with respect to a more precise location of the trigger site. Temporolateral epilepsy
(neocortical) is more common in childhood, whereas mediotemporal epilepsy (MTLE) is found
mainly in adults [15]. Most patients with MTLE already have the initial triggers (hypoxia,
trauma, intracranial infections, febrile convulsions) that may be responsible for the
development of the disease before the age of five. Among these, febrile convulsions should be
highlighted, as they are present in the anamnesis of almost 60% of MTLE with hippocampal
sclerosis [16]. Several studies have reported that febrile convulsions can cause MTLE [17, 18],
while others have not found a direct association between febrile conditions and epilepsy.
Therefore, it can be concluded that the association between epilepsy and febrile convulsions is
indirect and the role of genetic factors in epileptogenesis can not be ignored [19]. The febrile
convulsions in infancy can rarely be followed by the first epileptic seizures - mainly tonic-
clonic seizures in late childhood. The frequency of seizures is reduced in many cases or even
eliminated because early therapy increases the threshold for seizures. However, with puberty,

the frequency of complex partial seizures increases and unfortunately shows little or no



response to antiepileptic drugs. The persistence of epilepsy into adulthood fluctuates depending
on the treatments used.

Surgery can be a successful and definitive solution in 80 - 85% of cases, if the epileptogenic
focus is well defined [20]. However, most patients have access to surgery too late and
rehabilitation is often insufficient, which otherwise would be essential for functional recovery.
Psychopathological complications are not uncommon, such as affective disorders (depression),
cognitive deficits, etc. The accepted hypothesis of the pathogenesis of MTLE involves the
following three main steps [3]:

1) In childhood, a damaging epileptogenic factor hits the hippocampus, which is
genetically and structurally very sensitive. At this stage, there is significant neuronal
loss in the most sensitive hippocampal regions, such as the pyramidal cells (PC) of CA3.

2) During the latent period, the time required for the MTLE morphology to develop, gliosis
occurs accompanied by synaptic reorganisation of the hippocampus [21]. This alteration
is also confirmed in humans, because such a sclerotised hippocampus, and especially as
a consequence the more dilated inferior horn of the lateral ventricle can be visualised
on magnetic resonance imaging (MRI).

3) Complex partial seizures develop, which unfortunately become less and less treatable
with epileptic drugs over time and thus become therapy resistant.

Even under physiological conditions, the hippocampus undergoes significant development and
maturation during postnatal ontogenesis. The first week after birth is a critical time window
compared to the subsequent weeks. Probably the rapid changes of the hippocampus during this
critical developmental window may make it vulnerable to the initial triggers that can ultimately
lead to MTLE. Two prominent hippocampal cell types play a primary role in this process: PC
and the granule cell (GC). Mature PCs have already developed in the hippocampus at birth,
whereas GCs mature only about two weeks later [22]. GCs are among the most vulnerable sets
of neurons to seizure-induced neurodegeneration in adult-onset epilepsy. Therefore, GC lesions
may contribute more to epileptogenesis compared to PCs in adults. This is in agreement with
the observations that lesions occur early in postnatal life are less epileptogenic than later ones

[23].

1.6. Anatomy and the fine structure of the hippocampus
The previous section highlighted the exquisite role that hippocampal neurons play in the
pathomechanism of MTLE, one of the most common forms of epilepsy. Their involvement has

been confirmed by several human studies detailing the neuropathological changes in the



hippocampus [24, 25]. Therefore, detailed knowledge of the morphology and neuronal
networks of this limbic structure is warranted to correctly describe the changes associated with
epilepsy. The term ‘hippocampus’ per se, which is central to MTLE pathogenesis, needs some
clarification. The structure involved is properly called the hippocampal complex or
hippocampal formation (HF) consists of the subiculum, the hippocampus proper / Ammon’s
horn / cornu ammonis (CA), and the dentate gyrus (DG) (Figure 1). The HF maintains
reciprocal connections with almost all sensory and association areas of the brain through the
entorhinal cortex [26-28]. The DG is a thin gyrus deep in the hippocampal sulcus. Its surface is
slightly serrated, hence the name. The CA is further divided into four parts and corresponding
to the abbreviations they are termed as CA1, CA2, CA3, and CA4 regions.

Based on their cytoarchitectonic features, there are two types of cerebral cortex: the allocortex
(also termed heterogenic cortex) and the neocortex (known as the isocortex). In humans, the
allocortex comprises only approximately 10% of the cortical mass [29]. The further division of
the allocortex is as follows: paleocortex, archicortex, and a transitional zone between the
neocortex and the allocortex, termed periallocortex [30]. By the currently accepted
nomenclature, the main areas of the archicortex are the CA and the DG. The allocortex is
characterised by having fewer cortical layers in contrast to the six-layered neocortex (Figure 1).
However, the molecular layer of CA is divided into sublayers [31, 32]. The HF is a well-
characterised and investigable brain area because its cellular organisation is spatially
segregated, making it an excellent site for the cellular study of neuronal processes [33].

The principal neurons are arranged in a single layer: stratum pyramidale in CA and stratum
granulosum in DG. Thus, the dendritic sections also form layers, and in addition, the recurrent
collaterals of these cells also show laminarity. This arrangement can be observed in the
afferents: fibres in the perforant pathway arising from the lateral entorhinal cortex terminate in
the outer third of the stratum moleculare of DG, while the medial entorhinal cortex innervates
the middle third [33, 34]. However, the inner third of the stratum moleculare is occupied by
association and comissural fibres [33, 35]. The perforant pathway sends fibres directly to the
stratum lacunosum-moleculare of CAl and CA3, while the comissural and association fibres
end together with the Schaffer collaterals in the stratum oriens and stratum radiatum [26, 27,
33, 36]. The stratum moleculare is a synaptic layer where the dendrites of PCs and the afferent
commissural and association fibres synapse. Afferentation of the apical dendrites of PCs occurs
in three layers: the most superficial layer of the stratum moleculare and the immediately
underlying sublayer (stratum lacunosum) where the fibres from the ipsilateral entorhinal cortex

terminate. The mossy fibres from the DG terminate in the sublayer closest to the cell bodies of



the PCs (stratum radiatum). The stratum oriens is also mainly a synaptic layer, although it
contains scattered neurons. A similar layer in DG is called stratum multiforme, which is
mentioned as the hilum in experimental animals, We have to note that there is no such thing in
human official terminology. The alveus is the white matter of the subiculum and CA regions,
immediately below the stratum oriens. The fimbria is the continuation of the confluent fibres
of the alveus. However, it should be noted that not all the association fibres connecting
hippocampal structures run in the alveus: The mossy fibres that run from the DG through the
hilum to the apical dendrites of the PCs in CA3 form a separate sublayer, called the stratum
lucidum. The afferents from the entorhinal cortex pass through the stratum moleculare to reach
the apical dendrites of PCs and GCs, and the afferent pathway is called the perforant pathway.
The regions of CA are connected by the Schaffer-collaterals. These also run in the stratum
moleculare but innervate the distal part of the apical dendrites. The alveus contains the
association fibres between the CA and the subiculum [37].

The perforant pathway is the most important excitatory pathway of the hippocampus, which
contains three synapses. Its carried axons originate from the entorhinal cortex and run to the
GCs of DG, where they synapse, and run as mossy fibres to PCs in CA3 to stimulate them. CA3
neurons innervate the PCs of the CA1 region through Schaffer collaterals. Furthermore, since
CA3 neurons have an extensive excitatory collateral network and stimulate adjacent PCs, this
explains the large number of neuronal synchronisations in epilepsy [9].

The main projection cells of the CA are the glutamatergic, stimulatory PCs in stratum
pyramidale. These neurons are particularly vulnerable in epilepsy, mainly in the CA3 and CA1
regions. The CA1 region of the hippocampus is particularly vulnerable to hypoxic or ischemic
damage and is known as Sommer's sector in the literature [38].

The main projecting cells of the DG are the glutamatergic, excitatory GCs, but these cells,
unlike the previously mentioned ones, are resistant to even prolonged seizures. Glutamatergic
neurons that stimulate association neurons in the hilum of the DG are the mossy cells (MC).
The literature differs on the vulnerability to seizures of these cells. In contrast to Sloviter, whose
conclusions are based on animal studies, it is revealed that the death of MCs leads to the
development of subsequent recurrent seizures [39]. Scharfman's results support the concept,

that these neurons can survive chronic seizures and even status epilepticus (SE) [40].



Figure 1. Schematic drawing of the surface of the hippocampus bulging into the lateral ventricle (A). Cross
sectional part shows the cell layers of the principal neurons (stratum pyramidale et granulosum). (B) Schematic
drawing of the hippocampal layers and neuronal network. The DG and CA, showing a simple layering
characteristic, gradually transition to the six-layered parahippocampal gyrus (I-VI). Abbreviations: DG = dentate

gyrus; PHi = parahippocampal gyrus; U = uncus; f = fimbria; PES = pes hippocampi [41].

In addition to the principal cells (PCs in CA and GCs in DG), and MCs, several types of
inhibitory interneurons also reside in the hippocampus, thus, the function of the hippocampal
neuronal network is highly dependent on the level and type of inhibition [42-47]. The main
inhibitory transmitter is the gamma-aminobutyric acid (GABA), which is partially released
from local inhibitory interneurons [48], or from nerve terminals of projecting axons of
extrahippocampal origin [49-51]. Although local inhibitory GABAergic interneurons represent
only ~10-15% of the total neuronal population in the hippocampus [52], their remarkable
anatomical and physiological diversity still allows them to be the key determinants of local
neuronal circuit activity and play a fundamental role in normal and pathological hippocampal
function [53-56]. Epileptic discharge of principal cells may be caused by a reduction in
inhibition below the normal level. [57-60]. These GABAergic cells determine the excitability
of the principal cells and also affect certain subcortical afferent pathways [47, 51, 61, 62]. In
the hippocampus, similar to most other CNS regions, the principal neurons are the most
numerous, sharing many neurochemical and morphological properties. However, the
interneurons to which they are connected are very diverse [33]. In addition to GABA, as the

primary neurotransmitter, several other neuropeptides can be detected in these interneurons by



immunohistochemical techniques: enkephalins (Enk) [63], vasoactive intestinal polypeptide
(VIP) [64, 65], cholecystokinin (CCK) [66-68], somatostatin (SOM) [68-71], neuropeptide-Y
(NPY) [71]. Additional calcium-binding proteins are also present in a certain subpopulation of
interneurons such as parvalbumin (PARV), calbindin (CALB) [56] and calretinin (CALR) [72-
74].

1.7. Characterisation of hippocampal sclerosis associated with MTLE
Epileptic reorganisation refers to the following complex phenomena that involve
neuroanatomical, physiological, and biochemical changes [75-78]:

e Changes affecting the whole nervous system (for example, modulation of EEG patterns,
hormonal and metabolic changes).

e At the level of neuronal networks, intercellular connections are altered and axons die or
sprout, leading to the death or sprouting of pathways, thus altering the connections
between brain areas.

e At the cellular level, we can observe not only morphological changes [76] (e.g. cell
swelling, increasing number of dendritic spines), cell death or division, migration, and
gliosis, but also changes in neurochemical markers.

e Protein synthesis, receptors, and ion channels can be affected intracellularly [38].

There are three main types of axonal sprouting:
e Axonal sprouting of the local principal cells (= mossy fibre sprouting) is the most
characteristic and the basis for the theoretical mechanism of MTLE [79].
e Sprouting of axons from external pathways (axons from the subiculum and
supramammillary nucleus) [80, 81].

e Axonal sprouting of inhibitory interneurons [82].

All of these changes together lead to hippocampal sclerosis (HS), which is a condition
characterised by shrinkage of the hippocampus and compensatory dilatation of the inferior horn
of the lateral ventricle. Microscopically, this condition is often associated with extensive cell
death in the CA1 and CA3 regions of the hippocampus, with some interneurons also affected,
and gliosis is also observed [83].

There is a dilemma in the literature regarding HS, whether it is a cause or a consequence of

epilepsy. Animal studies have shown that recurrent seizures can lead to the development of HS



[84]. It has been proven time and again that removal of the hippocampus can eliminate further
seizures.

According to the criteria set by ILAE, the diagnosis of HS is usually based on the following
characteristics [2, 3]:

a. Clinical symptoms: Clinical symptoms in patients with epilepsy can include seizures,

memory disturbances, and other neurological symptoms.

b. Imaging tests: Brain imaging tests, such as MRI, can be used to detect changes in the
hippocampus, such as shrinkage of the hippocampus and changes in the lateral ventricle.
Extrahippocampal lesions of the limbic system can also develop (eg, amygdala,

habenular nuclei, entorhinal cortex, central nuclei of the thalamus) [75, 85].

c. Histological examinations: histological examinations can detect the minimum criteria
for neuronal loss and gliosis, thickening of the granular cell layer, and other
characteristic lesions at the microscopic level in different regions of the hippocampus.
Synaptic reorganisation affects the mossy fibres and often also the supragranular layer
of the DG.

These criteria can help diagnose HS and establish the treatment plan for affected patients.
However, it is important to note that more clinical and imaging investigations may be needed
to clarify the diagnosis and guide treatment, because the relationship between HS and epilepsy

is complex and can vary among individuals.

1.8. Preclinical MTLE models
There are two main groups of animal models [86]:
a) animal models based on the induction of convulsions: morphological abnormalities
caused by convulsions induced by external epileptogenic effects can be studied.
b) genetic models: gene modification is used to create specific animal strains to study the
role of genetic factors in epilepsy.
In most preclinical studies of MTLE, rodents, either male rats or mice, are used, and two further
study groups may be distinguished based on the number of seizures and the time course of the
observation period:
a) acute models (4 aminopyridine and febrile seizure model): Induce generalised epileptic
seizures in healthy animals, causing single convulsions. They are created by artificial
interventions, and the main drawback of this model is the lack of spontaneous recurrent

seizure (SRS) activity.
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b) chronic models (models based on SE induction and kindling): These can be used to
study epileptogenesis and interictal epileptogenic lesions. Spontaneous recurrent

convulsions are also observed in experimental animals after a latent period [11].

1.9. Status epilepticus

Status epilepticus (SE) is a condition in which several seizures occur repeatedly and last at least
half an hour. This is life-threatening for both patients and test animals as well. After altering
blood pressure (first increasing and then falling), a state of metabolic acidosis develops (falling
the partial pressure of oxygen in the blood and parallel to it rising the carbon dioxide, a fall in
pH). The glucose level of the blood decreases and the ionic balance is altered, which eventually
affects the kidneys. Heart failure causes pulmonary and brain oedema. This multiorgan failure
eventually leads to death.

In SE animal models, the mortality is high enough, but in the majority of surviving animals, the
morphological changes that are characteristic of MTLE and were listed in detail previously in
1.7 begin to develop. The most important is the neuronal loss in CA1, CA3, and subiculum
areas, which resembles HS. Similar lesions have been observed in primate studies using
mechanical ventilation, suggesting that the observed alterations are likely induced by

electroconvulsions and not cardiorespiratory changes [86].

1.10. The murine model of pilocarpine-induced epilepsy

Pilocarpine-induced rodent epilepsy is one of the most widely used preclinical rodent models
[5, 87] to study the underlying mechanisms of human MTLE.

In this model, following systemic pilocarpine administration, generalized motor convulsions
develop that typically last for more than 1h. Most animals have SE with significant mortality,
but the surviving animals enter a latent phase without apparent symptoms, showing recovery
and normalisation of vital signs. However, after this latent phase, in the third, chronic phase,
pilocarpine-treated (PILO) animals exhibit SRS [5, 87, 88]. SRS in rodents may be defined as
involuntary motor episodes that can range from brief, nearly undetectable muscle twitches to
long periods of vigorous shaking. During SE, mild to severe respiratory failure associated with
cerebral hypoperfusion is observable. These abnormalities lead to hypoxia and hypoglycaemia,
to which neurons are very sensitive. Brain damage is proportional to the length of SE and the
frequency of SRS [5, 87, 89]. We must note that acute SE already damages the brain through
astrocytic swelling, neuronal damage, cell death, microglial activation, and damage to the

blood-brain barrier (BBB) after SE during the first week of survival [90-92]. These complex
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neuropathological events initiate ongoing neuronal degeneration, which ultimately results in
HS [93] months after pilocarpine injection [5, 87, 94].
Pilocarpine (Table 1) is a lipophilic BBB penetrating drug that acts as a cholinomimetic agonist
of muscarinic acetylcholine receptors [5]. Pilocarpine triggers seizures originating from the
limbic system through a double action. The convulsive effect is initiated directly by activating
inhibitory muscarinic type 2 receptors (M2R) located in the presynaptic membrane of
GABAergic inhibitory interneurons in the hippocampus, thus reducing GABA release [95].
Furthermore, pilocarpine can directly stimulate septal GABAergic neurons projecting onto
hippocampal GABAergic interneurons through muscarinic type 3 receptors (M3R), causing
disinhibition of excitatory neurons leading to the release of excess glutamate (GLU). This
reduced inhibition of PCs and GCs creates a state of hypersensitivity and hyperactivity that is
ultimately responsible for SE induction involving the hyperactivation of N - methyl - D -
aspartic acid (NMDA) receptors [5, 23, 96].
In the pilocarpine model, the neuropathological lesions observed in the chronic period are
similar to those of HS identified in human MTLE. Rodent epilepsy models exhibiting long-
lasting SRS cause permanent brain damage, shown by shrinkage of the hippocampus and
amygdala, similar to MTLE patients [97]. Histological analysis reveals that pilocarpine-induced
SRS causes variable loss of PCs and MCs, strong sprouting of mossy fibres, and reorganisation
of the ionotropic Glu receptor subunits in the hippocampus [5, 87, 89, 98, 99]. Parallel studies
in patients and animal models indicate that the appearance of hypersynchronous neuronal
discharges is responsible for the generation of spontaneous motor seizures [100]. Persistent
hyperactivity of dentate interneurons and neuronal degeneration result in a loss of balance
between the excitatory and inhibitory neuronal circuits in HF [100-102]. These convulsing
animals are often used for pharmacological studies to develop antiepileptic therapeutic
strategies [103-106].
From the point of view of late pathomorphology, the pilocarpine-induced epilepsy model and
MTLE show the following similarities:

e Destruction of the PCs of CA1 and CA3 region, MCs, and hilar interneurons [107].

e Abnormal activation of GCs shown by increased expression of met-enkephalin /Met-

Enk/ and neuropeptide-Y /NPY/ followed by mossy fibres sprouting over time [89,
108].

e In addition to astrogliosis, signs of angiogenesis are also observable [109].

All of these together eventually lead to scarring shrinkage of the hippocampus, which is termed

HS in the literature [110].
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Based on the results of animal models so far, there are three alternative theories for the
pathomechanism of MTLE development:

1. Hypothesis of mossy fibre sprouting: Due to the destruction of hilar MCs and
interneurons, mossy fibres grow abnormal collaterals toward adjacent GCs, and the
resulting strong excitatory feedback causes hypersensitivity [79].

2. Dormant basket cell theory: Significant damage to hilar MCs results in loss of
innervation of inhibitory interneurons, leading to reduced inhibition in GCs [111].

3. The death of inhibitory interneurons in the hippocampus is the main trigger of

epileptogenesis [112].

1.11. Measure of spatial learning and memory

The complex neuropathological phenomena of HS coincide with significant cognitive
disturbances in human patients [113]. Functional and morphological damage to the
hippocampus in drug-induced preclinical rodent models can be assessed not only by
neuropathological but also by behavioural studies, as the hippocampus is a key brain structure
involved in memory formation and spatial navigation.

There are numerous behavioural tests to assess navigational learning and memory in rodents.
By their nature, rodents are motivated to avoid open spaces and bright lights [114, 115]. The
Barnes maze is based on this aversion that encourages them to search for shelter in the escape
box (EB) and this test is best suited to the rodents’ lifestyle. The Barnes maze is a dry-land-
based rodent behavioural paradigm to assess spatial learning and memory, which was originally
developed by its namesake, Carol Barnes [116]. The basic function of the Barnes maze is to
measure the ability of a mouse to learn and remember the location of a target zone using a
configuration of distal visual cues located around the testing area [117]. This non-invasive task
is useful for identifying cognitive deficits in neurological diseases, such as epilepsy. Various
parameters are measured including latency to escape, path length, velocity, and number of
errors. We also preferred the Barnes maze to the Morris water maze (another popular maze),
because it does not involve swimming, which can be perceived as stressful and increases
corticosterone levels. Furthermore, swimming also causes a reduction in core body temperature,
which can affect performance.

Recently, a new, sensitive scoring system has been developed for mouse EB search strategies
for both initial training and for changing the escape target to a new position. These strategy
scores add an important dimension to the time and path length data that help to evaluate the

results in this popular maze [118].
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1.12. Potential neuroprotective effect of Kynurenic acid and its synthetic analogue SZR104
in preclinical epilepsy models

Generalised motor convulsions cause neuronal damage, astrocytic swelling, and the opening of
the BBB [103, 119, 120]. These primary neuropathological findings will initiate subsequent
neuroinflammatory cascades. The opening of the BBB gives way to blood-borne immune cells
that enter the brain parenchyma [121, 122]. Local microglia activation releases cytokines that
further stimulate neuroinflammation (e.g., microvessel sprouting and macrophage migration).
Endogenous kynurenic acid (KYNA, also known as 4-hydroxyquinolin-2-carboxylic acid with
the chemical formula C10H7NO3) (Table 1) plays a key role in various neuroinflammatory and
neurodegenerative disorders of the CNS [123, 124]. KYNA has been shown to have anti-
inflammatory effects on the CNS, which can contribute to its neuroprotective actions.

By modulating glutamatergic neurotransmission through its antagonistic effects on the NMDA
receptor, KYNA can help regulate neuronal excitability and protect against excitotoxicity, in
which excessive activation of Glu receptors leads to neuronal damage [123, 124].

Exogenous KYNA can not penetrate the BBB effectively, limiting its potential therapeutic
applications  [125]. By synthesising KYNA analogues, particularly SZR104
(N-(2-(dimethylamino) ethyl)-3-(morpholinomethyl)-4-hydroxyquinoline 2-carboxamide, with
chemical formula Ci9H26N4O3) (Table 1) that can traverse the BBB and reach the brain, the
researchers hope to unlock new treatment possibilities for neurodegenerative disorders
characterised by neuroinflammation and neurodegeneration [126]. In a study involving rats
under urethane anaesthesia, SZR104 was investigated for its effects on pentylenetetrazol (PTZ)
seizures, a commonly used model to study seizure activity. The results of the experiment
indicated that pretreatment with SZR104 significantly decreased the seizure-evoked field
potentials in PTZ-induced convulsions. This suggests that SZR104 may have anticonvulsant
properties and could potentially be beneficial in the treatment of seizures [126].

Using a mouse model of pilocarpine-induced generalised epilepsy is a common approach in
epilepsy research, as it can mimic certain aspects of human epilepsy. The fact that acute
generalised convulsive seizures increase the extracellular concentration of Glu in the brain is
an important finding that suggests a possible mechanism underlying epileptic activity [127].
KYNA affects the immune system in the brain, particularly through the regulation and
modulation of effector immune cells [128], such as microglial cells. These cells play a crucial
role in the immune response of the brain and are known to be involved in the progression of

various neurological disorders, including epilepsy [129-131]. Microglial cells can be activated
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and transformed by a variety of signals, including neurotransmitters such as Glu, damage-
associated stress signals, cytokines, colony-stimulating factors, and free radicals [132-134].
When activated in response to disease or injury, microglia can adopt a phenotype known as
reactive microglia (=disease-associated microglia, DAM), which undergo significant
morphological changes, such as increased area and development of more cytoplasmic processes
[129, 130, 132]. Although DAM can play a protective role in clearing debris and pathogens,
they can also contribute to neuronal damage and cell death. This complex interaction between
microglia and neurons underscores their crucial role in maintaining brain homeostasis and
responding to various pathological conditions.

Understanding the specific pathways through which SZR104 operates and its interactions with
the neural and immune systems may provide important information to optimise its therapeutic
potential. Our interest focused on the potential anticonvulsant effect of SZR 104, thus, we tested
it in NMRI strain mice as a potential drug candidate. Through observation of the proliferation
tendency and area of hippocampal microglial cells, researchers can gain insight into how these
immune cells respond to epileptic activity and whether interventions such as SZR104 can
modulate their functions. A proven method to study hippocampal microglial cells by
immunohistochemistry of ionised calcium-binding adaptor molecule 1 (Ibal) [135].

In addition to the microglial cell assays mentioned above, in the same study, we found inhibition
of microglial phagocytosis and a decrease in blood levels of interleukin-6 (IL-6) after SZR104

administration, suggesting a possible anti-inflammatory effect of this compound [136].
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2. Aims

The specific aims of the present studies were the following:

1)

2)

3)

4)

We set out to characterise in detail the neuropathology of HS that develops over the
course of 3.5 months of pilocarpine-induced SRS in NMRI mice, as such data in the
literature were sparse/lacking despite the fact that the NMRI mouse is a widely used

strain in epilepsy research.

We were especially interested in studying PARV-immunopositive, and
CALR-immunopositive interneurons in our HS model, as the integrity of these
interneurons is crucial not only for normal hippocampal functions but also for seizure-

induced pathological alterations.

We also aimed to study the effects of pilocarpine-induced SRS on spatial learning and

memory processes in the NMRI mouse strain.
We investigated the acute pharmacological effects of the synthetic KYNA analogue

SZR104 on seizure-induction and microglial activation 24 h after in our murine

pilocarpine-induced epilepsy model.
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3. Materials and Methods

3.1. Experimental protocol and pharmacological treatment

All behavioural experiments were performed in the light period. In these studies, adult, male,
six-week-old NMRI strain mice were used. (body weight [bwt] =28 - 36g). We chose this
strain, because the MCs of NMRI mice were found to be highly susceptible to pilocarpine treatment
according to the literature [94]. The animals were housed under standard environmental
conditions (temperature controlled room (24°C£1°C, humidity 22%+2%) under standard
dark/light cycle (12 - 12 h). Standard mouse chow and tap water were supplied ad libitum. All
experimental procedures, handling, and housing of the animals were carried out in accordance
with the European Union Directive (’Directive 2010/63/EU of the European Parliament and of
the Council of 22 September 2010 on the Protection of Animals Used for Scientific Purposes’)
and according to the Hungarian Animal Act. Specific approval for the care and use of animals
was obtained in advance from the Faculty Ethical Committee on Animal Experiments
(University of Szeged; 1-74-1/2017. MAB) and from the Government Office (Department of
Food and Animal Health) of Csongrad County (CS/101/3347-2/2018).

The experimental animals in the first study (n = 50), who underwent memory and learning tests,
were divided into two experimental groups: pilocarpine-treated (PILO, n = 40; for the structure
of pilocarpine, see Table 1) and controls (n=10). During the experiment and after the
treatments, the animals were individually labelled on the tail skin and observed daily in their
cages to note the SRS of the PILO mice. The daily observation time was 1 hina 9 - 10 a.m.

period. The observation period lasted 3.5 months after pilocarpine treatment.

Code Molecular Chemical Name Empirical
Structure Formula
Pilocarpine o\v\oj N 3-ethyl-4-[(3-methylimidazol-4-yl) C11H16N20,
¢ /@ methyl]oxolan-2-one
KYNA N OOH 4-hydroxyquinolin-2-carboxylic acid C10H7NO3
OH
SZR104 S N-(2-(dimethylamino)ethyl)-3- C19H26N403
S n_/ .
A0 (morpholinomethyl)-4-
N~ hydroxyquinoline-2-carboxamide

Table 1. Molecular structure, chemical name, and empirical formula of pilocarpine, KYNA, and SZR104.
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PILO animals received a single dose of pilocarpine (Sigma-Aldrich Co., St. Louis, MO, USA)
dissolved in sterile physiological saline (provided by the Central Pharmacy Laboratory of
Albert Szent-Gyorgyi Medical School, University of Szeged, Hungary) and injected
intraperitoneally (i.p.). 195 mg/ kg of pilocarpine were found to be appropriate for NMRI mice
to precipitate motor seizures [94]. 90 min after the first motor symptoms of epileptic seizures,
10 mg/kg diazepam was injected i.p. (Seduxen®, Gedeon Richter Plc, Budapest, Hungary) to
terminate motor convulsions. Post-seizure treatment included continuous observation and
intradermal and i.p. injections of Krebs-Ringer bicarbonate buffer solution (bicarbonate
buffered isotonic saline containing magnesium, potassium, sodium, and glucose; Merck KGaA,
Germany) during the first 24 h.

Approximately half of the animals displaying seizures died on the day of the pilocarpine
treatment. Nine animals survived for 3.5 months and one animal perished at 3 months;
therefore, it was not used for spatial learning tests, obviously. This mouse (PILO10) will be
shown as a case report after our results. Therefore, the overall mortality of pilocarpine-induced
epilepsy in this study slightly exceeded 75% at the 3.5 months timepoint.

The control animals were injected i.p. with the same volume of physiological saline, the solvent
of pilocarpine. These animals displayed normal behaviour and did not receive injections of
diazepam or Krebs-Ringer solution.

After the survival period, PILO animals (n = 9) together with controls (n = 9) were used in the
Barnes maze test, then the animals were sacrificed and their brains were investigated with
immunohistochemical techniques (Table 3).

In the second study, we tested the effects of SZR104 (for the structure of SZR104 see, Table 1)
pretreatment in pilocarpine-induced epilepsy. In this study, epilepsy was induced in the
aforementioned way. The animals were divided into four groups (n = 10/groups; see Table 2).
Control animals received physiological saline 1.p., SZR104 was dissolved in distilled water and
administered i.p. at a dose of 358 mg / kg 40 min before pilocarpine injection according to
[126]. On day of treatment, mortality was similar to the case of the first study of animals
displaying convulsions, approximately 50% of PILO mice and animals injected with SZR104
+ pilocarpine. Post-seizure treatment was the same as mentioned above.

One day (24 h) after treatment, the surviving animals were sacrificed and the brain and blood
were further processed [90]. Four animals of each group were investigated with

immunohistochemical techniques.
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Pharmacological treatment Number of surviving animals Experimental procedures

Control 10 Blood samples (6 animals).

0.9% NaCl i.p. injection Immunohistochemistry (4 animals)
PILO 10 Blood samples (6 animals)

195 mg/kg pilocarpine i.p. Immunohistochemistry (4 animals)
injection

SZR104-treated 10 Blood samples (6 animals)

(358 mg/kg) i.p. injection Immunohistochemistry (4 animals)
SZR104-treated (358 mg/kg) + 10 Blood samples (6 animals)

PILO (195 mg/kg pilocarpine) i.p.

N Immunohistochemistry (4 animals)
1njections

Table 2. Animals used in the second study (SZR104 pretreatment) for pharmacological-immunohistochemical

experiments and blood sampling.

3.2. Tissue preparation

In the first study 3.5 months after pilocarpine injections (and two weeks after the Barnes maze
test), as well as one day after in the second study (SZR104 pretreatment), the animals were
sacrificed:

Mice were deeply anaesthetised with halothane (Sigma - Aldrich, St. Louis, MO, USA) and
transcardially perfused with 30 mL of physiological saline followed by 30 mL of cold 4%
paraformaldehyde in 0.1 M phosphate buffer (PB; pH 7.4). The brains were removed and post-
fixed in the same solution for 5 h, then cryoprotected overnight in 30% sucrose in 0.1 M
phosphate buffer (PB, pH 7.4) at 4 °C. Coronal brain tissue blocks were cut using an acrylic
brain slicer matrix (Zivic Instruments, Pittsburgh, PA, USA). Coronal plane sections were cut
to 24 pum thickness from the hippocampus between the coronal levels Bregma - 1.06 mm and

Bregma - 2.30 mm [137] according to the Allen’s Mouse Brain Atlas (www.brainmap.org) on

a freezing microtome (Reichert-Jung, Cryocut 1800) and the sections were stored at 4 °C in a

PB solution containing 0.1% NaNj3 until further processing.

3.3. Immunohistochemistry

Free-floating sections were used for immunohistochemistry (IHC). Endogenous peroxidase
activity was blocked with 3% H>O; for 15 min. Nonspecific binding sites were blocked with
20% normal pig serum (NPS; diluted: 1/10) and tissue permeability was enhanced by using 1%
Triton X-100 in blocking NPS solution. Sections were incubated overnight at room temperature

(RT) in primary antibody solutions with the following primary antibodies (Table 3):
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rabbit anti - neuropeptide-Y (NPY; 1/10000, Abcam, Cambridge, UK); mouse anti-Neuronal N
(NeuN; 1/8000, Chemicon, Temecula, CA, USA); rabbit anti-Ibal (Iba; 1/8000, FUJIFILM
Wako Chemicals Europe GmbH, Germany), goat anti-calretinin (CALR; 1/20000, Millipore,
Temecula, CA, USA), mouse anti-parvalbumin (PARV; 1/40000, Sigma-Aldrich, St.Louis,
MO, USA). Biotinylated secondary antibodies (1:400 dilution, Jackson Immuno Research,
West Grove, PA, USA) were used for 1 h at RT and the signal was detected with peroxidase-
labelled streptavidin (1/6000, Rockland Immunochemicals Incorporation, Limerick, PA, USA)
for 1 hat RT. All incubations were performed in plastic vials with continuous agitation. Immune
reaction sites were visualized with diaminobenzidine tetrahydrochloride (DAB)+H>O: in the
absence (30 min reaction time) or presence (15 min reaction time) of 0.3% nickel sulphate (used
only with the NPY antibody). Sections were mounted on microscope slides, air-dried,
dehydrated, and cover-slipped with dibutyl phthalate xylene (Merck KGaA, Germany).
Chemicals other than antibodies were purchased from Sigma-Aldrich (Sigma-Aldrich, St.

Louis, MO, USA).

Primary antibody Secondary antibody  Tertiary reagent Visualization
1 m NeuN B-GAM STA-PER DAB
2 r NPY B-GAR STA-PER DAB + Ni
3 rIbal B-GAR STA-PER DAB
4 g CALR B-DAG STA-PER DAB
5 m PARV B-GAM STA-PER DAB

Table 3. Reagents used for IHC.

3.4. Spatial learning test using the Barnes maze

Three months after injections, the experimental animals (control n =9, PILO n =9) were tested
for 4 consecutive days in a hippocampus-related learning paradigm, Barnes maze, to measure
spatial learning and memory capabilities [138]. Handling was carried out daily, at the same
time, and started one week before the experiments. The animals were kept in isolation at all
times and were always cared for and tested by the same investigators to ensure that nothing
affected the results.

The experiments were carried out in a well-lit testing room with a holding room located in the
vicinity. The Barnes maze apparatus (Figure 2) consists of an elevated circular black surface
arena (plate diameter: 100 cm, thickness 1 cm, the plate is located 90 cm above the floor) with
18 circular holes around its circumference. Almost all holes lead to an open drop to the floor,
only one of them allows escape and contains EB underneath, where the animal can hide [139].

The small experimental room is equipped with relatively large visual cues, such as coloured
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shapes attached to the wall to allow the mice to learn the location of the holes. The surface of
the arena is lit brightly with an overhead light source. The EB can be reached through the
corresponding hole on the tabletop. We did not change the location of the EB during the whole
experiment. The animals were placed in a non-transparent starting cylinder in the centre of the
arena for 10 sec. After lifting the cylinder, the mice were given a maximum of 5 min to explore
the maze and finally allowed to be in the EB for 15 sec. When a mouse did not find the target,
it was gently guided by hand or placed in the hole and allowed to spend the same amount of
time in the box. The time needed was measured with a chronometer by the investigators. All
animals performed two trials per day with a constant inter-trial interval of 4 hours, for three
days. After a few trials, rodents typically remember which hole contains the drop box on its
own and quickly proceed in a direct path toward the hole. On the probe day there was only one
trial in the morning (4th day is equal to the probe day). The plate and the EB were cleaned with
70% ethanol after each session and each animal, in order to eliminate olfactory cues. No video
tracking was used, the performance was evaluated through the measurement of the total latency,
which means the time needed to find the EB with the whole body from when the animal was
released from the start box. The daily latency measurements were statistically analysed. We
compared the mean daily latencies in controls and in PILO animals [140]. Measurements were
also analysed in relation to time: daily latencies were plotted as Y values (dependent variables),

while days were plotted as X values (independent variables).

Figure 2. Schematic drawing of the Barnes maze arena [118].

3.5. Morphometry and evaluation of data

The immunostained sections were scanned with a Slide scanner (Mirax Midi, 3DHistech Ltd.,
Budapest, Hungary) equipped with a Pannoramic Viewer 1.15.4, CaseViewer 2.1 programme
and a QuantCenter, HistoQuant module (3DHISTECH Ltd., Budapest, Hungary). Using the

digital image, the area of interest (AOI) was manually outlined.
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Immunostainings were quantified with the DensitoQuant application of the QuantCenter
(3DHISTECH Ltd., Budapest, Hungary). The application identifies the positive stain, based on
the automatic colour separation method, through which individual positive pixels are counted
and classified according to intensity and threshold ranges. In this way, the software calculates
a staining density score based on the proportion of positive and negative pixels. In the case of
NeuN and Ibal stainings, density score measurements from each animal (control n =9, PILO
n =9) were used (4 sections and 8 hippocampi per animal). The measured density values were
averaged per animal and used for statistical processing.

The area of HF was also examined by the QuantCenter in sections stained by NeuN (control
n =9, PILO n = 9). The mathematical mean of the data was statistically evaluated to illustrate
the shrinkage of HF in PILO animals.

PARV- and CALR-immunostained cells were also counted by the QuantCenter, using the
digitised images. Cells that had sharp contours and processes were counted only and then the
number of these cells was corrected to a Imm? area of the HF.

For the evaluation of IHC results and the behavioural test, a Student’s t-test for independent
samples was used. The results of the statistical analyses were reported according to Khakshooy
and Chiapelli [140].

For statistical analysis, SPSS software (IBM SPSS Statistics 24) was used and the results were
expressed as mean = (SEM). Statistical significance was generally set at p <0.05.

In the second study, the digitised sections were analysed using Image Pro Plus 4.5 morphometry
software (Media Cybernetics, Silver Spring, MD, USA). Four sections from each animal were
analysed. The threshold was determined in such a way that the counting programme could
equally recognise immunoreactive microglial cells of Ibal. The software counted the number
of immunostained cells in the entire AOI. The number of microglial cells in the AOI has been
normalised to 1 mm?. The surface area of the single microglial cells was also measured with
the help of Image Pro Plus 4.5 software. Single microglial cells were selected from digital
images with 3000x magnification, their contours were manually outlined, and their area was
measured. Selection and measurements were relatively simple due to the low staining
background and the strong Ibal immunostaining of the microglial cells. Ten microglial cells
were selected from the hippocampi of each experimental group. These cell area measurements
were expressed as um? values. Data are expressed as mean + SEM, differences were calculated
with ANOVA, Bonferroni post hoc test (p <0.05 was significant). GraphPad Prism8 software
(version 8.4.3) (GraphPad Software, LLC, San Diego, CA, USA) was used to statistically

analyse the results of the immunohistochemical measurements.
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4. Results

4.1. Neuronal loss and shrinkage of the hippocampus 3.5 months after SE

We measured the optical density of the NeuN immunostaining: the area of interest (AOI) was
the entire HF. The subiculum contained neurons in every PILO animal, although we did not
separately assess the density in this sector. NeuN-stained cells disappeared mainly from the
stratum pyramidale of the CA1, CA2, and CA3 sectors in PILO1, 3, 4, 7, 8, 9 animals (Table
4; Fig. 5C). In these animals, scattered NeuN-stained cells were present only in stratum oriens,
radiatum, and lacunosum-moleculare (Fig. 5C). These cells were probably interneurons. In
animal PILO2, the stratum pyramidale appeared to be intact in CA1, but these principal neurons
of CA2 were completely degenerated. In PILOS, the stratum pyramidale in CA1 and CA3
showed patchy neuronal loss: neurons were missing in 100-200 um long periods. GCs of DG
did not show a spectacular loss, although in PILO6-7 mice, the lateral tip of the layer of the
upper blade of stratum granulosum was thinner than in normal. Small NeuN-stained cells were
scattered, suggesting a decrease in the number of GCs in this area. On the other hand, thickening
of the rest of the stratum granulosum in DG was observed in animals with HS, suggesting
dispersion of GCs, but they were not counted separately [93, 104]. The location of neuronal

degeneration in individual PILO animals is summarised in Table 4.

PILO animals Location of neuronal loss in HF stained with anti-NeuN serum in light
microscopic images

PILO1 CAl, CA2, CA3 are degenerated

PILO2 only CA2 is degenerated

PILO3 CA1, CA2, CA3, and hilum are degenerated, GCs are dispersed

PILO4 CA1l, CA2 and CA3 are completely degenerated

PILOS cell loss in CA1, CA3, and hilum

PILO6 cell loss in hilum and upper blade of the GCs of DG

PILO7 CA1l, CA2, and CA3 are completely degenerated, and minor loss of the upper blade of
the GC layer of DG was present

PILOS patchy neuronal loss is in stratum pyramidale of CAl and CA3

PILO9 CAl, CA3 are degenerated, partial loss in hilum, CA2 is normal

Table 4. The degree of HS and the location of neuronal degeneration in PILO mice. The fields of CA, the hilum,
and the stratum granulosum of DG are indicated. Observations are based on qualitative light microscopy of NeuN-

immunostained histological sections of HF.
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Figure 3. Representative images of NPY, NeuN, and Ibal immunostainings in the mouse hippocampus: Control
animals (A, E, I); PILO animals (B-D, F-H, J-L); PILO animals exhibiting sclerotic hippocampi (C-D, G-H,
K-L).

Observation of PILO mice proved the development of regularly repeated behavioural seizures,
and the resulting gradual degeneration of the hippocampus is visible in the IR images with
NeuN, NPY and Ibal stainings (Fig. 3).

We detected neuronal loss with NeuN-labelling (Fig. 3F-H), microglial proliferation with Ibal-
labelling (Fig. 3J-L), and axonal sprouting with NPY immunostaining (Fig. 3B-D) [93].
Neuronal loss and microglial proliferation overlapped in all cases, indicating the presence of

ongoing neuronal degeneration in the hippocampus (Fig. 3F-H, J-L).
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All animals with behavioural seizures showed greatly enhanced NPY immunoreactivity in the
DG (Fig. 3B-D). PILO mice showed various degrees of hippocampal degeneration and thinning
of the fimbria, and five of the PILO animals showed HS, two of them are shown in Fig. 3C-D.
Another standard sign of HS was the increase in the density and thickness of the NPY
immunoreactive band in the inner molecular layer of DG and CA3, attributed to the sprouting

of the mossy fibres of GCs.

Marked neuropathological changes were found in animals with HS:

1) PCs and MCs disappeared completely, as revealed by immunohistochemistry for NeuN
(Fig. 3H). The less serious stages of hippocampal degeneration showed segmental loss of
PCs in CAl and CA3 (Fig. 3G).

2) The density of immunoreactivity for the microglial marker (Ibal) increased significantly
(Fig. 3K-L). The morphological properties of the microglial cells changed dramatically in
the affected areas (Fig. 3C-E).

Densitometric analysis of NeuN staining in the hippocampus (subiculum, CA1, CA2, CA3;
Fig. 4A) and in the DG (hilum, stratum granulosum and moleculare (Fig. 4B)) proved a
significant loss of neurons in PILO animals (Fig. 4A,B). Statistical analysis of the NeuN-
staining densities showed an approximately 50% loss of immunostaining in the CA regions,

and an approximately 30% loss in the DG (Fig. 4A,B).
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Figure 4. Densitometric analysis of NeuN-stained hippocampi: NeuN staining density throughout the CA region
in control and PILO animals (n = 9/groups; paired t-test, *» = 0.001) (A). NeuN staining density in the entire area
of the DG in control and PILO animals (n = 9/groups; paired t-test, *p = 0.016) (B).
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Qualitative analysis of the NeuN-immunostained sections proved that every PILO animal
displayed some degree of HS (Fig. 6C). According to the significant neuronal loss, the
measured sectional area and the diameter of HF decreased significantly in epileptic mice,

indicating shrinkage of HF (Fig. 5A,B).
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Figure 5. Decrease in cross-sectional area (A) and diameter (B) of HF in PILO animals compared to controls,

measured in coronal sections in NeuN IHC (n = 9/groups; paired t-test, *p = 0.043 and 0.028, respectively).
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Figure 6. Representative photomicrographs of neurons (A, C) and microglial cells (B, D) in the control (A, B) and

PILO4 (C, D) hippocampi. NeuN immunostaining (A, C) revealed a complete loss of principal neurons in the CA
regions of PILO4 (C). Ibal staining revealed an accumulation of microglial cells in the sclerotised regions, as
indicated by the arrows (D). Abbreviations: mol = stratum moleculare of DG; hil = hilum of DG; or = stratum

oriens; rad = stratum radiatum; fim = fimbria. Scale bars: 200 um.
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4.2. Microglial activation and proliferation 3.5 months after SE in HF

Ibal - IR microglial cells were found scattered in control HF (Fig. 6B). Cell bodies were small,
processes were slender and relatively short, like in the second study (Fig. 15A). Epileptic HF
contained significantly higher numbers of Ibal-immunostained microglial cells (Fig. 6D). The
significant increase in the density of Ibal staining is shown in Fig. 7. These DAM cells were
larger, the processes were thicker, longer and more numerous than those of the controls, similar
to the case of the second study, representative images are shown there (Fig. 15B,C).
Comparison of the hippocampus stained with NeuN and those stained with Ibal resulted in a
negative “match’: those hippocampal areas that lost their neurons contained a high number of
enlarged microglial cells in, or close to the stratum pyramidale (Fig. 3F-H, J-L, Fig. 5C,D). The
overall staining density of the microglia increased significantly in the HF of the PILO mice

according to the increased number of microglial cells (Fig. 7).
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Figure 7. Increase in the density of Ibal staining in HF in PILO animals compared to the controls (n = 9/groups;

paired t-test, *p = 0.012).

4.3. Sprouting of mossy fibres 3.5 months after SE

Control mice displayed scattered NPY-immunopositive neuronal cell bodies in the
hippocampus in the stratum oriens, pyramidale, and radiatum. DG has NPY-positive cell
bodies in the hilum and close to the stratum granulosum, with processes sometimes extending
between the GCs to the stratum moleculare (Fig. 3A, Fig. 8A). In this study,
NPY-immunostained sections were qualitatively analysed. The dendritic processes of the cells
also contained NPY immunoreactivity, mostly in the stratum oriens and lacunosum-moleculare
of the CA3 sector, between the GCs and moderately in the stratum moleculare of DG (Fig. 8A).

Axonal staining was not visible in controls (Fig. 8A). PILO mice presented strong NPY staining
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of the neuropil throughout the hilum and in the stratum lucidum and stratum oriens of CA3
(Fig. 8B). Strong NPY-like staining presented in the inner molecular layer (IML) of the DG:
these NPY immunoreactive (NPY-IR) elements are probably contacting the primary dendrites
of the GCs (Fig. 8C). The location of NPY staining is very similar to Timm’s reactivity of these
areas described in the literature [94, 98]. Therefore, we believe that these elements are the
sprouting axons [94, 98]. NPY staining of these hilar and CA3 areas was found in all PILO
animals (Fig. 3B-D), regardless of the severity of neuronal cell loss. Even if there were no
remaining nerve cells in CA3, the NPY-immunostained network was present in the area
corresponding to the stratum lucidum of CA3 (Fig. 8C). Axonal sprouting was not quantified
because it appeared as an all-or-nothing phenomenon, with no discernible NPY

immunostaining in controls and strong NPY immunostaining in all PILO animal.

Figure 8. NPY immunostaining of control (A) and
epileptic (B, C) hippocampi: PILOS animal (B),
PILO3 animal (C). Black staining indicates the
NPY-containing sprouting axons in the hilum, in the
stratum lucidum, and in the stratum oriens of CA3
(B, arrows). The IML of the DG is also heavily
infiltrated by sprouting axons (C, arrows).
Abbreviations: rad = stratum radiatum; lac-mol =
stratum lacunosum-moleculare; mol = stratum
moleculare of DG; gr = stratum granulosum of DG;

hil = hilum of DG. Scale bars: 200 pm.

4.4. Parvalbumin-containing hippocampal interneurons 3.5 months after SE
PARV-containing neurons were scattered in the HF: most of them were located in the stratum

pyramidale, where a dense PARV immunoreactive (PARV-IR) fibre network was seen
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(Fig. 9A). Scattered PARV-IR neurons were presented in the stratum oriens and radiatum
(Fig. 9A). In the DG, PARV-IR cells were located in the stratum granulosum and hilum
(Fig. 9A). Due to the different degrees of neuronal damage, we did not evaluate the regions of
HF separately: in HS it was not possible to precisely determine the location of the CA sectors,
so the total number of PARV-IR cells in the entire area of HF was counted. A significant
decrease in the number of PARV-IR cells was found: some of the remaining PARV-IR cells
were found in the hilum, in the stratum granulosum of DG, in the stratum oriens and stratum
radiatum of CA, and some in the subiculum (Fig. 9B,C). These remaining PARV-IR cells
showed strong immunoreactivity (Fig. 10A). We detected PARV-stained astrocyte-like cells in
the stratum lucidum of CA3 and in the stratum moleculare and hilum of DG in the sclerosed
hippocampi (Fig. 10B). The statistical data showed an approximately 50% decrease in the
number of PARV-IR neurons in the HF of PILO animals compared to controls (Fig. 11A).

Figure 9. PARYV staining of control (A) and epileptic
(B, C) hippocampi. Note the scattered PARV-
stained neurons and the pericellular PARV-stained
axonal network in the layers of the principal neurons
in the Controll animal (A). In PILO7, there were no
principal neurons in CAI1-3, and the PARV-
containing neurons also disappeared (arrows point at
the location of the stratum pyramidale, without cells)
(B). Patchy neuronal loss was detected in CA3
(arrow) of PILOS8 animal (C). Abbreviations: or =
stratum oriens; rad = stratum radiatum; lac-mol =

stratum lacunosum-moleculare; mol = stratum

moleculare of DG; gr = stratum granulosum of DG;

hil = hilum of DG. Scale bars: 200 um.
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Figure 10. PARV-stained structures in PILO4 (A) and PILO7 (B) animals, with PARV-stained neurons between
the neurons of DG in stratum granulosum (A). A fine pericellular PARV network is visible. PARV-stained
astrocyte-like cells (black arrows) are visible in the stratum lucidum and stratum pyramidale of CA3 in PILO7.
Abbreviations: mol = stratum moleculare of DG; gr = stratum granulosum of DG; pyr = stratum pyramidale of

CA3; lue = stratum lucidum of CA3. Scale bars: 50 pm.
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Figure 11. The number of PARV-containing neurons in the HF in control, and PILO animals (paired t-test,
*p <0.0001) (A). The number of CALR-containing neurons in HF in control, and PILO animals (paired t-test,
*p <0.001) (B).

4.5. Alterations in the number of CALR-immunostained cells

CALR-containing interneurons were scattered in the control hippocampus. They appeared in
CA fields, mainly in the stratum lacunosum-moleculare (close to the hippocampal fissure), the
stratum radiatum, oriens, and pyramidale. They were also present in the hilum of the DG,
where they were located beneath the stratum granulosum (subgranular layer), in the centre of
the hilum, and rarely between the GCs. Their dendrites and axons extended into the stratum
moleculare and also formed a plexus in the hilum beneath the GCs. Strong CALR

immunoreactivity was visible in the IML of DG: this CALR staining appeared to originate from
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thin CALR-IR processes and was present in control (not shown) and PILO animals (Fig.
12A,C). The number of CALR-IR cells decreased significantly in the HF of PILO animals,
although the decrease was less pronounced than that of PARV cells (Fig. 11B), which is in
agreement with data from the subiculum already reported in the literature [141]. In a mouse
(PILO1), the granular/subgranular layers expressed strong CALR-IR (Fig. 12A). CALR-stained
cells were equally numerous in the ventral and dorsal blades of the stratum granulosum/
subgranulosum. Morphologically, they appeared as average GCs that contained CALR in their
cell bodies and proximal dendrites (Fig. 12B). Other epileptic animals (PILO2-9) showed
CALR staining of thin varicose fibres in the hilum and IML close to GCs (Fig. 12C). Large
multipolar neurons in the hilum (possibly MCs) were strongly stained with the CALR antibody
in both control and PILO animals, according to the descriptions in the literature [142]. Higher
magnification always revealed several thin-beaded neuronal processes strongly stained with
CALR throughout the hilum and in the entire stratum moleculare (Fig. 12C). Statistical
evaluation of the data revealed an approximately 30% significant decrease in the number of

CALR-IR neurons in PILO animals compared to controls (Fig. 11B).

A L g ; " e e Figure 12. CALR staining in the PILO1 animal (A,
B) and in PILO8 animal (C). Note the numerous
CALR-IR GCs in the granular and subgranular
layers in the DG of PILO1 (A). The arrow in PILO1
(A) points to IML, where strong CALR-IR cell
processes are seen. The area delimited by a square
(A) in PILOl animal is shown with higher
magnification in B. The CALR-stained IML is seen
with higher magnification in PILO8 (C, white
arrow). Note the scattered, varicose CALR-IR fibres
in the hilum, and the stratum granulosum (B, C). The

| i black arrow in the hilum is pointed at CALR-IR

neuronal cell body (C). Abbreviations: mol =
£ mol _20um stratum moleculare of DG; gr = stratum granulosum
of DG; hil = hilum of DG. Scale bars: 200 um (A);
20 pm (B); 50 um (C).
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4.6. The impairment of spatial learning 3 months after SE

The effects of pilocarpine-evoked SE and chronic SRS episodes on spatial learning and memory
capacities were tested in a Barnes maze, 3 months after pilocarpine treatment. In the Barnes
maze, the control animals found the escape hole faster than the PILO mice on each trial occasion
(Fig. 13). On day 3, a significant difference was detected between the two groups (p = 0.043).
Control animals were also successful in the retrieval phase, the difference between the latencies
of control and PILO mice during the probe trial was significant (p = 0.025). Spatial learning
curves demonstrated that chronic seizures induced a marked decrease in learning, as well as in
spatial memory performance (Table 5; Fig. 13). The effective learning process is demonstrated
in controls by decreasing latencies, while PILO mice showed worse abilities (Fig. 13).

The following animals were the worst performers in the Barnes maze: PILO1, 4, 5, 8 (see also
Table 4 for a comparison of neuronal loss). PILO1 and PILO4 had completely degenerated CA
regions, PILOS completely lost the CA3 region and also had cell loss in CA1 and in the hilum.
PILOS had patchy cell losses throughout CA1 and CA3 regions.
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Figure 13. Performance of the control and PILO animals in the Barnes maze for four consecutive days. Two trials
were performed on each day, except for the probe day. The average latencies of the control and PILO animals
(n =9/ groups) were plotted against time. The SEM values were depicted. The controls showed an improved
performance as a function of time, whilst the performance of the PILO animals became worse. Using the paired t-
test, the statistical analysis showed that the variances of the mean latencies in the two groups were significantly

different on day 3 and day probe (* p = 0.043 and 0.025, respectively).
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4.7. A case report in pilocarpine-induced NMRI-strain epileptic mice

The animal PILO10 is presented below due to its histological uniqueness. This epileptic mouse
was one of the first study. It survived only 3 months after SE, therefore this animal was not
involved either in the statistical analyses of the IHC immunostainings or in the spatial learning
test; however, we thought it was worth presenting this particular case.

The animal died one day before the Barnes maze test. This mouse was seriously ill,
malnourished and showed strong SRS more times per day. During the observation time of that
day, the animal had a severe seizure, which it did not survive. So instead of the usual perfusion,
the brain was immediately removed and fixed by the immersion method to make it processable.
As the THC images reveal (Fig. 14), its hippocampus significantly degenerated, and the
segments, layers, and sublayers of the HF could only be partially identified. Remarkably,

despite such extensive neuronal loss, it survived for 3 months.

A
Figure 14. Representative images of the PILO10
hippocampus. Neuronal loss was detected by NeuN
(A), microglial activation was revealed by Ibal (B),
and mossy fibre sprouting was attested by NPY
immunostainings (C). Scale bars: 500 pm.

B

C
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4.8. Effect of SZR104 on hippocampal microglial cells in pilocarpine-induced epileptic
mice

In this study, we tested the effects of the synthetic KYNA analogue SZR104 - as a potential
drug candidate in TLE - in pilocarpine-induced epilepsy model in mice. According to a previous
study in rats [126] we suggested that SZR104 may have anticonvulsant properties and could
potentially be beneficial in the treatment of seizures. Pretreatment with the KYNA analogue
SZR104 failed to reduce the motor hyperactivity and SE in NMRI-strain mice. The animals,
which were pretreated with SZR104 40 min before the pilocarpine injection (SZR104 + PILO
group), presented similar symptoms: The latency of the onset of motor symptoms was not
delayed, and severe tonic-clonic convulsions were not prevented by the KYNA analogue
SZR104. Furthermore, SZR104 did not reduce pilocarpine-induced mortality. In contrast,
controls receiving only the solvent of pilocarpine (0.9% NacCl) or saline and SZR104 injected

alone caused neither symptoms nor mortality.
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Figure 15. Analysis of Ibal-positive microglial cell counts in the entire HF of epileptic, and control mice (n = 4
sections / each animal; meantSEM). Statistical differences were detected between the control, PILO,

SZR104+PILO, and SZR104-treated animals (* p <0.05).

Control mice displayed normal microglial cells. Ibal-stained cells were evenly distributed in
the hippocampus, their shape and distribution were similar to those of the resting microglia.
The diameter of the cell body was approximately 6-7 um, and their ramified processes were

thin and relatively short. The cells possessed 4-5 slender, 5-10 um long processes (Fig. 16A).
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Pilocarpine treatment induced a significant increase in the number of these cells when counted
after 24 h and alteration of their phenotype. The number of Ibal-immunopositive cells in the
hippocampal area of 1 mm? increased to ~1000 per mm? or greater, compared to the controls in
which we counted ~500 cells or less in 1 mm? (Fig. 15).

In contrast, DAM cells reduce the complexity of their shape by retracting and thickening their
branches [143]. The physiology of the microglia resulted in a more compact appearance of
immunostaining for these cells. The area of the cells was larger in PILO mice. The diameters
of the cell bodies were 8-12 um, and the cytoplasmic processes were thicker compared to the
cells of the resting microglia (Fig. 16B,C). The measured surface area of the cells increased
significantly compared to the controls (Fig. 16E). While control, untreated microglial cell areas
were in the <500 pm? range, the cells from epileptic animals were significantly larger (<1500
um?). SZR104 pretreatment prevented the microglial alterations caused by seizures. Both the
number of Ibal-positive cells and the surface area of single cells remained close to the control
values (Fig. 15, 16). When we compared the hippocampus of PILO animals to the hippocampus
of the SZR104 + PILO group, the microglia-inhibitory effects of SZR104 proved to be
significant (Fig. 15). Shape, size, and ramification were similar to the controls (Fig. 16D).

The SZR104 administrated alone caused neither alterations in number of the microglial cells

(Fig. 15) nor morphology and cell area. These were similar to the controls’ (not shown).
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Figure 16. Ibal-stained microglial cells from control (A), PILO (B, C), and SZR104+PILO animals (D). The
average microglial cell areas (cell body and processes) were depicted in um? values on the y-axis (n = 10 cell /

each group; mean+SEM) in the control, PILO, and SZR104+PILO animals (E), (* p <0.05). Scale bar: 10pum.
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5. Discussion

In the present studies, we employed the established murine model of pilocarpine-induced

epilepsy. In this model, we made novel observations regarding the long-term functional

consequence on spatial learning and the neuropathological appearance of the sclerotised

hippocampus. Moreover, using the same model, we identified an interesting novel short-term

effect of the KYNA analogue SZR104 on activation and morphological changes in microglia.

The major specific findings in the dorsal hippocampus are as follows:

1)

2)

3)

4)

Pilocarpine-induced high mortality due to SE and SRS in survivors persisted over the
previously unassessed course of 3.5 months observation period in NMRI mice. Epileptic
mice displayed severe disturbances of spatial learning and memory indicating the
development of severe hippocampal dysfunction.

All animals developed severe HS characterised by severe neuronal damage that could
culminate in the near-total destruction of the hippocampus, as shown by NeuN
immunohistochemistry. Parallel to it, microglial cells are activated rapidly following
pathological changes of the brain in epilepsy confirmed by Ibal immunostaining. In
addition, reactive sprouting of mossy fibres has been demonstrated using NPY
immunohistochemistry. These findings are in accordance with previous data using
shorter observation periods.

The specific loss of CALR-immunopositive and PARV-immunopositive interneurons
in the hippocampus has also been confirmed in our model, moreover PARV-
immunopositive astrocyte-like cells were novelly detected in the sclerotised
hippocampus.

The potentially neuroprotective, novel KYNA analogue SZR104 did not reduce
pilocarpine-induced seizures or seizure-induced mortality, however, it potently
ameliorated the acute (24h) neuroinflammatory response detected by the Ibal-

immunopositive microglial cell count and morphological changes.

The pilocarpin model has been one of the more widely used drug-induced chronic epilepsy

models. Our findings confirm and further advance the understanding of the neuropathological

features and pathomechanistic aspects of HS that are prominently developed in this model.
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5.1. Learning and memory impairment caused by severe HS in epileptic mice

The degeneration of the hippocampus has also caused a significant deterioration in learning
ability. Our experiments proved that spatial learning processes were slower during acquisition
trials and spatial memory retrieval was significantly worse during the final probe process in
epileptic versus control mice. This is in accordance with the literature data [144]. Similar
(although less dramatic) impairment of spatial learning was observed after kainic acid lesions
in the CA1 sector of the dorsal hippocampus in mice [144]. Nonepileptic experimental lesions
of the dorsal and ventral hippocampus are also associated with impaired working memory and
reference memory retrieval [145]. A similar spatial memory disturbance occurred after the
lateral entorhinal cortex in our previous experiments [146]. The entorhinal cortex and the
hippocampus are important in the spatial learning of rodents [146]. HS destroys not only the
principal neurons but also several interneurons, and therefore reciprocal neuronal connections
between the neocortex, entorhinal, and hippocampal cortices will be interrupted. In the present
experiments, we detected HS in histological sections of the dorsal hippocampus. Neuronal loss
in dorsal HF could well explain the spatial memory impairment seen in the Barnes maze
experiments [144]. Similar results have been reported in epileptic C57BL/6 mice, where
hippocampal neuronal loss was correlated with a significant increase in escape latency in the
Morris water maze tests [147]. Neuronal loss in CA1, CA3, and the hilum was evaluated on
thionin-stained sections of control and PILO animals 9 months after pilocarpine administration,
and significant neuronal loss was found, which was correlated with the results of the Morris
water maze [147]. We could also select the PILO animals with the worst learning and memory
performance. However, further experiments are needed to accurately correlate the degree and
location of neuronal loss, gliosis, and learning and memory performance. The correlation of HS
and memory loss in our experiments was clinically significant, as hippocampus damage in
human TLE has also been correlated with visuospatial memory loss in adult patients [138].
Hippocampal neurogenesis is also related to hippocampal-dependent learning, which we
studied in this experiment. This assumption is consistent with the finding that when there is a
deficit in the hippocampus, neurogenesis correlates with impaired spatial orientation and
memory. The description of our observations on neurogenesis is discussed in section 5.3 of this

chapter.

5.2. Neuronal loss, microglial activation and sprouting of mossy fibres in epileptic mice
In the present studies, cellular damage was detected in the stratum pyramidale and hilum of the

hippocampal regions in the responding mice following SE (Fig. 17). Previous results show that
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after pilocarpine-induced SE, the most sensitive hilar neurons are damaged first, followed by
damage to neurons in the stratum pyramidale of the CA regions by day four [91]. Neuronal loss
in the Ammon’s horn was approximately 50%, while in the DG it was slightly less, around 30%
compared to the control. There are several possible causes of neuronal damage during
convulsions. Enhanced transmitter release is detected in increased excitation caused by SE, in
particular high level of Glu, which causes severe neuronal damage in two steps [10, 25, 148].
Acute cerebral edema develops first due to the influx of ions and water through the ion channels
kept open by excitatory transmitters (this process is non-selective because all hyperexcitable
cells are affected) [10, 25, 149]. Most of the cells are still able to compensate for this change
through their ATP-dependent ion transporters and pump out the excess water and ions;
however, the most sensitive hilar interneurons are destroyed early in this oedematous phase.
Subsequent damage is already a delayed Ca-mediated process [10, 149]. Ca*" influx through
channels opened by voltage-dependent NMDA-type Glu receptors acts as a signal and releases
additional Ca?" from cell stores to flood the intracellular space. This elevated Ca** concentration
acts by activating degradative enzymes [150] (cellular energy production, mitochondria and
cytoskeleton, DNA pool, and axon transport are affected). Activation of the caspase family of
enzymes leads to apoptosis [151]. Previous experiments have shown a significant reduction in
the number of neurons in the stratum pyramidale of CA3 as early as day four after the onset of
SE.

Neuronal damage is a consequence of acute SE [102, 119, 152, 153]. Hypoxic conditions
develop in the brain parenchyma during SE, where despite the increase in regional cerebral
blood flow, neurons are deprived of oxygen [153]. Due to the extracellular accumulation of
Glu, potassium, hydrogen carbonate, and ammonia, the astrocytes swell, obliterate the
extracellular space, and hinder the diffusion of nutrients. Neurons are deprived of nutrients, and
this condition, together with hypoxia leads to cell damage and necrosis [152, 153]. These
processes, which lead to acute neuronal cell death, are well documented in the literature [152-
154]. Neuronal degeneration in the hippocampus was clearly demonstrated in our present
studies with NeuN immunohistochemistry. PILO mice demonstrated the doctrine of graded
sensitivity of the hippocampal subfields [154]. CA1 and CA3 were the arecas where the
pyramidal layer was mainly affected. According to neuronal loss, the cross-sectional area of
HF decreased significantly, as measured in our experiments. This HF shrinkage is regularly
observed in MTLE in human patients [155].

There are several views on the vulnerability of hippocampal neurons. According to Sloviter

[111] the first step is the destruction of MCs leading to synaptic reorganisation. He is credited
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with the hypothesis of sleeping basket cells, which suggests that the death of stimulatory MCs
leads to a reduction in the function of inhibitory basket cells. In a contradictory finding,
Scharfman [40] argues that primarily inhibitory interneurons are damaged while MCs survive
SE. This indicates that there are probably multiple populations of MCs and that they are
differentially susceptible in epilepsy.

Although the neurons degenerate the most, however, astroglial cells are also affected, resulting
in the death of more neurons as a consequence. In general, glial cell activation is a secondary
phenomenon in SE that facilitates tissue reorganisation [156, 157]. In contrast, Kang TC argues
that neuronal death alone is not a sufficient condition for the development of SE [158]. In their
experiments, they have already shown astroglial damage on day one, i.e., it precedes neuronal
degeneration. Because of their important role in nourishing neurons and eliminating their
breakdown products, they affect neuronal transmission, their destruction makes neurons more
vulnerable and also predisposes them to apoptosis or necrosis.

Microglial cells are thought to be the most important immunocompetent cell type in the brain
and the main regulator of inflammatory processes in the brain. Microglial cells are rapidly
activated following pathological changes in the brain in epilepsy [92]. The widespread
expression of neurotransmitter receptors in microglial cells renders cells sensitive to neuronal
hyperactivity. These receptors initiate the transformation of the microglial cell and also regulate
its cytokine secretion [134]. Microglia can promote neurodegeneration [130] but can also be a
protective device by detecting damage and also exerting a protective role in neurodegeneration.
Our experiments clearly pointed to this role. DAM cells were seen in the layers that suffered
massive neuronal loss (Fig. 17). This phenomenon points to the possibility that DAM occupied
the sclerotic hippocampus subfields to maintain a kind of homeostasis after the death of
neurons. However, this hypothesis must be validated by immunohistochemical detection of
DAM markers [132].

Recent research has shown that microglia mediate forgetting via complement-dependent
synaptic elimination [159]. This indicates that the role of microglial cells in the brain is more
complex than previously thought. It opens a new direction for researchers in experiments on
learning and forgetting.

The sprouting of mossy axons in epilepsy is well documented not only in experimental animals
[94, 98, 108, 160] but also in the human brain [93, 161]. The main layers targeted by the
sprouting axons are the stratum moleculare of the DG, the hilum of the DG, and the stratum
lucidum of CA3 [94, 98, 108, 160, 161]. Other locations where the sprouted axons terminate

are the infrapyramidal sublayer of the CA3 stratum oriens, and the stratum granulosum, and
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the IML of the DG [161]. We detected the sprouting with NPY immunohistochemistry and
observed the ectopic axons even in the case of complete loss of the principal neurons in the area
corresponding to the stratum lucidum of CA3. This observation indicates that these sprouted
axons persisted without postsynaptic targets. They probably released NPY, and the released
peptide exerted its antiepileptic effect through diffusion to the DG. The increase in NPY
expression was detected in GCs by immunohistochemistry [162] and in situ hybridisation [163],
demonstraining the alteration of the GC phenotype in epilepsy [163]. NPY causes depression
of epileptiform activity of the GCs [164]. The sprouting plays an important role in hippocampus
reorganisation, and it is a standard feature of human HS in TLE [93, 161].

The strong increase in NPY expression proved that in HS, the peptidergic component of
hippocampal neurotransmission survived better than the Glu system. This could possibly lead
to alterations in synaptic transmission of the hippocampal cortex. Instead of fast Glu signaling,
slow metabotropic peptidergic signaling prevailed. The slowdown of signaling could also

contribute to the worsening of learning and memory functions.

5.3. Specific loss of PARV-immunopositive and CALR-immunopositive interneurons in
epileptic mice

Neurons containing Ca-binding proteins (PARV, CARL, and CALB) are more resistant to SE.
These proteins reduce the increase in intracellular Ca** levels and thus protect against the
activation of degenerative degradative enzymes. A large population (approximately 50%) of
the hippocampal PARV-containing GABAergic neurons was lost in HS (Fig. 17). The PARV-
containing interneurons of HF are located mainly in the PC and GC layers, and the hilum [56].
They are mainly GABAergic basket cells and axo-axonic cells that exert inhibition on cell
bodies, proximal dendrites, and initial axon segments [56]. The number of these neurons
decreased significantly in the sclerosed hippocampi in our experiments, indicating a decrease
in inhibition in the stratum pyramidale and stratum granulosum, as documented by the literature
data [56, 100, 101]. Similar observations have been described in experimental rats with absence
epilepsy [165] and kindling epilepsy [166]. Degeneration in the stratum pyramidale swept out
not only the principal cells but also PARV-IR GABAergic cells. We encountered only very few
PARV-IR cell bodies (3-4 in total), located close to the alveus and in the subiculum. Data from
the literature support this observation [101, 155, 167]. The presence of scattered PARV-IR
astrocytes in the sclerosed regions is a new finding. Up-regulation of PARV in reactive
astrocytes and ependymal cells was described in vivo [168] and in vitro [169]. Up-regulation

was caused by brain injury [168] and virus infection [169]. In these experiments, the up-
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regulation of PARV was discussed in connection with changes in cell metabolism and
proliferation signaling [168, 169]. In our experiments, microenvironment alterations due to
neurodegeneration and axonal sprouting could be the explanation for the expression of
astrocytic PARV expression. However, this issue needs to be examined in further experiments
with immunostainings using PARV antibodies and specific astrocyte markers.

We also describe the degeneration of CALR-containing interneurons in the epileptic
hippocampus (Fig. 17). This decrease was approximately 30% in terms of the total number of
cells/mm?. The expression of CALR in the GCs could be explained by the phenotype changes
of these neurons in epilepsy [163]. This statement needs some clarifications:

According to the literature, neurogenesis is accelerated in epilepsy and, as a consequence, after
pilocarpine treatment. In adults, neurogenesis is observed in only a few areas of the brain, and
DG is one of them. A study shows neurogenesis within the adult hippocampus (under
physiological conditions and in depression) [170]. The progenitor cells are located in the
subgranular layer, from which they proliferate, differentiate, and migrate to the stratum
granulosum (mainly into its inner zone). This was also observable in our sections. There are
three different types among these cells (Type 1,2,3). Type 3 progenitor cells are CALR-positive.
The presence of these identified cells is also detectable in a control animal (control 1 is very
similar to PILOLI in this layer), therefore we think that there can be progenitor cells among
CALR-IR cells. This hypothesis should be supported by subsequent specific
immunohistochemical staining, possibly double staining. BrdU (thymidine analogue 5'-
bromo-2'-deoxyuridine) indicates that all cells are in S phase. If this is combined with
doublecortin (DCX) or Neuro D labelling, we have a good chance of differentiate these cells.
DCX-labelled cells belong to the neuronal lineage. These cells can belong to the population of
late mitotic neuronal progenitor cells or early postmitotic immature neurons. Since Neuro D is
a marker for early cells of the neuronal lineage it could be used to answer the dilemma described
above. It is expressed during neurogenesis in adult DG in the subgranular zone and in the inner
layer of the stratum granulosum [171].

MCs also express CALR in normal and epileptic mice, and their number decreases in epileptic
animals, as shown in the literature [ 142]. The decrease in other hippocampal CALR-IR cells is
probably related to HS. The degeneration of the principal neurons (which are synaptic targets
of the interneurons) is accompanied by the degeneration of the interneurons, as in the case of
PARV-IR cells. These observations about the decrease are supported by the data in the literature
[166, 172]. Similarly, a decrease in CALR-IR cells in DG was observed in the dorsal

hippocampus in kindling rat experiments [166]. On the other hand, a significant increase in the
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number of CALR-IR Cajal - Retzius cells was detected in epileptic human brain samples [173,
174]. The sprouting of CALR-IR nerve fibres of DG was also noted in human HS [93]. Our
present observations on the abundance of thin CALR-IR fibres in the DG in epileptic mice
support the possible participation of CALR-IR neurons in the sprouting and reorganisation of

the DG in HS.

500 um

*".-'th Neurons
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Glutamate

N Poptides

B 227 Glia cells

Figure 17. Scheme of the neurochemical parcellation of the hippocampus in the control (A) versus PILO (B)
animals. Principal neurons are represented by triangular, circular, and multipolar shapes. GABAergic transmission
is depicted in green, Glu transmission is beige, and peptide transmitters are in blue. Glia is represented by red dots.
The PILO hippocampus was not only shrunken, but also invaded by peptidergic axons, some of which did not
have postsynaptic cells, and the peptide released was diffusing toward unknown targets. This neurochemical
alteration drastically changed the function of the hippocampus, as it was shown by the Barnes maze experiments.
Abbreviations: CA1, CA2, and CA3 are the regions of the cornu ammonis; DG = dentate gyrus; SUB = subiculum;

Fim = fimbria; Fis = hippocampal fissure; Scale bar: 500 um.

In conclusion, although the decrease of CALR-IR cells in PILO mice was significant compared
to the control, it was still less than that of PARV-IR cells. This may be influenced by the fact
that CALR staining alone can not differentiate CALR-IR interneurons from the neurogenesis-
affected cells that are also labelled with CALR. However, this ambiguity of CALR-IR neurons

in epilepsy needs to be further investigated.
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5.4. SZR104 effect on changes in number and phenotype of microglial cells in pilocarpine-
induced epileptic mice

Microglial cells are activated rapidly following pathological changes in the brain [129].

Our experiments also proved that the acute microglial response in PILO mice was very
pronounced and that this activation was conspicuously inhibited by the synthetic kynurenic acid
analogue SZR104. The precise mechanism and significance of this inhibition remain unclear,
but nevertheless it may signal a yet unexplored mechanism that can target neuroinflammation
in response to neuronal injury induced by epileptic seizures or SE. [136].

In microglial cells, the expression of neurotransmitter receptors on their surface renders them
sensitive to neuronal hyperactivity [132-134, 175]. The activation of these receptors may
initiate the transformation of microglia from resting to their activated status by simultaneously
regulating their cytokine secretion [132-134, 175, 176].

The microglial activation usually is peaking ~5-7 days following CNS injury [177]. However,
in our experiments, the developing SRS comprise not a single injury, but a series of recurrent
spasms resulting in an ongoing neurodegeneration. The increased number of DAM is detectable
in Ibal-stained sections even months later after pilocarpine treatment. In the long term
microglia can promote either neurodegeneration [130-132] or even neuroprotection [131, 132].
Currently, it is unclear whether the acute changes observed in microglia in the present study are
beneficial or destructive, although the almost complete neurodegeneration observed in the later
timepoints suggests the latter [131, 132]. Parallel in vitro studies confirmed that SZR104 can
also inhibit lipopolysaccharide-induced phagocytosis in cultured microglial cells, and the
inhibitory action of SZR104 was thought to be mediated perhaps through the activation of the
aryl hydrocarbon receptor, a known intracellular target of KYNA. Further experiments are
necessary to elucidate both the exact role of microglia over the time course of our HS model

and the molecular target of SZR104 or related KYNA analogues.
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6. Conclusions

The most important novel findings in our studies were the following:

1.

Pilocarpine-induced chronic epilepsy in NMRI mice is an excellent preclinical model
of chronic TLE that can simulate all the major features of the human pathology. This
includes severe hippocampal dysfunction and structural alterations.

The novel long-term observation period enables the detection of large-scale neuronal
loss including both principal neurons and selected populations of GABAergic
interneurons, reactive axonal sprouting, and microglial activation, all the hallmarks of
severe HS.

SZR104 was shown to selectively ameliorate the acute microglial response, suggesting

the involvement of kynurenine metabolites in this response.
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