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1.1	General	Introduction
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Glial Cells
Neurons are not the only cell type in the central nervous system (CNS). In fact they are out-

numbered by different non neuronal cells, collectively called glia. This term was coined in 

1859 by Rudolph Virchow to indicate the “connective tissue” surrounding the neurons (glia 

comes from Greek meaning glue).

With the term glia we indicate three types of cells in the CNS: oligodendrocytes, astrocytes 

and ependimocytes. Oligodendrocytes are the myelin producing cells, and they form a mul-

tilayer myelin sheat around the axons, contributing to their insulation and facilitating action 

potential conduction. Ependimocytes constitute the wall of the ventricles and play role in 

neurogenesis, neuronal differentiation/axonal guidance and are believed to participate in 

the production of cerebro spinal fluid (CSF) during development; they are involved in con-

trolling the homeostasis in the mature brain (Bruni 1998). Astrocytes are heterogeneous 

cells which constitute from 20 to 50% of the volume of most brain areas and have a wide 

range of functions, from supporting neuronal metabolism and connectivity, to important 

roles in the modulation of neuronal signaling in brain patho-physiology. There is also an-

other cell population which has a different embryonic origin called microglia: they are con-

sidered the macrophages of the brain since they mediate the immune response in the CNS. 

In this thesis the attention will be focused on the astrocytes, and in particular on their role 

in inflammation in relation to epilepsy. 

Astrocytes	physiology	in	normal	brain
Astocytes are specialized glial cells and their organization in the brain is quite complex. Each 

astrocyte has its own separate domain and can reach more than 100 thousand synapses at 

once (Halassa, Fellin et al. 2007). Astrocytes are evolutionarily old, and their size increases 

with increased complexity of brain function (Kimelberg and Nedergaard 2010). For a long 

time, it was believed that they functioned as structural support cells, rather than actually 

contributing to network activity. Indeed astrocytes have an important role in neuronal me-

tabolism, providing neurons with necessary nutrients from the vasculature (Nedergaard, 

Ransom et al. 2003). Also, astrocytes function as storage of glycogens, especially in areas of 

synaptic density, in order to sustain neuronal activity during hypoglycaemia (Sofroniew and 

Vinters 2010).

However, recently they were found to have numerous important functions that allow them 

to be closely involved in neuronal signalling (Perea, Navarrete et al. 2009). 
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Astrocyte	heterogeneity	

Although the heterogeneity of astrocytes was documented over a century ago, we are only 

beginning to understand the function of astrocytes in the past two decades. They have di-

verse morphologies, gene profile expression and physiological differences and their clas-

sification can be done according to different criteria. The classical distinction is between 

protoplasmic and fibrous astrocytes (Miller and Raff 1984) but they can be categorized ac-

cording to their location, expression of different receptors or transporters. Figure 1 and 2 

show the different astrocytes according to the pioneering work of Santiago Ramón y Cajal 

in 1913. Astrocytes can be identified in brain tissue by the expression of different markers 

namely glial fibrillar acidic protein (GFAP), S-100, a calcium binding protein, and glutamine 

synthetase (Zhang and Barres 2010). Their role is not yet completely understood but there 

are data supporting their role in neurogenesis, control of brain metabolism (ionic balance 

and neurotransmitter re-uptake) and in modulation of synaptic strength (Parpura, Heneka 

et al. 2012).

Fig 1. Drawing by Cajal showing 
fibrous astrocytes (containing 
relatively numerous fibrils), in 
the white matter of the cerebral 
cortex labeled with the gold 
chloride method. The figure 
legend states: "Neuroglial cells 
of the white matter of the adult 
human brain. Gold method. A, 
aspect of certain cells in which 
can be observed a fibrillar ap-
paratus; B, C, aspect shown by 
other cells where the proto-
plasm stained in mass does not 
allow the visualization of fibrils; 
a, b, d, perivascular end-feet." 
This figure was published as Fig-
ure 14 by Cajal in 1913 (Cajal, 
1913). (Copyright Herederos de 
Santiago Ramón y Cajal.)
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Fig 2. Drawing by Cajal showing protoplasmic astrocytes (containing relatively few fibrils) in the gray 
matter of the cerebral cortex labeled with the gold chloride method. The figure legend states: "Part of 
a section of the gray substance of the brain of an adult human. Staining by gold chloride. A, large type 
of neuroglial cell; B, smaller type of neuroglial cell [than that showed in A]; C, [end]-foot inserted in a 
capillary; D, pyramidal cell [of the cerebral cortex]; a, capillary; b, small perivascular pedicles; d, non-
neuroglic satellite cells." This figure was published as Figure 1 by Cajal in 1913 (Cajal, 1913). (Copyright 
Herederos de Santiago Ramón y Cajal.)

Astrocytes are connected to each other by gap junctions, forming a syncytium that allows 

ions and small molecules to diffuse in the brain parenchyma. These cells exhibit various 

types of membrane channels, receptors and transporters. Both K+ and Na+ channels are 

expressed in astrocytes, but the K+ channel density exceeds that of Na+ channels by far, 

presumably preventing the generation of action potentials (Jabs, Seifert et al. 2008). Astro-

cytes are extremely important for the buffering of extracellular potassium: they express Kir 

channels (K inward rectifier), in particular Kir 4.1, which are the main players in potassium 

buffering (Olsen and Sontheimer 2008). Kir channels are also thought to be responsible for 

the maintenance of the negative membrane resting potential of astrocytes (Kucheryavykh, 

Kucheryavykh et al. 2007) which is typically near EK (around -85mV), and displays little 

fluctuation in response to a wide variety of stimuli (Nedergaard, Ransom et al. 2003). One 

of the functions of astrocytes is to control glutamate levels in the extracellular space. The 

most important glutamate transporter proteins in astrocytes are EAAT1 (GLAST in rodent 

brain) and EAAT2 (GLT-1 in rodent brain) (EAAT: excitatory amino acid transporter). EAAT2 is 

the predominant glial transporter in the hippocampus (Proper, Hoogland et al. 2002). This 
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transporter is also expressed in neurons, though the main neuronal transporter is EAAT3 

(Proper, Hoogland et al. 2002). Astrocytes also express different purinoreceptors, among 

which there are receptors for adenosine and ATP (P2X receptors), which have a role in short 

distance signaling from astrocyte to astrocyte and between astrocytes and other cell types 

(Verkhratsky 2010). For example, ATP released from astrocytes or neurons activates micro-

glia through P2X receptors (Nedergaard, Rodriguez et al. 2010). An important characteristic 

of astrocytes is that they adjust to the network that surrounds them. This means that they 

often mirror the receptor expression of nearby neurons, contributing to the same signalling 

pathways (Kimelberg and Nedergaard 2010). Consequently, astrocytes in different regions 

have different properties and the class of astrocytes can be divided in many different sub-

types.

Astrocytes	signal	by	means	of	intracellular	Ca2+	elevations

Astrocytes are often described as physiologically ‘silent’, which refers to their incapability 

of generating action potentials. However, they do exhibit a form of excitability through in-

tracellular increase of Ca2+, in response to diverse signals from other astrocytes or neurons. 

Astrocyte Ca2+ signaling rely on intracellular source of Ca2+ in the Endoplasmatic Reticulum, 

which function as a Ca2+ storage. Figure 2 shows the main components of the pathway that 

lead to increase of intracellular Ca2+ concentrations. They usually involve the activation of 

metabotropic G-protein-coupled receptors, cleaving of phosphatidylinositol 4,5-bisphos-

phate (PIP2), thereby activating phospholipase C, which then produces IP3. IP3 receptors 

(InsP3-gated Ca2+ channels) on the membrane of the ER open and mediate Ca2+ release from 

the ER. These IP3 receptors are also highly sensitive for cytosolic Ca2+, which means that 

one Ca2+ burst initiates a fast intracellular Ca2+ wave that lasts beyond the initial moment 

of metabotropic stimulation (Nedergaard, Rodriguez et al. 2010). This signal is propagated 

within the cell by a complex series of events, which include Ca2+ buffering by mitochondria, 

thereby preventing desensitization of receptors to IP3 due to overexposure, and the pres-

ence of calcium binding proteins that limit the diffusion of Ca2+ ions within single astrocytes. 

(Scemes and Giaume 2006). These processes allow a very specific, coordinated way of Ca2+ 

signal propagation through the cell.

Unlike most neurons, astrocytes are usually connected by gap junctions formed by connex-

ins (Cx), mainly Cx43 and Cx30 (Jabs, Seifert et al. 2008; Giaume and Theis 2010). These gap 

junctions often connect adjacent processes of the same astrocyte, but also couple neigh-

boring astrocytes at the outer borders of their separate domains (Nedergaard, Ransom et 

al. 2003). In this manner, neighboring astrocytes form large intercellular networks in which 

communication is rapid and coordinated. It is thought that the function of these intercel-
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lular networks is to minimize differences in separate processes and neighboring cells, by 

balancing the amounts of all molecules that have a smaller molecular weight than 1000kDa 

(Rose and Ransom 1997). Because of fast transportation across gap junctions, excesses of 

ions and transmitters in the extracellular space, such as K+ and glutamate, can be effec-

tively transported into the network without substantial changes of the membrane potential. 

Also, gap junctions are permeable to glucose, indicating that they are important for the 

facilitation of neuron energy supply (Nedergaard, Ransom et al. 2003). Gap junctions are 

also thought to contribute to propagation of Ca2+ waves to neighboring astrocytes, though 

not through direct Ca2+ trafficking. There are two different mechanisms described for the 

propagation of Ca2+ waves: gap junction dependent and gap junction independent. The gap-

Fig.	3.	Principles	of	calcium	signaling	in	astroglia. [Ca2+]i accumulation could be caused by the entry of 
Ca2+ from the extracellular space through ionotropic receptors or store-operated channels (SOC). Plas-
malemmal Ca2+ pumps/ATP-ases (PMCA) can extrude cytosolic Ca2+, while the plasmalemmal sodium–
calcium exchanger (NCX) can operate in both directions depending of intercellular Na+ concentration. 
An additional source of Ca2+ is available from the ER internal store that possesses InsP3 receptors,
which can be activated by the activity of metabotropic G-protein coupled receptors (GPCRs) and PLC. 
The ER store is (re)filled by the activity of the store-specific Ca2+-ATPase (SERCA). Cytosolic Ca2+ levels 
can be affected by a variety of cytosolic Ca2+-binding proteins (CBPs) and by the action of mitochon-
dria. A negative membrane potential exists across the inner mitochondrial membrane. Mitochondrial 
Ca2+ uptake occurs through voltage-dependent anion channels (VDAC) present in the outer membrane 
and by the uniporter in the inner membrane as the electrochemical gradient drives Ca2+ into the ma-
trix, while free Ca2+ exits the mitochondrial matrix through the mitochondrial Na+/Ca2+ exchanger and 
transient opening of the mitochondrial permeability transition pore (MPTP). From: (Verkhratsky, Rod-
riguez et al. 2012).
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junction dependent pathway relies on direct diffusion of second messengers (such as IP3) 

through gap-junctions, thus triggering a Ca2+ response. The gap-junction independent path-

way involves extracellular release of ATP, which also acts on neighboring cells as a second 

messenger (Scemes and Giaume 2006).

Astrocytes-neuron	communication:	a	new	perspective
The	tripartite	synapse

For many years, brain research has been focused on neurons. Astrocytes were labeled as 

supportive cells that were important for brain metabolism and homeostasis, but had no 

significant role in signalling. However, recent findings suggest that astrocytes, even though 

unable to generate action potentials, actively contribute to synaptic transmission. To intro-

duce these results into the existing concept of synapses, the term ‘tripartite synapse’ was 

brought to life (Perea, Navarrete et al. 2009; Eroglu and Barres 2010). 

In the tripartite synapse (figure 4), bi-directional signaling between astrocytes and neurons, 

shape the transmission of neuronal signals. This concept introduces a third element in the 

classical view of the synapse as pre-synaptic/post-synaptic terminals, exclusively neuronal: 

the astrocyte endfeet. The tripartite synapse was morphologically described (Perea, Navar-

rete et al. 2009) and functional studies demonstrate its relevance in the synaptic transmis-

sion. There are data showing that activation of Ca2+ signals in astrocytes, via endocannabi-

noid stimulation, induce synaptic potentiation in mice slices (Navarrete and Araque 2010). 

To be able to communicate with neurons in this way, astrocytes must have means to inte-

grate neuronal signals and send signals of their own. Astrocytes express a wide variety of 

neurotransmitter receptors that, once activated, trigger intracellular Ca2+ elevation. Indeed, 

these Ca2+ rises have been measured in vivo as a response to different stimuli (Wang, Zhou 

et al. 2006). The same Ca2+ imaging method shows that astrocytes in the ferret visual cortex 

react to visual stimuli in a neuron-like discriminative manner (Schummers, Yu et al. 2008). A 

reasonable explanation would be that these astrocytes just reflect the level of nearby synap-

tic activity. However, examination of synaptically induced Ca2+ responses in rat hippocampal 

slices showed that stimulation of different pathways elicited different responses in the same 

astrocytes (Perea and Araque 2005).

This indicates that astrocytes process synaptic information as an integrated part of their 

surrounding network, a notion that is supported by the finding that astrocyte Ca2+ signals on 

their turn evoke NMDA receptor mediated slow inward currents in CA1 pyramidal neurons 

(Perea and Araque 2005). The exact manners in which these currents are evoked are not 

yet clear, but a widely accepted idea is that astrocytes release their own neurotransmitters: 

gliotransmitters. (Perea, Navarrete et al. 2009). 
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Fig.	4.	Scheme	of	the	tripartite	synapse. Cartoon representing the transfer of information between 
neuronal elements and astrocyte at the tripartite synapse. Astrocytes respond with Ca2+ elevations 
to neurotransmitters released during synaptic activity and, in turn, control neuronal excitability and 
synaptic transmission through the Ca2+-dependent release of gliotransmitters (Gt) (Eroglu and Barres 
2010)
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Epilepsy	and	associated	malformations	of	cortical	development 
Epilepsy

Epilepsy is a condition of the brain characterized by the periodic and unpredictable occur-

rence of seizures that occurs in about 1% of the population worldwide, with an incidence 

of 50 per 100.000 people/year in developed countries. Even with optimal recurrent antie-

pileptic drug (AED) therapy, about one third of the patients have poor seizure control and 

become medically refractory. The International League against Epilepsy (ILAE) has defined 

epilepsy as “a chronic condition of the brain characterized by an enduring propensity to gen-

erate epileptic seizures, and by neurobiological, cognitive, psychological and social conse-

quences of this condition”. The definition of epilepsy requires the occurrence of more than 

one unprovoked seizures (Fisher, van Emde Boas et al. 2005). Seizures represent the clinical 

manifestation of epilepsies caused by both genetic and acquired factors, such as trauma, 

perinatal injury, postinfection lesions, and tumors. The seizure reflects a highly synchronous 

neuronal discharge that arises at restricted brain sites, the epileptogenic foci, and then sec-

ondarily spreads to large portion of the brain (Traub and Wong 1982; Jefferys 1990; Avoli, 

Mattia et al. 2002; Trevelyan, Sussillo et al. 2006). At the level of single neurons, there is a 

sustained neuronal depolarization resulting in a burst of action potentials, followed by a rap-

id repolarization and hyperpolarization. This sequence is called the paroxysmal depolarizing 

shift (PDS). When a large population of neurons is recruited and fires PDSs in a synchronous 

manner, then a seizure is triggered. The clinical manifestations of seizures depend on which 

brain area is involved. In 2010 ILAE revised terminology and concepts for organization of sei-

zures and developed an international classification of seizures dividing them into two major 

classes: focal and generalized. Focal seizures are originating within networks limited to one 

hemisphere. They may be discretely localized or more widely distributed. For each seizure 

type, ictal onset is consistent from one seizure to another, with preferential propagation pat-

terns that can involve the contralateral hemisphere. Generalized seizures are originating at 

some point within bilaterally distributed networks and can rapidly spread though the brain. 

Generalized seizures can be asymmetric. Status epilepticus consists of a very prolonged sei-

zure or seizures occurring so frequently that they do not allow for full recovery of normal 

brain function (Berg, Berkovic et al. 2010). From an etiologic perspective (Berg, Berkovic et 

al. 2010), epilepsy is divided as follows: “Genetic” epilepsy: in this case epilepsy is, as best 

as understood, the direct result of a known or presumed genetic defect in which seizures 

are the core symptom of the disorder; “Structural/metabolic” epilepsy: in which there is a 

distinct other structural or metabolic condition or disease that has been demonstrated to be 

associated with an increase risk of developing epilepsy. Structural lesions include acquired 

disorders such as stroke, trauma and infection. “Unknown cause” epilepsy: this kind of epi-
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lepsy designate that the nature of the underlying cause is as yet unknown. Structural/meta-

bolic epilepsies are divided into generalized (generalized seizures) and localization-related 

disorders (focal seizures). Of particular relevance among localization-related epilepsies are 

those of temporal lobe origin, called Temporal Lobe Epilepsy (TLE). 

Temporal	Lobe	Epilepsy	(TLE)

TLE represents the most common partial epilepsy affecting humans. Seizures originate in 

one or both temporal lobes. The pathological lesion of areas of mesial temporal lobes (es-

pecially hippocampal sclerosis HS) provides a presumed anatomic basis for the origin of 

seizures. However, neuronal cell loss is not present in all patients affected by TLE (Dawodu 

and Thom 2005).  Recent evidence showed that cell loss can affect extra-limbic area such 

as the subiculum, entorhinal cortex, and amygdale (Schwarcz and Witter 2002; Bernasconi, 

Bernasconi et al. 2003). In 65% of epileptic patients the etiology of TLE is either unknown 

or has a genetic cause; in 35% of cases, epilepsy is associated with a brain injury like febrile 

seizures, status epilepticus, central nervous system infection, head trauma, or birth trauma. 

The injury may possibly represent the trigger for the epileptogenic process that culminates 

in the clinical appearance of spontaneous in seizures and eventually in hippocampal scle-

rosis. During epileptogenesis, the brain functions are progressively altered but no seizures 

are present (Pitkanen and Lukasiuk 2011). About 30% of patients with TLE are refractory to 

the antiepileptic drugs (AED) and for appropriately chosen patients, only the surgical resec-

tion of the focus epilepticus may be curative (Cascino 2004). Several studies showed that 

TLE represents a progressive disorder that can also involve non-limbic areas. Neuropsycho-

logical evaluation showed that TLE patients performed worst in memory function, execu-

tive function and language and the degree of this impairment positively correlates with the 

duration of epilepsy (Oyegbile, Dow et al. 2004).

Malformation	of	cortical	development	(MCD)	associated	with	epilepsy

One of the main causes of intractable epilepsy in young patients is represented by focal mal-

formation of cortical development (MCD) (Sisodiya 2004; Krsek, Maton et al. 2008; Wong, 

Subar et al. 2008; Blumcke 2009)  In particular, focal cortical dysplasia (FCD), cortical tu-

bers in patients with tuberous sclerosis complex (TSC), hemimegalencephaly (HMEG), and 

glioneural tumors (such as ganglioma, GG) are causes of seizure resistant to the classical 

anti-epileptic drugs. In these cases often, to obtain a seizure control, patients require brain 

surgery.

(FCD) ILAE classified FCDs in three types (Blumcke, Pieper et al. 2010): FCD Type I refers to  

solated forms of FCD, characterized by abnormal cortical layering compromising radial mi-
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gration and maturation of neurons (Type IA) or the six-layered composition of the neocortex 

(type IB). Both variants present in combination correspond to FCD type IC. FCD type II refers 

to isolated forms of FCD, characterized by disrupted lamination of the cortex with different 

cytologic abnormalities. The presence of these changes in the morphology of the cells dif-

ferentiates FCD type IIa which shows dysmorphic neurons without balloon cells, from FCD 

type IIb which shows both dysmorphic neurons and balloon cells. FCD type III associates 

abnormalities in cortical lamination with the presence of a principal lesion. Four subtypes 

can be distinguished indicating different associated lesions. FCD type IIIa, associated with 

hippocampal sclerosis, FCD type IIIb associated with tumors, FCD type IIIc, associated with 

vascular malformations and FCD type IIId associated with any other principal lesion acquired 

during early life (Blumcke, Pieper et al. 2010; Blumcke and Spreafico 2010). 

(HMEG) is an extremely rare disease defined as a malformation of cortical development 

showing unilateral enlargement of a brain hemisphere associated with cytoarchitectural ab-

normalities. HMEG leads to delay of the development, motor deficit and severe intractable 

epilepsy with onset in the first months of life (Trounce, Rutter et al. 1991; Janszky, Ebner et 

al. 2003; Sanghvi, Rajadhyaksha et al. 2004; Sasaki, Hashimoto et al. 2005; Tinkle, Schorry 

et al. 2005). 

(TSC) is a disorder originating from mutations in the TSC1 or TSC2 genes (Consortium 1993; 

van Slegtenhorst, de Hoogt et al. 1997). TSC affects several organs and patients often show 

dermatological, renal and neurological manifestations (Curatolo, Lo-Castro et al. 2009). Ab-

normalities affecting CNS include developmental delay, neurobehavioural dysfunction and 

severe epilepsy (Curatolo, Verdecchia et al. 2002; Bolton 2004). Histopathological examina-

tion of brain specimens reveals cortical tubers, subependymal nodules and subependymal 

giant cell astrocytomas (SEGAs). Over 80% of TSC patients have epilepsy that is resistant to 

the treatment with classical AEDs (Curatolo, Verdecchia et al. 2002; Connolly, Hendson et 

al. 2006).

(GGs) are defined as a rare low-grade neoplasm showing presence of dysplastic neurons 

and glial cells components. The incidence of GGs is only 1.3% in large brain tumor series 

(Blumcke and Wiestler 2002; Louis, Ohgaki et al. 2007). However, they represent the most 

common tumor entity in children with intractable epilepsy (Wolf and Wiestler 1993; Mor-

ris, Matkovic et al. 1998). The pathogenesis of the hyperexcitability in patients with gangli-

oglioma is not yet elucidated. 

Astrocytes	dysfunction	in	epilepsy
Gliotic scar formation is a prominent feature of human epilepsy (Chao, Humphreys et al. 

1940) The presence of gliotic scar in chronic epilepsy has led many to suggest a physiological 
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role for glia in the disease (Pollen and Trachtenberg 1970; Harris 1975; Rapport, Ojemann 

et al. 1977). The following paragraphs are meant to review the common changes that astro-

cytes undergo during epilepsy.

Astrogliosis	is	a	reaction	to	brain	damage

Astrogliosis can be described as a reaction of astrocytes to any kind of brain injury. This 

response entails changes in the regulation of many specific signalling pathways and gene ex-

pression, such as an upregulation of GFAP and vimentin expression (Sofroniew and Vinters 

2010), which are both intermediate filament proteins often used to indicate astrocytosis 

in histological examination. Based on histopathological examination of human tissue, as-

trogliosis can be classified in three categories ranging from mild to severe astrogliosis with 

glial scar formation (Sofroniew, 2009). Mild astrogliosis is often associated with mild, non-

invasive injury and activation of the immune system and, although an upregulation of GFAP 

is seen, it does not lead to astrocyte proliferation. Proliferation does start in the second 

category, resulting in the extension of astrocyte processes, protruding into each others do-

mains and disturbing the natural organization of astrocyte networks. Astrocyte proliferation 

is accompanied by considerable cell hypertrophy. In the last category, which contains severe 

astrogliosis with glial scar formation, in addition to upregulation of GFAP and other genes, 

cell proliferation results in complete destruction of individual astrocyte domains and the 

formation of dense, narrow glial scars along the borders of the injured area, which act as 

protective barriers against inflammatory and infectious agents (Oberheim, Tian et al. 2008; 

Sofroniew and Vinters 2010). These scars keep interacting with surrounding cells such as 

fibromeningeal and other glial cells, but the structural changes are long lasting and per-

sist after the triggering insult has disappeared (Sofroniew 2009). The rigorous cell biologi-

cal changes in reactive astrocytes probably contribute to various nervous disorders in the 

shape of loss of function of the damaged area. Other detrimental effects consist of inter-

ference with axonal growth and neural regeneration. However, studies with KO mice show 

that astrocytosis actually is neuroprotective in many ways (Sofroniew and Vinters 2010) 

and disruption or malfunction of the process might worsen the symptoms of different kinds 

of injury. Disrupting astrocyte reactivity in acute and chronically injured mice by targeting 

them with drugs when they start to proliferate, shows increased speed and persistence of 

inflammatory cells, impaired repair of the Blood Brain Barrier, increased tissue damage and 

neuronal loss and impaired overall recovery of function (Sofroniew 2009).  Astrogliosis is 

found in many central nervous system disorders, like acute brain trauma or neurodegenera-

tion (D'Ambrosio 2004; Sofroniew and Vinters 2010. In epilepsy, astrogliosis is most promi-

nent in hippocampal sclerosis. This is the pathological hallmark of Temporal Lobe Epilepsy 
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(TLE), resulting in neuronal loss and hypertrophy and proliferation of astrocytes in the dam-

aged region, mostly the endfolium and CA1 segments (Sofroniew, 2010). The connection 

between severe astrogliosis and epileptic activity has been thoroughly examined in different 

epileptic animal models. Recent data (Oberheim, Tian et al. 2008) showed that astrocytic 

proliferation is in part associated with seizure activity, because it can be reduced or even 

prevented by medical suppression of seizure activity by valproate administration. However, 

this result indicates that cell proliferation is a consequence, rather than a cause of the sei-

zure activity in this experimental setting. Also, proliferation was accompanied by neuronal 

changes, such as hypertrophy of apical dendrites and increased synaptic density. This sug-

gests that both neurons and astrocytes undergo changes in epilepsy. When considering the 

role of astrocytosis in neuronal disorders, it is difficult to distinguish cause and effect. Since 

epileptic seizures damage the brain, astrocytosis can be triggered by seizure activity, but 

this is not necessarily the case. There are types of epilepsy that display recurring, prolonged 

epileptic activity, but never show any astrogliosis (Lee, Mane et al. 2007). However, reactive 

astrocytes are still found in the majority of epilepsy cases. Some evidence suggests that 

reactive astrocytes may play a functional role in causing seizure activity, particularly in re-

lapsing forms (D'Ambrosio 2004; Sofroniew and Vinters 2010). For example, astrocytosis has 

been found prior to spontaneous epileptic activity in kainic acid treated rats, suggesting a 

causal role (Takahashi, Vargas et al. 2010). In this model, the initial Status Epilepticus caused 

by the KA injection is followed by a period of about 18 days with low seizure probability. 

After this, the animals will exhibit spontaneous, recurring seizures. Consequently, the KA 

model allows examination of changes in the brain that are associated with the development 

of recurring seizure activity after an initial insult, to which astrocytosis seems to contribute. 

However, in mice in which the gene coding for Adenosine Kinase (ADK) was deleted, astro-

cytosis does not necessarily contribute to seizure generation (Li, Lan et al. 2008). Adenosine 

is an endogenous anticonvulsant, and its levels are largely under control by ADK. Wild type 

mice developed seizures with astrogliosis and upregulation of ADK within 24 hours after 

Kainate Acid injections, whereas transgenic mice lacking the gene for ADK developed astro-

gliosis without seizure activity. Although the authors exclude a direct causing role for astro-

cytosis, the results indicate that astrocyte reactivity alters certain mechanisms that may be 

epileptogenic, such as upregulation of ADK. Supporting this view data (Ortinski, Dong et al. 

2010) showed that specific viral induced astrocytosis changes neuronal excitability, but did 

not cause seizure activity per se. However, they do find an astrocytosis induced malfunction 

in astrocyte glutamate metabolism resulting in impaired inhibitory signalling, suggesting an 

important role for astrocytosis in hyperexcitability.
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Impaired	K+	buffering	in	temporal	lobe	epilepsy	

During seizure activity in vivo, the extracellular K+ concentration, [K+]o, increases from  3 

mM to a ceiling level of 10–12 mM (Heinemann and Lux 1977). This high [K+]o levels can 

generate epileptiform activity in acute brain slices. Astrocytes express K inward rectifier (Kir) 

channels that contribute to maintain the K+ homeostasis. Studies have shown that low con-

centration of Ba2+ (100µM) can selectively inhibit Kir4.1, the major Kir responsible for K+ cur-

rents (Seifert, Huttmann et al. 2009). Differences were observed in the effect of Ba2+ on stim-

ulus-induced changes in [K+]o in the CA1 region of hippocampal brain slices obtained from 

temporal lobe epilepsy (TLE) patients with hippocampal sclerosis (HS) or without sclerosis 

(non-HS). In non-HS tissue, Ba2+ application significantly enhanced [K+]o while this effect 

was not observed in HS specimens suggesting impaired function of these channels in the 

sclerotic tissue (Kivi, Lehmann et al. 2000). The hypothesis could be confirmed with patch-

clamp analyses demonstrating downregulation of Kir currents in the sclerotic human CA1 

region of TLE patients (Bordey and Sontheimer 1998; Hinterkeuser, Schroder et al. 2000). 

Genetic downregulation of Kir4.1, the main Kir channel subunit in astrocytes (Kofuji, 2000; 

Neusch, Papadopoulos et al. 2006; Olsen, Higashimori et al. 2006; Seifert, Huttmann et al. 

2009), profoundly reduced the ability of astrocytes to remove glutamate and K+ from the 

extracellular space, both in cell culture (Kucheryavykh, 2007) and in vivo (Djukic, Casper et 

al. 2007). General knockout of Kir4.1 leads to early postnatal lethality (Kofuji, Ceelen et al. 

2000) while mice with astrocytic deletion of the channel developed a pronounced behavio-

ral phenotype, including seizures (Djukic, Casper et al. 2007). In addition to spatial buffering, 

transient K+ accumulations can be counterbalanced by net K+ uptake through Na,K– ATPase 

and the Na–K–Cl co-transporter NKCC1, at the cost of cell swelling due to concomitant water 

influx (reviewed by (Kofuji and Newman 2004)) However, whether alterations in net K+ up-

take contribute to the enhanced [K+]o levels seen in epileptic tissue has still to be elucidated.

Astrocytes	and	epileptic	network	activity

Since astrocytes can reach tens of thousands synapses at once, they are thought to syn-

chronize the activity of their surrounding neurons, thus contributing to the synchronized 

activity through the brain (Angulo, Kozlov et al. 2004; Fellin and Carmignoto 2004; Tian, 

Azmi et al. 2005; Jabs, Seifert et al. 2008). Fellin et al. (2004) showed that groups of neu-

rons (most groups comprising 2 to 4 neurons, but a group of 9 neurons was also observed) 

show a synchronized response upon the stimulation of one astrocyte. Neurons synchronized 

when they were within 100μm of each other and repeats of the specific responses were 

also observed. In an acute model of focal ictal discharge (fID), astrocytes Ca2+ elevations 

were shown to be necessary to have synchronized neuronal activity, supporting their role in 
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network synchronization (Gomez-Gonzalo, Losi et al. 2010). Also the increased gap junction 

coupling that has been found in epilepsy and that seems to be associated with astroglio-

sis (Takahashi, Vargas et al. 2010) could indicate a role for Ca2+ waves in network activity. 

However, since epileptic firing activity quickly depletes cell energy stores, it is also probable 

that the cells are trying to maintain their energy supply by increased glucose and lactate 

transport through an increased number of gap junctions. A possible explanation for syn-

chronized neuronal responses is that glutamate released by one astrocyte activates extra-

synaptic NMDA receptors of the neuronal dendrites that are close enough to sense such a 

change in extracellular glutamate. In normal conditions, these changes are transient, as a 

consequence of glutamate clearance. However, in case of increased extracellular glutamate 

levels, as are found in epilepsy, glutamate may diffuse further in the extracellular space and 

thus reach more neurons at once, whose activation could initiate a similar response in other 

astrocytes, and so forth generating a seizure. Such a mechanism might contribute to the 

highly synchronized activity present in epilepsy.

Astrocytes can influence network excitability in epilepsy through different mechanisms, in-

cluding a dysfunctional adenosine homeostasis, which may result from changes in ADK ex-

pression levels (Boison 2008). The ADK hypothesis of epileptogenesis (Boison 2008) is based 

on the observation of ADK is upregulated in reactive astrocytes in experimental models of 

TLE. In the last part of the thesis we evaluated the expression pattern of ADK in relation with 

epilepsy and epilepsy-associated tumors. 

Astrocytes	and	inflammation

Recent work point out to the role of astrocytes in the inflammatory processes in the brain in 

particular in epilepsy. The second chapter of this thesis will give an overview on inflamma-

tory processes that astrocytes activate under different pathological conditions.
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