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Abstract

While seizures ultimately result from aberrant firing of neuronal networks, several laboratories 

have embraced a non-neurocentric view of epilepsy to show that other cells in the brain also bear 

an etiologic impact in epilepsy. Astrocytes and brain endothelial cells are examples of controllers 

of neuronal homeostasis; failure of proper function of either cell type has been shown to have 

profound consequences on neurophysiology. Recently, an even more holistic view of the cellular 

and molecular mechanisms of epilepsy has emerged to include white blood cells, immunological 

synapses, the extracellular matrix and the neurovascular unit. This review will briefly summarize 

these findings and propose mechanisms and targets for future research efforts on non-neuronal 

features of neurological disorders including epilepsy.
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This book is devoted to one of the all-time leaders in epilepsy research, Philip Alan 

Schwartzkroin. Phil has not only changed the traditional understanding of mammalian 

neurophysiology but he also revolutionized the tools we employ to study the brain as one of 

the people to perfect the brain slice preparation [70,71,74–76]. Last but not least, Phil has 

edited many seminal books and papers, and incessantly contributed to the recruitment and 

scientific development of scores of young scientists. Under the shadow of this giant (and 

former mentor for one of us (DJ)) writing this review is a humbling experience; one way to 

start the process is to refer the reader to Phil’s recent introduction to the field of epilepsy 

research [72].
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20.1 Why Study Non-neuronal Mechanisms in Neurology or Neuroscience?

We study the brain for many reasons, not least of which is for its intrinsic interest (see 

Schwartzkroin’s recent introduction to the field [72]). The fascination with neurons and 

neuronal circuitries is not surprising since neurons are the collectors and effectors of our 

daily experiences and actions. In the specific case of epilepsy research (clinical or basic/

translational), the quest for “epileptic neurons” or “epileptic circuits” has produced 

remarkable results, leading to the discovery of viable anti-epileptic drug targets and to the 

multimodal definition of the “epileptic focus”, an invaluable clinical tool for the 

neurosurgeon. However, as in other neurological disorders, a neurocentric approach has left 

certain questions unanswered and experimental opportunities remain. The most striking 

example of why neuroscience should become more “holistic” is embolic stroke, a disease 

stemming from cerebrovascular disease that has devastating consequences on brain function. 

After the NIH convened a Stroke Progress Review Group in 2001, stroke research shifted 

from a purely neurocentric focus to a more integrated view wherein dynamic interactions 

between all cell types contribute to function and dysfunction in the brain. In the field of 

epilepsy research and treatment, there is no pressing need for such a sharp re-direction, since 

the field is already characterized by the study of many cell types, and non-neuronal 

processes. For example:

1. Many neuronal molecular, morphological defects or functional abnormalities 

described in human epileptic brain are present throughout the cycle of interictal-to-

ictal states that characterize the epileptic brain. The persistence of these neuronal 

abnormalities does not fully explain why at a given time point an interictal cortex 

develops a seizure. Other mechanisms, such as changes in cerebral blood flow or 

blood-brain barrier permeability have been proposed to mediate the interictal to 

ictal transition.

2. It has been proposed that the process of epileptogenesis is distinct from the process 

of ictogenesis. According to this hypothesis, what makes a brain epileptic (e.g., 

genetic mutations, acquired or inherited; malformations of brain development) does 

not directly cause seizures. In fact, seizures can occur in “non-epileptic” brain and 

people with epilepsy spend most of the time not having seizures, indeed many 

experience only a few seizures per year. Again, as in (1), non-neuronal mechanisms 

spanning from altered cerebral blood flow to glial dysfunction have been used to 

explain how an asymptomatic neurologic condition can suddenly develop into a 

seizure state or the fact that seizures can occur in non-epileptic brain (e.g., stroke).

3. Multiple drug resistance to anti-epileptic drugs affects over 20 % of patients with 

epilepsy. Multiple drug resistance cannot be fully explained in pharmacodynamic 

or neuronal terms, and great emphasis has been put on pharmacokinetic 

mechanisms that include the blood-brain barrier.

4. Analysis of resected or post-mortem epileptic brain reveals a number of 

pathophysiological changes in astrocytes and microglia. MRI studies show, in 

addition to persistent structural changes such as malformations of brain 

development, an array of transient changes that reflect post-ictal or interictal 
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functional fluctuations in the extracellular space (increased FLAIR signal, 

perfusion changes etc.).

5. The analysis of molecular transcripts and changes in gene expression in patients 

with epilepsy reveal a surprising number of genes and proteins that are involved in 

astrocytic function, blood-brain barrier maintenance and transport, as well as 

immune signaling and extracellular matrix proteins.

The following paragraphs detail the rationale for new or corroborative experiments that will 

help understand the extent and nature of non-neuronal mechanisms of seizure disorders.

20.2 Identification of Important Problems

The translational nature of modern research affords the unique opportunity to use real life 

clinical problems and “translate” these into meaningful laboratory efforts. As beautifully 

illustrated by Phil in his summary of basic mechanisms [72], the tools used for research are 

not always the same used in clinical practice. In fact, a substantial discrepancy in size and 

temporal resolution becomes evident when comparing clinical and laboratory-based 

approaches (Fig. 20.1). For this mini review, we will focus on three fundamental yet often 

neglected aspects of ictogenesis and epileptogenesis: the blood-brain barrier, glia (Fig. 20.2) 

and the extracellular matrix. The following paragraphs will summarize current 

understanding and knowledge gaps related to these cellular and molecular mechanisms of 

neuronal pathophysiology.

20.3 The Blood-Brain Barrier (BBB)

The BBB is the most important vascular barrier of the CNS. The BBB protects the brain 

from harmful substances of the blood stream, while supplying the brain with the nutrients 

required for proper function. The BBB strictly regulates the trafficking of cells of the 

immune system and pro-inflammatory cytokines from the blood into the brain. Recent 

findings indicate that neurovascular dysfunction is an integral part of many neurological 

disorders [35, 88]. In diseases with a compromised BBB, the microenvironment of neurons 

is altered; infiltration into the brain of cells, ions, or molecules may initiate a CNS response. 

Failure of the BBB is observed in association with a variety of pathological events, 

occurring as consequence of either systemic pathologies such as stroke, systemic 

inflammation and CNS disease such as multiple sclerosis (MS) and epilepsy. Increasing 

evidence has shown that BBB damage causes abnormal neuronal activity. For example, 

seizures are observed in MS patients, as consequence of stroke, or during systemic or local 

inflammation. As a proof-of-principle, we (DJ et al.) and others have demonstrated that 

failure of the BBB induced by “mechanical” means (such as osmotic shock) can play a key 

role in the onset of seizures [45].

In vitro and in vivo experiments on various models of neurological diseases have shown that 

blood-brain barrier damage accompanies the development of neurological symptoms; in 

contrast, managing BBB failure promotes recovery and affords neuroprotection. BBB 

disruption (BBBD) causes seizures in animal models and human subjects [19, 45, 46, 48, 50, 

51, 85]. In particular, a model of temporal lobe epilepsy (pilocarpine, PILO) also depends on 
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BBBD [19, 51, 84]. The currently accepted mechanism of BBBD-induced seizures predicts 

activation of adhesion molecules on endothelial cells and leukocytes [19]. According to this 

hypothesis, and in analogy to what is observed in multiple sclerosis, leukocyte adhesion to 

or interaction with BBB endothelial cells is an essential step leading to BBBD. Published 

results have shown that anti-inflammatory therapy (e.g., glucocorticosteroids) effectively 

reduce BBBD and associated symptoms [48]. The specific cell types involved in 

inflammation-promoted blood-brain barrier dysfunction are poorly understood but many 

leukocyte families have been shown to be involved, including natural killer cells and 

cytotoxic lymphocytes [4,46, 50]. Attempts to curb the immune response, such as the 

extreme case of splenectomy, have been shown to decrease experimental seizures [50]. 

While BBBD-induced seizures were independent from the means used to obtain disruption 

(osmotic, pilocarpine, albumin), a specific molecular effector of pilocarpine-induced 

seizures, perforin, was only recently identified [50]. Perforin released by T cells may explain 

how activation of T lymphocytes leads to increased BBB permeability; in fact, this molecule 

can effectively “perforate” the cell membrane causing a rapid loss of function and eventually 

cell death. In many ways, perforin actions mimic those of membrane-permeating antibiotics, 

nystatin or gramicidin.

Another reason to focus on the BBB when studying epilepsy is the failure to generate new 

brain therapeutics owing to insufficient knowledge of the mechanisms involved in brain drug 

distribution under pathological conditions. Drug resistance affects a significant number of 

people with epilepsy; it is estimated that approximately 20–30 % of people with epilepsy fail 

to respond to available anti-epileptic drugs (AEDs) [4, 26, 30, 37, 48, 61, 67]. In the past 

decade the over-expression of multidrug transporter proteins (e.g., MDR1) at the blood-brain 

barrier (BBB) has been proposed as a mechanism that contributes to the failure of AEDs to 

penetrate into epileptic brain [1,9,16,41–43,47,49, 59,77]. In addition to multidrug 

transporters, it was shown that transcripts of P450 enzymes are elevated in primary 

endothelial cells (EC) isolated from drug resistant epileptic (DRE) patients; these enzymes 

include AED-metabolizers such as CYP3A4, CYP2C19, etc. [21]. In addition, transcripts for 

PHASE II metabolic enzymes are present in DRE EC; these enzymes are responsible for the 

metabolism of 1st and 2nd generation AEDs; CYP3A4 and MDR1 co-localize at the BBB 

(and neurons) in human DRE brain [22] and overexpression of CYP3A4 in DRE EC is 

associated with exaggerated carbamazepine (CBZ) metabolism. This new metabolic 

pathway produces the toxic CBZ metabolite quinolic acid (QA) leading to the paradoxical 

situation of an anti-epileptic drug being metabolized in the proximity of the epileptic focus 

to a seizure-promoting agent.

In summary, therapeutic considerations (use of anti-inflammatory therapy to treat seizures, 

BBB transporters in multiple drug resistance to anti-epileptic drugs) and etiologic factors 

(loss of BBB in seizures) suggest that the BBB is a viable and important target for studies 

aimed at the understanding and treatment of epilepsy. In addition to the role of the blood 

brain barrier, two other non-neuronal elements need to be considered – glia and brain 

extracellular matrix – both of which have been shown to have an increasing repertoire of 

roles in regulating network and brain excitability.
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20.4 Neuroglia

“Glia” comes from the Greek meaning glue, and Virchow in his search for connective tissue 

in the brain, first coined the term neuroglia, considering them a sort of putty that supported 

the neurons [79]. Later, Golgi distinguished glia from neurons by the lack of an axon and 

ascribed to them a nutritive as well as supportive role. Ramon y Cajal determined that they 

were involved in the insulation of nerve cells and axons, a role later confirmed for 

oligodendroglia by a young Penfield who also established a role of glia in phagocytosis [24]. 

The repertoire of glia has, however, expanded in recent years from supportive tissue to 

playing an active role in determining network excitability, both modulating and responding 

to neuronal activity (Table 20.1).

20.4.1 Glia, Extracellular Space and Potassium Buffering

Glia play a critical part in the regulation of the size of the extracellular space, and 

extracellular ion homeostasis. In particular, they play a crucial role in the regulation of the 

concentration of potassium [73]. Glia express both aquaporins and potassium channels 

(inward rectifying and delayed rectifying) that play a role in this glial function through 

maintaining potassium and water homeostasis [5, 11, 18]. In addition, the connection of glia 

through gap junctions results in a glial syncytium, which facilitates not only water and 

potassium buffering but also glial communication [23]. Abnormalities of glial buffering of 

potassium result in potassium accumulation during neuronal activity. Such an increase in 

extracellular potassium will result in the depolarization of neurons and may therefore play a 

role in seizure initiation and spread [44, 73]. Reductions in the size of the extracellular space 

can affect neuronal communication through enhancement of ephaptic transmission 

(electrical interactions occurring though juxtaposed neuronal elements, which are lessened 

by increasing the conductive space between these elements), alterations in neurotransmitter 

“spill-over” and clearance, and changes in the regulation of extracellular ion concentrations. 

It is noteworthy that decreasing the extracellular space can promote seizure activity, whilst 

strategies aimed at increasing the extracellular space and decreasing glial and neuronal 

swelling can terminate seizure activity [31].

20.4.2 Glia and Neurotransmitter Concentrations

Glia also regulate the extracellular concentration of glutamate and GABA. They express the 

glutamate transporters GLAST (EAAT1) and GLT1 (EAAT2), which are responsible for 

most glutamate clearance [12]. These transporters determine the extracellular glutamate 

concentration, thus shaping the NMDA receptor response and the “spill-over” of glutamate 

following synaptic release onto other synapses (heterosynaptic activation) and extra-synaptic 

receptors [36]. Through this means, glial glutamate clearance plays a role in long-term 

synaptic plasticity. The expression of these transporters is regulated by an interaction 

between neurons and glia mediated by ephrins [55], which are extracellular proteins 

involved in neuronal development but which may be altered in injury and have been 

proposed to be involved in synaptic reorganisation following status epilepticus. Thus 

mechanisms that may play a part in synaptic reorganisation during epileptogenesis could 

also be involved in alterations in the expression of glutamate transporters. These possible 

roles of ephrins in epileptogenesis (see also below) have yet to be fully investigated.
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The role of glia in the regulation of extracellular GABA is less clear since the glial GABA 

transporter (GAT3) seems to be mainly effective when the neuronal GABA transporters 

(predominantly GAT1) are blocked [34]. However, it is likely that GAT3 regulates a different 

pool of GABA that derives from non-vesicular sources. Further, GAT3 seems to play a 

greater part in regulating the extracellular GABA detected by interneurons than that detected 

by principal cells [80]. It has been proposed that GAT3 can reverse during periods of 

excessive activity, thus increasing extracellular GABA concentrations [28]. Finally, glia also 

are involved in the synthesis of neurotransmitters and in the glutamate-GABA shunt by 

which glutamate is converted to GABA [10]. Glutamate taken up by glia is converted to 

glutamine, which is then released into the extracellular space. Glutamine is taken up by 

neurons and converted to GABA. Inhibition of any of these processes results in a decrease in 

vesicular GABA content, GABA release and consequently GABAergic transmission [39]. 

Decreases in glutamate uptake that have been observed during epileptogenesis could 

therefore not only increase extracellular glutamate but also decrease GABAergic 

transmission.

20.4.3 Glia and Metabolism

The uptake of glutamate by glia may have a further important role in neuronal energetics. 

Glutamate enters the Krebs cycle and therefore acts as an energy substrate. Glial glutamate 

uptake also activates the sodium-potassium ATPase, increasing glucose uptake and 

glycolysis [63]. Thus increases in extracellular glutamate during seizure activity can increase 

glial metabolism. Consequently, glia release lactate, which is taken up by neurons and used 

as an energy substrate, particularly during periods of excessive neuronal activity [6]. The 

role of glia in neuronal metabolism is probably even more extensive than this. Neurons lack 

pyruvate carboxylase [68], an enzyme that is crucial for replenishment of oxalo-acetate in 

the Krebs cycle. As a result of this, the synthesis of GABA and glutamate can rapidly 

deplete Krebs cycle intermediaries in neurons. Replenishment of these intermediaries in 

neurons can, however, occur from direct transport of these intermediaries from glia to 

neurons. Glia are also a major producer of glutathione from glutamate, cysteine and glycine; 

glial glutathione production is necessary for protection of neurons from free radicals, which 

are produced during excessive neuronal activity [17]. Failure of glia to provide energy 

substrates for neurons could therefore promote neuronal death and disorders of 

neurotransmitter production and neuronal function. Indeed, glia play a crucial role in 

neurometabolism but how this is altered during and to what extent it plays a part in 

epileptogenesis are still unclear.

20.4.4 Glia, the Tripartite Synapse and Synaptic Plasticity

One of the main recent advances in our understanding of glia in modulating network activity 

has been the concept of the tripartite synapse in which glia in close proximity to synapses 

play a part in synaptic transmission, along with the presynaptic terminal and postsynaptic 

cell [2]. Vesicles and vesicle-associated proteins have been detected in astrocytes, often in 

close association to nerve terminals. Glia can detect glutamate via metabotropic glutamate 

receptors, which mediate a focal rise in astrocyte calcium, which has been proposed to 

mediate vesicular transmitter release. Calcium rises in one astrocyte can trigger a calcium 

wave through the glial syncytium, suggesting a mechanism by which focal activity can 
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spread. Glia can also release neurotransmitter through reverse transport and membrane 

channels. Most of the studies in this area support glial release of glutamate, d-serine and 

ATP (which is converted to adenosine by extracellular ectonucleotidases) [27]. Glutamate 

released from glia can act at post-synaptic NMDA receptors and has been proposed to 

contribute to paroxysmal depolarizing shifts underlying epileptiform activity [82]. D-serine 

is a co-agonist at NMDA receptors and d-serine release from glia seems to be necessary for 

NMDA receptor mediated long term potentiation [29]. Lastly, increased adenosine levels 

through glial ATP release modulates presynaptic release of glutamate in a bimodal fashion 

through A1 (decreasing release probability) and A2 (increasing release probability) 

receptors [81]. Thus glia can alter network excitability over short time periods, and could 

play a role in both seizure initiation (glutamate/D-serine release) and termination 

(adenosine).

Glia can also play a longer term role in modulating synaptic transmission through the 

interaction of ephrins, specifically ephrin-A3 on astrocytes with the EphA4 receptor on 

dendrites [55]. This is a bidirectional interaction, which regulates the expression of 

glutamate transporters in glia and modulates spine and synapse formation in neurons. Such 

interactions are important in synaptic plasticity. In addition, glial ephrin signaling is 

important for neurogenesis, indicating a role for glia in modulating neuronal development 

and connectivity [55]. The role that this plays in epileptogenesis has yet to be explored.

20.4.5 Glia and Neurovascular Coupling

When neuronal activity increases in an area of the brain, there is a concomitant increase in 

cerebral blood flow to that area – a phenomenon termed “neurovascular coupling.” There 

appear to be multiple mechanisms mediating this effect, but there is evidence that glutamate 

acting via metabotropic glutamate receptors and glutamate uptake by glia can affect the 

release of vasoactive compounds that directly affect cerebral vasculature [64]. One important 

consequence of this scenario is that neurovascular coupling may depend upon the release of 

glutamate rather than local neuronal firing. Indeed, there is accumulating evidence that, 

although neurovascular coupling correlates both with neuronal firing and local field 

potentials (i.e. post-synaptic receptor activation through glutamate release), the coupling 

with field potentials is stronger [40]. This increased blood flow is a critical component of 

seizure activity that can be detected with ictal SPECT or as an increase in the MRI blood 

oxygen level dependent (BOLD) signal.

20.4.6 Changes in Glia with Epileptogenesis

Brain injury and neuronal loss invariably leads to a reactive gliosis in which there is not only 

a proliferation of astrocytes but also changes in astrocytic morphology and gene expression 

[78]. Moreover, a reactive gliosis is observed in multiple pathologies associated with 

epileptogenesis, including traumatic brain injury, stroke, tumors, vascular lesions and 

hippocampal sclerosis. Abnormal glia are also found in tuberous sclerosis; specific knockout 

of the Tsc1 gene in glia results in seizures [83].

Reactive gliosis may alter regulation of the extracellular space and promote ephaptic 

transmission. Aquaporin expression in astrocytes changes from astrocyte end feet (i.e., their 
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perivascular location) to a more diffuse expression [5]. This has been proposed to lead to 

abnormal water regulation, with perivascular water accumulation and increased water uptake 

by astrocytes resulting in astrocyte swelling and a decrease in the extracellular space. 

Breakdown of the blood brain barrier and accumulation of albumin within glia also leads to 

a reduction in glial inward rectifying potassium channel expression and so decreased 

buffering of potassium rises [13]. Moreover there is evidence in human epileptic tissue of a 

change in glial glutamate transporter expression and, from rodent studies of epileptogenesis, 

decreased efficacy of glutamate uptake [13, 65].

Glial metabolism also changes during epileptogenesis. There is an increase in the expression 

of adenosine kinase and along with astrocytosis, this leads to decreased adenosine levels 

with epileptogenesis [7]. There are decreased levels of glutamine synthetase, and a 

consequent decrease in the glutamate-GABA shunt, resulting in decreased inhibitory 

transmission [10]. Indeed, a specific reactive gliosis mediated by transfection with a viral 

vector had no effect on the intrinsic excitability of neighboring neurons, but selectively 

decreased inhibitory transmission, leading to an inhibitory deficit and increased propagation 

of excitatory transmission [60]. This is a clear demonstration that reactive gliosis alone is 

sufficient to promote hyperexcitability. Glial metabolism may also be affected by a reactive 

gliosis due to decreased glutamate uptake, although the role that changes in glial metabolism 

have on the development of epilepsy are unclear.

Although it is uncertain to what extent reactive gliosis affects the tripartite synapse, astrocyte 

calcium rises mediated by activation of metabotropic glutamate and purinergic receptors can 

promote the generation of seizure activity in vitro and in vivo [25]. Also glial metabotropic 

receptors are upregulated in epilepsy [3].

The critical role that glia play in the inflammatory process underlying epileptogenesis is 

discussed elsewhere in this book.

There has thus been growing evidence that glia can alter network excitability through 

multiple mechanisms. The possible roles of reactive gliosis and the part that it plays both in 

the development of epilepsy and the generation of seizures need to be further modeled and 

studied. The extensive role that glia play in many critical functions will need to be carefully 

dissected in order to target specific glia mediated processes during epileptogenesis (Fig. 

20.2).

20.5 The Extracellular Matrix (ECM)

20.5.1 Physiological Role of the Extracellular Matrix

The extracellular matrix (ECM) consists of molecules that are secreted both by neurons and 

glia, and that aggregate in the extracellular space. About 20 % of the volume of the adult 

brain consists of extracellular matrix, and the extracellular matrix plays an essential role in 

determining the diffusion of small molecules [57]. In contrast to ECM elsewhere in the 

body, the brain ECM predominantly consists of proteoglycans, glycos-aminoglycans (in 

particular hyaluronic acid), and glycoproteins of the tenascin family. There are also proteins 

that link the ECM to ECM and to molecules on neurons and glia [15].
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The vast majority of the ECM is present in the extra-synaptic space. The ECM also makes 

up the basal lamina, which contributes to the blood-brain barrier. It has also been 

increasingly recognized that brain ECM consists of other well-defined components including 

peri-neuronal nets (mesh-like structures which surround cell bodies and proximal dendrites 

particularly of parvalbumin-expressing interneurons as a meshlike structure), and specific 

components present at synapses which are linked to proteins at the post-synaptic and pre-

synaptic membrane [15].

Peri-neuronal nets consist of proteoglycans of the lectican family which link with hyaluronic 

acid and tenascin-R [86]. Peri-neuronal nets are critical in development, closing critical 

periods and stabilizing synapses and neuronal plasticity. Digestion of proteoglycans 

associated with peri-neuronal nets or knockout of tenascin-R affect both synaptic plasticity 

and the excitability of interneurons. Peri-neuronal nets therefore play a crucial role in 

regulating network excitability and plasticity.

The extracellular matrix can undergo remodeling, which is dependent upon a series of serine 

proteases, such as plasminogen activators (in particular urokinase-type plasminogen 

activator), thrombin, metalloproteinase’s, and reelin. All of these have been implicated in 

neuronal and network plasticity [14]. Alterations and remodeling of peri-neuronal nets 

permit neuronal reorganization following brain damage and seizures, and during 

development.

The interaction of the extracellular matrix with neurons can occur via specific receptors, 

integrins, which are transmembrane heterodimeric transmembrane glycoproteins composed 

of two of 26 subunits. Integrins bind to intracellular cytoskeleton and secondary messenger 

systems and extracellularly to other cells and the ECM [32]. They are closely associated 

with glutamate receptors and various ion channels. Integrins regulate multiple processes 

including synaptic plasticity, neuronal migration and development, axonal growth and 

synaptogenesis. They are also involved in angiogenesis.

20.5.2 Changes in the ECM in Epilepsy

There are persistent changes in multiple components of the ECM during the development of 

epilepsy. Peri-neuronal net components, including aggrecan, neurocan, hyaluronan, tenascin-

R and some of the linking proteins, decrease during epileptogenesis; a progressive decrease 

in perinenuronal nets is associated with a progressive decrease in inhibition and the 

occurrence of seizures (months after traumatic brain injury) [53, 62]. In addition, 

degradation of the ECM may permit aberrant neuronal and synaptic reorganisation. ECM 

remodelling and the increased secretion of proteases may also contribute to this process. 

There is robust evidence that expression of MMP-9 is increased during epileptogenesis, and 

that this increase may promote kindling [54]. Other serine proteases are also up-regulated in 

epilepsy including urokinase-type plasminogen activator (uPA) and its receptor (uPAR) [38]. 

Intriguingly, uPAR up-regulation may be protective as uPAR knockouts develop a more 

severe epilepsy phenotype following status epilepticus [56]. This indicates that some of the 

changes of ECM during epileptogenesis may be adaptive rather than pathogenic.
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In addition, mutations in the gene encoding SRPX2 (Sushi-repeat Protein, X-linked 2), one 

of the ligands of uPAR, results in bilateral peri-sylvian polymicrogyria and epilepsy in 

humans [66]. Integrin expression is also increased during epileptogenesis and in pathologies 

associated with the development of epilepsy [87].

Lastly, an extracellularly secreted molecule, leucine rich, glioma-inactivated 1 (LGI1) has 

been strongly associated with epilepsy [8, 20, 33, 58, 69]. LGI1 interconnects presynaptic 

disintegrin and metalloproteinase domain-containing protein 23 (ADAM23) to postsynaptic 

ADAM22 at the synaptic cleft. LGI1 is important for trafficking and kinetics of a 

presynaptic potassium channel, Kv1.1, and also for trafficking of post-synaptic AMPA 

receptors. In humans, mutations in LGI1 cause autosomal dominant lateral temporal 

epilepsy or autosomal dominant partial epilepsy with auditory features with onset in 

childhood/adolescence [58]. In addition, autoantibodies directed against LGI1 have been 

shown to underlie limbic encephalitis and temporal lobe seizures in humans [69].

Overall, there is growing evidence for the importance of the ECM in epileptogenesis, 

plasticity and determining network excitability. Further studies aimed at modeling disruption 

and reorganization of the ECM will be important for a greater understanding of the 

epileptogenic process. Moreover, the ECM provides an ideal target for therapies aimed at 

disrupting epileptogenesis and modifying established epilepsy, as it is extracellular and so 

easily accessible to drugs and has multiple downstream effects, regulating receptors, 

channels and synaptic transmission.

20.6 Conclusions

There is burgeoning evidence to support a critical role for non-neuronal mechanisms in 

epileptogenesis and the generation of seizures. Both animal experiments and experiments of 

nature (gene mutations) indicate that pathology of non-neuronal elements are sufficient for 

epileptogenesis. However, most of our present therapies are neurocentric, indicating that 

there may be enormous undiscovered therapeutic potential in targeting these non-neuronal 

elements. Moreover, it is a concern that many of the large scale mathematical models of 

brain function (e.g., the blue brain project [52]) have thus far ignored the role of these non-

neuronal constituents.
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Fig. 20.1. 
Comparison of methods used in basic (a) or clinical (b) neuroscience. Note the partial 

overlap and significant differences
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Fig. 20.2. 
Some mechanisms by which glia can affect seizure activity. Glia regulate the concentration 

of extracellular potassium, the size of extracellular space and so electrical field effects 

(ephaptic communication), and uptake of neurotransmitter
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Table 20.1

Role of glia in the central nervous system

Roles of Glia

A supportive and protective role for neurons

A role in inflammation

Regulation of the size of the extracellular space

Maintenance of ion homeostasis in the extracellular space

Neurotransmitter uptake and synthesis

Providing neurons with energy

Detecting glutamate release from neurons and other glia

Release of neurotransmitters, and regulatory proteins

Synapse formation and regulation

Communication between neuronal activity and cerebral blood flow
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