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CHAPTER 27 ■ NEUROMODULATION OF
SEIZURES, EPILEPTOGENESIS, AND EPILEPSY
HELEN E. SCHARFMAN AND ROBERT SCHWARCZ

INTRODUCTION

Epilepsy is a complex disease that is influenced by a large number of diverse variables. Some of these factors, such as genes
that influence seizure susceptibility, are internal. Others, which
alter normal brain excitability, such as traumatic brain injury,
are external.
As described elsewhere in this volume, these variables can
AQ?
Specific
have different and distinct effects. For example, genes may incross-ref to fluence both the development of the disorder (the epileptogenchapter
esis), or the frequency and severity of seizures after epilepsy is
number?
established. Furthermore, these same factors may also influence
treatment, because they can alter the efficacy of antiepileptic
drugs.
A broad range of endogenous factors include a subset that
can be termed “neuromodulators”. These factors are essential
components of the normal central nervous system (CNS) and
play an important role in the balance of excitation and inhibition in the normal brain. Here, we review neuromodulatory
compounds and principles that best exemplify those that affect
seizure susceptibility, epileptogenesis, and epilepsy.
In this chapter, neuromodulators are categorized into proteins and small molecules that are (a) primarily expressed in,
or released from, neurons; (b) present in the extracellular space
as part of the milieu that is commonly referred to as the extracellular matrix (ECM); and (c) primarily associated with
astrocytes.
This chapter emphasizes neuromodulators that influence excitability in the hippocampus and the adjacent parahippocampal region (including the entorhinal cortex), two brain regions
known to be centrally involved in limbic seizure activity. This
focus does not imply that neuromodulation is most robust in
those areas, but rather reflects the fact that the majority of information in the field of epilepsy research derives from these
limbic regions. This includes studies in humans, in which neuromodulation has been mostly examined using surgically resected hippocampal and parahippocampal tissue from patients
with intractable temporal lobe epilepsy (TLE).
In view of the complexity of the subject matter, often involving multiple receptors as well as intricate modes of regulation
of expression and release for any given neuromodulator, only
specific examples will be discussed in detail in each category.
Furthermore, a major message of this overview is that no single neuromodulator influences excitability in a simple manner,
and that cross-talk between modulators is likely to be associated with seizure activity.
Tables 1 through 4 provide bulleted lists of the neuromodulator categories that have been associated with pathophysiologically or therapeutically relevant aspects of seizures or epilepsy.
Several other relevant categories, such as the neurosteroids, are
discussed elsewhere in this volume. The selection included here
AQ?
Chapter
should be viewed merely as a snapshot of current knowledge.
numbers? There can be little doubt that additional members of these fam-

ilies will become relevant as well, and that novel, important
neuromodulators will be identified in the future.

NEURON-DERIVED
NEUROMODULATORS
Neuropeptides
Neuropeptides comprise a variety of small proteins that were
originally shown to be coexpressed with classical neurotransmitters in neurons; it was assumed that this coexpression indicated a role in synaptic transmission. Accordingly, many studies focused on the mechanism(s) by which peptides might exert
their effects in concert with colocalized classical transmitters
such as γ -aminobutyric acid (GABA) or glutamate. It is widely
recognized, however, that neuropeptides have effects independent of classical transmitters. These effects include an influence
on ion channels, synaptic transmission, and hence excitability.
Neuropeptides also affect growth, proliferation, vasculature,
and neurogenesis, although these effects may only occur at a
certain time during development or after an injurious insult.
A discussion of neuropeptides is particularly germane to
epilepsy because many of these have robust effects on seizure
threshold, seizure susceptibility, epileptogenesis, and epilepsy
(i.e., the state of spontaneous, recurrent seizures). However,
the concept that neuropeptides modulate seizures—and potentially epilepsy—did not arise from studying their basic, fundamental properties as cotransmitters. Instead, it was initiated by
reports that showed that seizures alter the expression of neuropeptides and their receptors. This was first demonstrated in
laboratory animals, 80,138 although seizure-induced alterations
in neuropeptides have also been found in surgically removed
brain tissue from patients with intractable TLE.50
To date, it is still widely debated whether these changes in
neuropeptide expression reflect a mechanism to repair the brain
after seizure-induced neuronal damage or whether altered levels of neuropeptides indicate a compensatory, anticonvulsant
response of the brain to prevent further seizure activity. An intriguing suggestion is that these changes are due to a pattern of
genomic responses set into play to recapitulate developmental
patterns.
Table 1 lists a large number of neuropeptides, organized
according to the initial studies describing their expression and
function throughout the body. Notably, these perspectives have
evolved over time, because many of these peptides were identified in more than one brain area and found to have multiple
functions.204
Figure 1 illustrates a focused view of these neuropeptides,
using the dentate gyrus as an example. The dentate gyrus harbors a variety of GABAergic interneurons, which normally play
an important role in preventing abnormal excitability. These
neurons also contain one or more neuropeptides. In addition,
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TA B L E 1
NEUROPEPTIDES
Family Member
POMC-derived neuropeptides
Adrenocorticotropin (ACTH)
Melanocyte stimulating hormone (MSH)
β-Lipotropin (β-LPH)
Met-enkephalin
Leu-enkephalin
β-Endorphin
Dynorphin
Nociceptin (Orphanin FQ)
Tachykinins
Substance P
Neurokinin-α
Neurokinin-β
Bradykinin
Hypothalamic peptides
Hormones
Thyrotropin stimulating hormone (TSH)
Oxytocin (OT)
Luteinizing hormone (LH)
Follicle stimulating hormone (FSH)
Vasopressin (AVP) or antidiuretic hormone (ADH)
Growth hormone
Releasing and inhibiting factors
Corticotropin releasing hormone (CRH or CRF)
Thyrotropin releasing hormone (TRH)
Growth hormone releasing hormone (GnRH)
Luteinizing hormone releasing hormone (LHRH or GHRH)
Somatostatin growth hormone release inhibiting hormone
Gut peptides
Motilin
Cholecystokinin (CCK)
Vasoactive intestinal polypeptide (VIP)-glucagon family
Secretin
VIP
Pituitary adenylate cyclase activating peptide (PACAP)
Glucagon-like peptide (GLP)-1
Neuropeptide tyrosine
Neuropeptide tyrosine (NPY)
Pancreatic polypeptide (PP)
Peptide tyrosine-tyrosine (PYY)
Bombesin peptides
Bombesin (Gastrin-releasing peptide; GRP)
Gastrin
Neuromedin B
Galanin
Neurotensin
Calcitonin gene-related peptide (CGRP)
Vascular peptides
Natriuretic hormone family
Atrionatriuretic hormone (ANH) or atriopeptin
Brain natriuretic hormone (BNP)
C-type natriuretic hormone (CNP)
Angiotensins I–IV
Placental peptides
Prolactin
Chorionic gonadotropin
Placental lactogen (choriomammotropin)

Amino
Acid #

Receptors

Convulsant
Pro (+) or Anti (–)

References

39
13
89
5
5
30
17
17

MCR2
MCR1

(−)
(−)

28
1

μ,δ,κ
μ,δ,κ
μ,δ,κ
μ,δ,κ
ORL-1

μ: (+)
μ: (+)
(−)
(−)
(−)

171,196
171,196
229
196,229
170

11
10
10
9

NK1
NK2
NK3
B1, B2

(+)

229

(+)
(+/−)

229
2

(−)

1

V1A, V1b, V2

(+)

1, 45

201
9
204
204
9
191
41
3
44
10
14 or 28

CRF1,2
TRH1,2

(+)
(−)

118

SST (1-5)

(−)

20, 223

22
8

CCK1,2

(−)

244
216

27
28
27 or 38
36

PACAPR type II
PACAPR type I
GLP-1R, rGLP-1R

(+)?
(+)
(−)
(−)

39, 48
39
58
227

36
36
36

YR (1-5)

27
17
10
29 or 30
13

GRP R1,2

(−)

4

GAL (1-3)
NTSR1,2

(−)

229
115

28
32
22
6−10
198

NPRA, B, C
AT (1-4)

(+)
(+)
(+)
(−)

136
136
136
211
16, 123,124

The major categories of neuropeptides are listed, with emphasis on those that have been associated with seizures or epilepsy. Peptide length refers to
the number of amino acids. Receptor subtypes are shown for examples with multiple receptors. Peptides that have been shown to exert proconvulsant
(+) or anticonvulsant (−) activity are indicated; mixed effects are denoted by +/−; a question mark indicates effects that are not clearly proconvulsant
or anticonvulsant. References are primarily reviews, but specific citations are provided when reviews are unavailable.
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FIGURE 1. Circuit elements and neuropeptides in the rat dentate gyrus under normal conditions.
A: Major components of dentate gyrus circuitry. These include the dense layer of granule cells (GC);
diverse GABAergic “interneurons” (INT), hilar mossy cells (MC), as well as precursors to granule cells
(PRE) that are located in the subgranular zone. The major afferent input to the dentate gyrus is the perforant pathway, which contains the axons of neurons in the entorhinal cortex. Lateral entorhinal neurons
innervate the outer molecular layer (outer) and medial entorhinal neurons innervate the medial molecular layer (medial). Mossy cells and other fibers innervate the inner molecular layer (inner). In addition,
inputs to the dentate gyrus also arise from area CA3 pyramidal cells, the septum, dorsal raphe, locus
coeruleus, mammillary bodies, and other areas. The main projections from the dentate gyrus are from the
granule cell axons (the mossy fibers), which terminate locally on hilar processes and the layer containing
the proximal dendrites of CA3 pyramidal cells (stratum lucidum; not shown). In addition, mossy cells
project both ipsilaterally and contralaterally to the dentate gyrus. Some GABAergic neurons also project
contralaterally. Reproduced with permission from Freund TF, Buzsaki G. Interneurons of the hippocampus. Hippocampus. 1996;6:347–470; and Scharfman HE. The role of nonprincipal cells in dentate gyrus
excitability and its relevance to animal models of epilepsy and TLE. In: Delgado-Esqueta AV, Wilson W,
Olsen RW, Porter RJ, editors. Basic mechanisms of the epilepsies: molecular and cellular approaches,
3rd ed. New York: Lippincott-Raven; 1999:805-820.77,179 B: Many neuropeptides are expressed in the
normal dentate gyrus, and some of the most well-studied examples are shown.77 Opiates are mainly expressed in granule cells. In contrast, other neuropeptides are primarily present in interneurons. Basket
cells contain both vasoactive intestinal polypeptide and cholecystokinin; hilar neurons that innervate the
outer molecular layer (as well as other targets) express neuropeptide Y and/or somatostatin; vasoactive
intestinal polypeptide and calretinin that define a population that innervates the inner molecular layer,
as well as other interneurons; in addition, other vasoactive intestinal polypeptide-containing cells exist
and may be coupled by gap junctions.90 Recent studies have indicated that substance P has widespread
expression in interneurons.197

two principal cells—the abundant granular cells and the less
numerous hilar “mossy cells”—use glutamate as a neurotransmitter and also express various peptides, as well as other neuromodulators. This subregion of the hippocampus plays a central role in seizure generation and propagation in animals and
humans, and has been studied extensively with regard to the
neuromodulatory effects of peptides in epilepsy.

Neuropeptide Y

Fig. 2

Neuropeptide Y is the first example. This peptide is normally
expressed in a subset of GABAergic neurons in the dentate
gyrus. The axons of these cells project to numerous areas of
the region and thus exert multiple effects (Fig. 2A). A primary
effect of neuropeptide Y is to reduce excitatory transmission
from granule cells to their targets, thereby decreasing the excitatory output of the dentate gyrus to hippocampal pyramidal
cells. Thus, when synthetic neuropeptide Y is applied to slices of
rodent dentate gyrus, it inhibits the excitatory output of granule cells by acting on neuropeptide Y receptors on the terminals
of granule cell axons. This function is likely to be important in
the control of seizure activity in the hippocampus since overex-

pression of neuropeptide Y is anticonvulsant 227 and because
decreased neuropeptide Y expression leads to increased seizure
susceptibility.13
Neuropeptide Y also has other actions in the dentate gyrus.
For example, it modulates calcium entry into granule cells,
139
and also affects a specific potassium ion (K+ ) channel on
GABAergic neurons in the dentate gyrus.156 The latter could
influence neuronal firing and GABA release and therefore modulate the targets of GABAergic neurons.
Neuropeptide Y also facilitates the proliferation of new
granule cells in the adult brain, and thus influences adult
neurogenesis.88 These actions appear to be mediated by the
Y1 subtype of neuropeptide Y receptors, which are situated on
the proliferating cells. The source of neuropeptide Y may be the
GABA/neuropeptide Y coexpressing interneurons, which have
axon terminals in the subgranular zone in which the proliferating cells are located.52
Substantial evidence suggests that neuropeptide Y function
may change after seizures, as initially suggested by studies
showing that seizures affect the expression of neuropeptide Y
in granule cells. Particularly after chronic seizures, the axons of
the granule cells strongly express neuropeptide Y (Fig. 2B).11
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FIGURE 2. Changes in neuropeptide Y and somatostatin in the dentate gyrus after seizures. A: Normal
circuitry and expression of neuropeptide Y and somatostatin in the rodent dentate gyrus. B: Alterations
in neuropeptide Y and somatostatin in animal models of epilepsy are illustrated schematically. For the
neuropeptide Y system, these changes include: (a) new expression in granule cells and their axons, the
mossy fibers; (b) increased expression in interneurons that normally express neuropeptide Y—this effect
appears to develop mostly after acute rather than chronic seizures; (c) novel expression of neuropeptide
Y in some mossy cells88 ; and (d) expression in newly formed granule cells, although the extent that this
occurs is unclear. In addition, changes in receptors occur (not shown). For the somatostatin system, the
best documented alteration is seizure-induced cell death of those interneurons that normally express this
peptide.

This phenomenon may be functionally significant for two reasons: First, neuropeptide Y may exert more robust effects on the
normal targets of granule cell axons; second, neuropeptide Y
may have additional effects at new locations, because the axons of granule cells (mossy fibers) make new connections after chronic seizures (“mossy fiber sprouting”). Indeed, neuropeptide Y inhibits the effects of glutamate released from
the sprouted axons of granule cells in epileptic rodents.218
These data support the concept that neuropeptide Y is “anticonvulsant” and its upregulation after seizures is “compensatory” in nature. Interestingly, acute seizures, as opposed to
chronic seizures, appear to have different effects on neuropeptide Y expression. Thus, a brief seizure results in a preferential,
transient increase in neuropeptide Y expression in GABAergic
neurons,200 but does not cause robust changes in neuropeptide
Y expression in granule cells. The functional role of the increase
in neuropeptide Y within GABAergic neurons is still not clear,
but it could be a way to inhibit glutamate release, which could
prevent another seizure. It is important to add that this transient increase of neuropeptide Y in GABAergic neurons may
be underestimated, because seizures may injure neuropeptide
Y–containing neurons.29,49,212
Additional complications arise from the fact that some, but
not all, neuropeptide Y receptors change as a consequence
of seizures. It appears that the predominant change is an
increase in Y2 receptors. This would be likely to enhance
the ability of neuropeptide Y to inhibit synaptic transmission, because Y2 receptors are normally responsible for this
effect.65,226
However, other receptors do not necessarily show robust
changes, or the studies to date are not in complete agreement.12
An increase in receptors may not lead to a change in effect if
neuropeptide Y is not released in sufficient concentration to
activate the new receptors.

To add to the complex picture, granule cells formed after seizures, although likely to express neuropeptide Y, have
distinct physiologic properties and may therefore release neuropeptide Y differently. On the other hand, neurons in the
epileptic brain likely release more neuropeptide Y. This may be
the case for newly formed granule cells, which typically exhibit
burst discharges181 and therefore may release neuropeptide Y.
In summary, a series of experimental studies have documented the robust influence of neuropeptide Y in the normal
dentate gyrus and suggested that this peptide be considered an
endogenous anticonvulsant. Moreover, neuropeptide Y expression is highly plastic and altered by seizures. These changes appear to indicate anticonvulsant properties and a compensatory
inhibitory role for neuropeptide Y in epilepsy. However, the
complexities of neuropeptide Y changes after seizures, and the
lack of a detailed understanding of several of these changes,
suggest that firm conclusions are still premature.

Somatostatin
Somatostatin is another example of a neuropeptide with robust actions in the dentate gyrus, making it another candidate
to serve an endogenous anticonvulsant role.20,223 Normally, somatostatin is preferentially expressed in a subset of GABAergic
neurons in the dentate gyrus, which innervate the outer molecular layer and have collaterals in the hilus (Fig. 2A). The axonal
projection to the outer molecular layer has received greatest attention because it is most dense, and because of the potential
for selective modulation of the lateral perforant path, a major
cortical input to the dentate gyrus, which is selective for the
outer molecular layer.
In most but not all cases, somatostatin appears to depress
this input when single afferent stimuli are tested.14,178 More
robust effects are observed after tetanization, which would
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normally lead to long-term potentiation (LTP); somatostatin
blunts this effect.14 These data suggest that somatostatin depresses the glutamatergic activation of granule cells by an action at the site of synaptic input, and it does so preferentially
after high-frequency input. In addition, somatostatin depresses
calcium-mediated action potentials (calcium “spikes”) in granule cells by inhibiting N-type calcium channels. The net effect
could contribute to the depression of LTP in the lateral perforant path.14 In light of these results, it is no surprise that
somatostatin inhibits seizures in animal models of epilepsy.20
Likewise, in somatostatin knockout mice, seizures elicited
by chemoconvulsants are more severe, and after-discharges
are longer in animals that are kindled by stimulation of the
perforant path.29
Somatostatin may also have other actions, however. Thus, in
other areas of the hippocampus, exposure to somatostatin leads
to additional effects, such as modulation of the M-current.188
This action may have numerous consequences, because M
channels are located in diverse areas of the dentate gyrus—not
only on neuronal somata, but also on their axons.
As is the case of neuropeptide Y, somatostatin expression is
dramatically changed after seizures. The decrease in somatostatin is due to the fact that somatostatin-containing neurons
are extremely vulnerable to seizure-induced neuronal death
(Fig. 2B). The loss of somatostatin may contribute to the change
in hippocampal excitability following seizures.
However, somatostatin cell loss appears to be selective for
animal models of epilepsy in which seizures are severe (i.e.,
models that use an initial period of status epilepticus to induce
chronic seizures). Somatostatin cell loss is also evident in hippocampal tissue resected from patients with intractable TLE.167
In contrast, animal models in which seizures are milder, such as
electroconvulsive shock or kindling, do not necessarily result
in the loss of somatostatinergic neurons, but lead to an increase
in somatostatin expression within those neurons that normally
express this neuropeptide.153,186
It is also necessary to consider that somatostatin receptors
may be altered in epilepsy. In tissue resected from patients with
pharmacoresistant TLE, only type 2 (i.e., the receptor known to
mediate anticonvulsant effects) is altered in the dentate gyrus.47
It appears that both the mRNA for the type 2 receptor and
receptor binding increase in the granule cell layer, remain unaltered in the inner molecular layer, and decrease in the outer
molecular layer. The latter changes may reflect a compensation
for the loss of afferents, which degenerate due to the vulnerability of hilar somatostatin neurons. Other somatostatin receptors (types 1–4) in the dentate gyrus remain remarkably normal after kainic acid (KA)-induced status epilepticus, although
changes occur elsewhere in the hippocampus.162
Taken together, the source of somatostatin and its receptormediated actions differ substantially between the normal and
the epileptic brain. These differences are likely to alter the peptide’s effects in a pathologic situation. This implies, for example, that synthetic somatostatin analogs may not be able
to depress perforant path transmission in the epileptic brain
because of the lack of appropriate receptor targets (see earlier
discussion), and that it may be possible to design somatostatinrelated therapeutic interventions that are geared specifically to
the epileptic condition.
The changes in neuropeptide Y and somatostatin in the rat
dentate gyrus after chronic seizures are illustrated schematically
in Figure 2. As noted earlier, neuropeptide Y and somatostatin
are just two of a long list of neuropeptides that have been studied intensively in the dentate gyrus in the context of seizures
(Table 1). Thus, many neuropeptides appear to modulate excitability normally and specifically influence seizures/epilepsy
in animal models of epilepsy. Most of them also have the same
dual relationship with seizures as neuropeptide Y and somatostatin (i.e., they are both regulated by seizures and capable
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of modulating seizures). Finally, it should also be noted that
there appear to be significant species differences in neuropeptide expression in the dentate gyrus. However, despite the fact
that some of the peptides present in humans are not identical
to those in rats or mice, the relationship of peptidergic neurons to epilepsy appears to be essentially similar in rodents and
humans.

Calcium-Binding Proteins
Calcium-binding proteins have also received considerable attention with respect to their influence on the function of neurons in the dentate gyrus. Strictly speaking, this group has many
members (Table 2), but those in the dentate gyrus that have received most attention are those that have the highest levels of
expression. One example is calbindin D28K, which is primarily expressed in granule cells, although studies have also shown
immunoreactivity in selected GABAergic neurons.193 Other examples of calcium-binding proteins include parvalbumin and
calretinin, which have been selectively localized to GABAergic
neurons.198
The distinct distribution of these proteins naturally raises
questions about their specific functions in various cell types.
Interest grew after it was shown that those neurons in the dentate gyrus that appear most prone to seizure-induced damage
(i.e., somatostatin-containing neurons and the glutamatergic
mossy cells) lacked either calbindin or parvalbumin. However,
later studies suggested a more complex relationship between
calcium-binding proteins and vulnerability, because calciumbinding proteins such as calretinin were also found in susceptible neurons.78
Functional studies revealed that calbindin and parvalbumin
have important roles in the regulation of calcium within the
cell. In the granule cell, calbindin modulates calcium levels and
therefore has several potential functions, including an influence on transmitter release. Indeed, overexpression of calbindin
leads to alteration in granule cell transmission to pyramidal
cells of CA3 due to a presynaptic mechanism at granule cell
boutons. These changes are clearly important because of the
dramatic alteration in hippocampal function in vivo after overexpression of the protein only in granule cells.57 Parvalbumin
also appears to have important functional roles in the regulation of calcium entry, primarily presynaptically.40 These are
likely to be substantial in their net effect in vivo, given that parvalbumin knockout mice have altered seizure susceptibility.185
It is not clear, however, whether this is a specific defect in normal parvalbumin function or a compensatory effect.
In human tissue derived from patients with intractable TLE,
calbindin expression in granule cells is reduced,131 and the
expression of parvalbumin immunoreactivity undergoes complex changes depending on hippocampal subregion and clinical
features.198,233 Some argue that these changes may be neuroprotective if intracellular calcium levels were effectively lowered by calcium-binding proteins, but others would suggest
that this might not necessarily be the case.219 In summary, the
functional significance of neuromodulation by calbindin, parvalbumin, and many other calcium-binding proteins in epilepsy
is still controversial and requires careful additional investigation and analysis.35

Endogenous Trace Metals
Trace metals exert a number of biologic effects throughout the
body that are caused, among other mechanisms, by the metals’
ability to serve as cofactors to a large number of enzymes.
They also interact directly with cell membrane and intracellular
receptors, and regulate oxidation/reduction processes within

Table 2
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TA B L E 2
CALCIUM-BINDING PROTEINS
I. EF hand calcium-binding proteins
α-Actinin
Calbindin D28K
Calbindin D28k
Calretinin 20k, -22k
Calcyphosine (p24)
Calmodulin
Calmodulin
Calcineurin
Caltractin
Calpain
μ-Calpain I, II
Grancalcin
Sorcin
Centrin
Neuronal calcium sensors
Frequenin
Hippocalcin
Neuronal calcium sensor-1
Neurocalcin
Recoverin
S-modulin
Vilip-1,2,3
Visinin
Parvalbumin
Parvalbumin
Oncomodulin
Spectrin
S100 family
Calbindin D9k
S100A
S100L/S100A2
S100E/S100A3
Placental calcium-binding protein /S100A4
S100D/S100A5
Calcyclin/S100A6
S100A7
MRP-8/S100A8
MRP-14/S100 A9
p11/S100A10
Calgranulin C/S100A12
S100β
S100C
S100P
Profilaggrin
Trichohyalin
Sorcin
SPARC (osteonectin)
Troponin
Troponin C
Tn l
Tn T
II. Annexins (I–XI)
III. Other
Calmegin
Calnexin
Calreticulin
Calsequestrin
Crystallins

cells. Several of these properties play a role in the metals’ effects
on cellular excitability in the CNS. It is therefore not surprising that metals such as iron, manganese, and selenium, acting
in a neuromodulatory role, may influence the development or
termination of seizure activity.85,189,208
The endogenous trace metal zinc has been most frequently
associated with seizures. This is primarily due to the observation that zinc is localized in, and can be released from, many
glutamatergic neurons throughout the limbic system. Granule
cells in the dentate gyrus, and especially their axon terminals,
contain a particularly high concentration of zinc. Within the
cell, zinc is bound to specific proteins, such as metallothioneins,
or exists in presynaptic vesicles and can be released into the extracellular compartment. Extracellularly, zinc can have quite
diverse effects, making it difficult to predict its net function.
Thus, zinc can depress (e.g., by reducing NMDA receptor function) or enhance (e.g., by interfering with GABAA receptormediated inhibition) excitability. The reader is directed to an
excellent review of this topic.76
The inhibition of GABAA receptor function by zinc is particularly interesting in the context of epilepsy. The metal normally
has little effect on GABAA receptors on granule cells, because
the receptor subunits are not assembled in a combination that
optimizes zinc sensitivity. However, these subunits change their
expression patterns under epileptic conditions, resulting in reductions in the α1- and γ 2-subunits and an increase in the
δ-subunit; these changes greatly enhance zinc sensitivity of the
receptor.3,42,174
Zinc may also show increased effects on GABAA receptors in the epileptic brain, because zinc-rich mossy fibers develop collaterals that innervate the proximal dendritic region
of granule cells (mossy fiber sprouting). These new collaterals constitute an increased source of zinc, which may be of
functional significance, because enhanced zinc release from
sprouted mossy fibers may further decrease the inhibition of
granule cells. In addition, the release of zinc may be greater under conditions of chronic epilepsy, given the predisposition for
burst discharges.30 Such a dampening of the normal inhibitory
“gate” function of the dentate gyrus might facilitate seizure
activity in limbic circuits. Thus, zinc appears to play a critical
role in the mechanisms that link changes in GABAA receptor
subunits and mossy fiber reorganization in the epileptic brain
to the epileptic state.

Cytoskeletal Proteins
Cytoskeletal elements are a fundamental component of nerve
cells, and recent studies suggest relevance to epilepsy, particularly for the filamentous proteins. This group includes actin
filaments, intermediate filaments (e.g., neurofilaments), and microtubules (such as α- and β- tubulin). In addition to this group,
proteins such as clathrin and stathmin are important to consider, because they are critical to endocytosis.
Recent evidence suggests that several of these proteins may
also be involved in epileptogenesis, in the response of the nervous system to seizures and, in the developing brain, in the resistance to seizure-induced neuronal damage.126 Notably, some
of the seizure-related changes in the expression pattern of cytoskeletal proteins, which may in part be due to cell swelling,
have been revealed using gene profiling techniques.127
The involvement of cytoskeletal elements in epilepsy is probably related to their role in the intracellular movement of proteins into different cellular compartments, which, in turn, can
modify neuronal excitability. Thus, cytoskeletal proteins are
involved in the trafficking of neurotransmitter receptors. Proteins such as clathrin may alter excitability by changing the
concentration of molecules available to the extracellular milieu. In addition, the cytoskeleton may be causally involved
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in the dendritic deformation (i.e., beading) that has been described in animals with chronic seizures and in humans with
TLE. For example, electron microscopic analysis indicates that
cytoskeletal changes may be responsible for the unique beading of dendrites in epileptic tissue,222 although other hypotheses that are independent of the cytoskeleton have also been
suggested.207

Growth Factors
The term “growth factor” is defined loosely here to refer to several protein families, expressed either in neurons or glia, that
were originally identified for their roles in CNS growth and
development (Table 3). Subsequent studies revealed that these
Table 3
same proteins influence neurons after maturity, and, interestingly, have striking effects in the context of epilepsy.
Growth factors influence excitability in the adult CNS both
directly and indirectly. The reader is directed to a review of
this topic.180 Many of the effects are due to modulation by
transcription factors, which in turn affect the expression of
proteins that can alter excitability. Their importance to epilepsy
is supported by studies showing that the expression of growth
factors and their receptors is dramatically altered by seizures,
both in animal models of epilepsy and in TLE (a review of
this topic is available180 ). Similar to the neuropeptide changes
observed after seizures (see previous section), these effects may
be compensatory in nature and may recapitulate developmental
programs—a plausible interpretation in light of the prominent
role of growth factors in brain development.
Experimental interference with growth factor function can
result in the withering or retraction of axonal pathways, suggesting that these proteins regulate axonal growth and maintain neuronal integrity.206 Furthermore, growth factors influence the morphology and density of dendritic spines,67,111 and
also cause additional structural alterations of synapses.228 All
these effects may be critical in epilepsy, in which dramatic spine
changes occur as a consequence of seizures, 213,235 and the axAQ?
Spine?
ons of injured neurons degenerate. In addition, growth factors
OK?
may contribute to circuit rearrangements after seizures, including axonal sprouting, formation of new synapses, and other
structural alterations.100
Several families of growth factors can be categorized in
many ways. in table 3, the classic growth factor families are
organized according to their receptors, which are primarily receptor tyrosine kinases or serine threonine kinases. These include the tyrosine kinase receptor superfamily (ephrins, epidermal growth factor [EGF] family, fibroblast growth factor [FGF]
family, insulin growth factor [IGF] family, neurotrophins, and
vascular endothelial growth factor [VEGF] family), and the
serine threonine kinase receptor superfamily (including transforming growth factor [TGF}-β family). In addition, Table 3
includes two other categories critical to normal growth and
development. These include axon guidance molecules (netrins,
the reticulon family, semaphorins, and slit proteins) and morphogens (bone-morphogenic proteins, the hedgehog family, the
wnt family). Inflammatory cytokines (the interleukins [IL] and
the tumor necrosis factor [TNF] family) are discussed elseAQ: Please where in this volume (see Vezzani and Janigro). Chemotactic
replace
cytokines (chemokines) are also relevant, particularly in relawith
tion to the mechanisms that control axon guidance, but to date
chapter
limited evidence points to their role in seizures, excitability, and
number.
epilepsy.

Neurotrophins
The neurotrophins are a family of growth factors that show
robust expression in the adult CNS and are known to influence
a wide variety of normal functions. They also provide some of
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the best examples of growth factors that have been shown to
influence seizures. The dentate gyrus is useful as an example
of a site in which neurotrophins are likely to affect seizure
activity, because of the evidence that this region shows robust
neurotrophin expression and action. Most of these studies are
focused on brain-derived neurotrophic factor (BDNF) or NT3, and much less is known about the other neurotrophins, (e.g.,
the prototypic member of the neurotrophin family, NGF, and
the fourth major member, NT-4/5).
Figure 3 depicts the normal expression pattern of BDNF
in the rodent dentate gyrus. The same pattern appears to
be present in humans.148 Thus, BDNF is mainly localized in
granule cells, although a small proportion may also be contained in nongranule cells and in afferents from the entorhinal cortex (i.e., the perforant path).41,231,242 Notably, BDNF
enhances the expression of neuropeptides such as neuropeptide Y in GABAergic neurons, indicating potentially significant interactions between hippocampal neuromodulators.134
Simply viewed, neuropeptide Y induction may limit excessive excitation by BDNF and thus prevent the development of
seizures.
BDNF not only supports dendritic structure and plasticity
in the dentate gyrus, but also stimulates the proliferation of
cells in the subgranular zone, a major source of newly generated dentate granule cells in the adult brain.175 Moreover,
BDNF has robust effects on the physiology of granule cells
and their targets, influencing glutamatergic and GABAergic
circuits.24,116,151 These effects often involve changes in transmitter release and depend on protein synthesis.24 In addition,
BDNF depolarizes granule cells by an effect on the Nav 1.9
sodium channel.116 Finally, BDNF may also signal via glial
cells.168
After seizures, BDNF levels rapidly increase in granule
cells.81 Judged from studies in both experimental animals
and patients with intractable TLE, this effect appears to persist for weeks if the initial seizures are severe (e.g., status
epilepticus).180,182 This, and the fact that BDNF protein is also
expressed in sprouted axons,182 supports the pathophysiologic
relevance of BDNF in chronic epilepsy.
The neuromodulatory effects of BDNF are probably also
influenced by its precursor, proBDNF. proBDNF exerts its
own physiologic function—for example, the regulation of cell
death—through the p75 receptor.94 This function is increased
after seizures. These increases, together with elevations in mature BDNF, might contribute to seizure-induced neuronal loss.
To add to the complexity, however, seizures also increase the
activity of matrix metalloproteases (MMPs),132 which are able
to cleave proBDNF into BDNF.119 This could generate BDNF
at extrasynaptic locations where proBDNF, but not BDNF, is
likely to be released. Extrasynaptic release of this newly formed
BDNF may then influence epileptic phenomena by targeting
novel receptor sites.
Because of the multiple proexcitatory roles of BDNF in the
dentate gyrus in physiology and pathology, it is not surprising
that BDNF infusion can cause seizures, that BDNF overexpression increases seizure susceptibility, and that deficits in trkB
receptors can block kindling epileptogenesis.21 Furthermore,
BDNF polymorphisms have been linked to febrile seizures,21,176
and BDNF or trkB are frequently identified in microarray
studies of genes linked to epilepsy.128 However, analogous to
the caution suggested for neuropeptide Y as an “anticonvulsant” (see the earlier discussion), more information is needed
before considering BDNF an endogenous “convulsant.” This
caveat is supported by studies that demonstrate complex and
unexpected effects of trkB transgenic and conditional BDNF
knockout mice.176 In vivoinfusions of BDNF, too, yield somewhat conflicting results,176 possibly due to the fact that chronic
BDNF treatment downregulates its own receptor.240 These and
related issues must be resolved before BDNF manipulation can
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TA B L E 3
GROWTH FACTORS AND CYTOKINES
References
Receptor tyrosine kinases
Ephrins
Ephrin A (1-8)
Eprin B (1-6)
Epidermal growth factor family
Epidermal growth factor
Heparin-binding epidermal growth factor
Transforming growth factor α
Neuregulins
Neu differentiation factor
ACh receptor inducting activity
Glial growth factor (GGF)
Neuregulin 2-4
Vaccinia growth factor
Amphiregulin
Fibroblast growth factor family (FGF)-1–23
Fibroblast growth factor 1 (acidic)
Fibroblast growth factor 2 (basic)
Insulin growth factor family
Insulin
Insulin-like growth factor 1
Insulin-like growth factor 2
Neurotrophin family
Nerve growth factor
VGF (nonacronymic)
Brain-derived neurotrophic factor
Neurotrophin-3
Neurotrophin-4/5
Vascular endothelial growth factor
Vascular endothelial growth factor

Placental growth factor
Platelet-derived growth factor
Serine-threonine kinases
Transforming growth factor superfamily
Transforming growth factor-β
Glia-derived neurotrophic factor family
Glia-derived neurotrophic factor
Neurturin
Artemin
Persephin
Bone-morphogenic proteins (BMP)-1–20
Growth/differentiation factors (GDF)-1–15
Growth/differentiation factors
Activtins/Inhibins
Axon guidance molecules
Netrins
Netrin 1,2
Reticulon family
Reticulon
Nogo (A, B, C)
Semaphorins
Semaphorin family (1–8)
Slits (1–3)

Ligand

Receptor

Ephrin A (1-8)
Ephrin B (1-6)

EphA (1-5)
EphB (1-3)

EGF
HB-EGF
TGFα

erbB1(HER 1)
erbB2 (Neu, HER2)
erbB3(HER31)
erbB4(HER 4)

Animal

Human

239
152
64

71
51

64

51

Heregulin
ARIA
Neuregulin 1
VGF
AR
79, 245
aFGF, FGF1
bFGF, FGF2

FGFRI (flg)
FGFRII, III, IV

Ins
IGF-1
IGF-2

IR
IGFR II(M6P)
IGFR II(M6P)

NGF

TrkA

BDNF
NT-3
NT-4/5

TrkB
TrkC
p75

VEGFA
VEGFB
VEGFC
VEGFD
VEGFE
PlGF
PDGFA,B,C,D, AB

VEGFR1 (flt-1)
VEGFR2 (flk-1)
VEGFR3 (flt-4)
neuropilin 1
neuropilin 2
PDGFR-α or-β

135

TGF-β (1–3)

TGF-β (I-III)

GDNF

c-Ret + GFRa1
c-Ret + GFRa2
c-Ret + GFRa3

145
113

BMPs

BMPRI(A, B), II

104, 107

82
172
21, 176

21, 176

46

113

GDFs
Act RI, Act RII

217

DCC/frazzled/UNC-40, UNC-5
Rtn
Nogo A-C

Nogo receptor (Ngr 1–3)

140

10

sema 3A,3C,3F
sema 1,4D,5,7A
Slit (1–3)

Neuropilins 1,2
Plexins A–D
Robo (1–2)

15

97

(continued)
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TA B L E 3
CONTINUED
References
Receptor tyrosine kinases
Morphogens
Bone-morphogenic proteins
Hedgehog family
Desert Hedgehog
Sonic Hedgehog
Indian Hedgehog
Wnt (Wingless/Int-1) family (1–15)
Cytokines
Interleukins
gp130/Interleukin-6 family
Ciliary neurotrophic factor
Leukemia inhibitory factor
Oncostatin-M
Cardiotropin-1
Interleukin-6
Interleukin-11
Tumor necrosis factor superfamily
Tumor necrosis factor -α, -β

Ligand

Receptor

Animal

Dhh
Shh
Ihh
Wnts 1-15

Patched 1
Patched 1
Patched 1
Frizzled 3

IL-1, 2, etc.

IL-1R, IL-2R, etc.

CNTFR
LIF
OSM
CT-1
IL-6
IL-11

gp130/LIFR + CNTFR-α
gp130/LIFR + LIFR
gp130/OSMR + OSMR
gp130/LIFR + CT-1R
gp130 + IL-6R
gp130 + IL-11R

TNF-α, -β

TNFR I, II, p55, p75

Human

11
130

44

99, 224
99
143

9, 194

The major families of growth factors and cytokines are listed, including axon guidance molecules and other compounds that influence the
growth-associated processes that accompany epileptogenesis. References document the influence of growth factors on seizures or epilepsy, and are
divided between studies in laboratory animals (Animals) or clinical research (Human). References listed to the right of a category review members of
that category. When placed adjacent to a select example, they apply only to studies of that particular growth factor or receptor.

A. Normal

B. Seizures

pro
NTs

pro
NTs
proNTs?
proteases, p75,
proBDNF
normal rate of
neurogenesis?

proteases
proBDNF-BDNF
cleavage
neurogenesis?

FIGURE 3. Changes in neurotrophins in the dentate gyrus after seizures. A: Normal pattern of expression of the neurotrophins NGF, BDNF, and NT-3. The predominant cell type expressing neurotrophins
normally is the granule cell. In addition, lower levels of BDNF and NT-3 are present in perforant path
axons. Proneurotrophins are present in the soma and are thought to be released in the vicinity of the soma.
Proneurotrophins are typically cleaved by extracellular proteases, but can also act directly on p75 receptors to modulate survival. B: Changes in neurotrophins associated with chronic seizures are schematically
illustrated. NGF and BDNF expression is increased in granule cells, and NT-3 levels decline; BDNF and
NT-3 decline in the perforant path when seizure-induced entorhinal cell loss occurs. The altered levels
of neurotrophins are likely to have diverse effects on granule cell structure and function. In addition,
indirect effects may occur, such as induction of neuropeptide Y by BDNF, either in granule cells or adjacent interneurons (cf. Figure 2). Upregulation of proneurotrophins are also likely and, in the case of
proBDNF, increased synthesis may influence seizure-induced cell death by increased activation of the p75
neurotrophin receptor, or seizure-induced neurogenesis by the increase in BDNF that would result from
proBDNF cleavage. These changes, as well as alterations in receptors for neurotrophins, are likely to have
a complex net effect on the excitability of the dentate gyrus.
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be viewed as a bona fide approach to ameliorate seizure disorders clinically.

Vascular Endothelial Growth Factor
VEGF was initially discovered as a protein that has robust effects on the vasculature, altering permeability and also enhancing angiogenesis.32 Although it was not originally anticipated
to have an influence in the CNS, recent studies have demonstrated that VEGF expression occurs throughout the brain, and
that neurons are influenced by exposure to VEGF.
VEGF exists in more than one isoform (VEGFA through -E)
and has numerous receptors (VEGFR1, VEGFR2, neuropilins),
leading to the potential for a variety of distinct effects. Normally, VEGF is primarily associated with glia and endothelial
cells, so that many of its effects are likely to be directed at glia
or blood vessels under physiologic conditions. However, in animal models of injury, VEGF expression appears to increase in
various areas of the brain.46 Interestingly, after seizures, VEGF
expression also increases in neurons, and some of these changes
occur in brain areas that are highly susceptible to seizures, such
as the hippocampus. These findings have led to the suggestion
that VEGF may have a role in epilepsy.
More evidence of a link between VEGF and epilepsy has
come from functional studies. Thus, VEGF alters potassium
channel function and synaptic transmission, although it is not
clear whether these effects are direct or indirect137,241 Perhaps
the most relevant of these functional studies as it pertains to
epilepsy is that VEGF depresses synaptic transmission and reduces epileptiform activity in vitro.137 The reduction in activity
appears to be greater if epileptiform discharges are examined in
slices from an animal with recurrent spontaneous seizures (i.e.,
epilepsy), as compared to slices from a normal animal that are
acutely exposed to a disinhibitory agent. The results suggest
potent effects in the epileptic brain relative to normal brain,
possibly due to altered expression of VEGF and its receptors
after recurrent seizures.

INTERCELLULAR MODULATORS
Table 4

Printer: RR Donnelly
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Components of the ECM, a scaffolding system in the interstitial space made up of glycoproteins, proteoglycans, and other
molecules such as hyaluronic acid (Table 4), have recently begun to attract attention as modulators of neuronal function
with possible links to epileptogenesis. This is in part based on
the fact that the expression of several matrix molecules, such
as neural cell adhesion molecule (NCAM),149 tenascins,25,150
and chondroitin sulfate proteoglycans such as phosphocan and
neurocan, is altered in animal models of TLE. These changes
are chronologically and topographically associated with the
development of granule cell dispersion and mossy fiber sprouting in epileptic animals.25,92 Gene microarray studies have confirmed and expanded the correlation between extracellular matrix components and seizures, adding cell adhesion molecules
to the list of neuromodulatory proteins.128 Notably, elevations
of glycosaminoglycans and tenascins are also seen in surgical brain tissue obtained from patients with pharmacoresistant TLE. Jointly, these studies therefore raise the possibility that changes in the extracellular matrix may be causally
involved in the cellular and synaptic reorganization seen in
TLE.7,38,92,96
Another important aspect of the ECM that is relevant to
axonal and cellular reorganization in epilepsy are changes in
MMPs after seizures. These enzymes are notable because they
normally degrade the ECM and appear to be altered in their
expression after seizures.83 Again the question of whether neuromodulators interact is raised, because the MMPs also cleave
proBDNF to BDNF. Thus, degradation of the ECM and elevated BDNF may work in concert to facilitate changes in neural

TA B L E 4
ECM AND OTHER STRUCTURAL PROTEINS
ECM
Collagen
Fibronectin
Laminin
Elastin
Proteoglycans
Chondroitin
Heparan
Keratan
Hyaluronic acid
Syndecan
Transmembrane glycoproteins
Integrins
Cytoskeleton
Actin filaments
Microfilaments
Intermediate filaments
Neurofilaments (NF)
Microtubules
α and β-Tubulin assemblies
Microtubule motors dynein and kinesins
Cell adhesion molecules
Calcium-independent
Neural cell adhesion molecules (NCAMs)
Highly polysialylated CAM (PSA NCAM)
L1
Calcium-dependent
N-cadherins
Integrins

circuits, including mossy fiber sprouting. Finally, the ECM may
also modulate excitability through intercellular and transmembrane proteins, like the integrins. These proteins bind both to
the ECM and to neuronal plasma membranes and can therefore activate signaling cascades that regulate neural activity.163
Taken together, these studies suggest that the ECM, both
directly and indirectly, could modulate excitability in the context of epilepsy.

NEUROMODULATION BY
ASTROCYTES
The abnormal appearance of non-neuronal cells in the epileptic brain has long been appreciated.163 Until relatively recently,
however, gliosis was viewed simply as a reaction to seizurerelated neuronal injury or degeneration, without major functional consequences for the disease process. With a few exceptions, the conceptual and experimental approach to the
primary goal of epilepsy research—that is, the elucidation of
the cellular mechanisms underlying human epilepsies—was decidedly neurocentric. In functional terms, glial cells (including
“reactive” glia) were at best regarded as sinks to buffer the abnormal, proconvulsant rises in extracellular K+ concentrations
that were known to accompany seizure activity.98,199
Not until the late 1970s (first articulated comprehensively
in an influential monograph of Brotchi),27 that glial cells began
to be considered as significant pathogenic factors in chronic
epilepsy. The contributions of these cells to epileptogenesis
were recognized even later. Noninvasive imaging methods,
modern electrophysiologic approaches in animals and humans,
the revolution in molecular biology and genetics, and the
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recent enthusiastic embrace of glial biology by the neuroscience
community, have jointly focused the attention of epilepsy research on the pathophysiologic role of glia. It is clear that glial
cells participate actively in the development and maintenance
of chronic epilepsy, although the involvement differs between
the three major types of glial cells (microglia, oligodendrocytes,
and astrocytes). Moreover, accumulating evidence suggests that
abnormal glial function may also be a determining factor in the
very early stages of epileptic disorders.
The role of resident and, in particular, activated microglial
cells in epilepsy appears to be closely linked to the cells’ function as the resident immune cells of the brain. As a major
source of paracrine signals releasing pro- and anticonvulsive
cytokines, growth factors and other neuroactive peptides, and
proteins, the agile microglia are increasingly thought to influence not only neuronal communication in the normal brain,
but also to facilitate the excessive electrical discharges characteristic of epileptic conditions (see Vezzani and Janigro, this
volume).
Very few studies indicate an involvement of oligodendrocytes, the second major classes of glial cells in the brain, in
seizure activity.146,234 Normal or seizure-induced changes in
oligodendrocyte function are therefore not likely to be a major,
consistent feature of epileptogenesis or epilepsy. However, this
conclusion is still tentative and may have to be revisited in view
of recent evidence linking oligodendrocyte function to neurogenesis, a likely factor in the pathophysiology of TLE.157,177
Astrocytes are intimately related to neurons in terms of lineage, anatomic arrangements, and function. As indicated by
the recently coined term “tripartite synapse,”5 astrocytes are
now in fact considered integral players in neurotransmission.
This notion, in turn, prompted a closer look into the function
of these glial cells in epilepsy. It is clear that astrocytes, and
astrocyte-derived factors, play a critical role in the modulation
of acute and chronic seizure activity.

Astrocyte Changes in Epilepsy
Although the “reactive gliosis” seen in the brain of epileptic
patients was long suspected to signify disease-related morphologic changes in astrocytes, definitive proof for the identity
of the abnormal glial cells was unavailable until relatively recently. This changed with the discovery of glial fibrillary acidic
protein (GFAP), a 55-kDa member of the intermediate filament protein family, which is the major fibrous protein of
astrocytes.19 Using anti-GFAP antibodies, hypertrophied astrocytes were soon visualized immunohistochemically in excised tissue specimens obtained during epilepsy surgery103 and
in several animal models of chronic epilepsy. GFAP immunostaining labels pathologic astrocytes primarily in limbic brain
areas such as the hippocampus and the parahippocampal region, which are also preferentially sensitive to seizure-induced
neurodegeneration.87,165 GFAP-positive astrocytes were therefore originally believed to be a highly selective tool to identify
epileptic lesions. It turns out, however, that abnormal, GFAPimmunoreactive astrocytes are also seen in anatomic sites distant from the seizure focus.33 Further analyses of the effects of
the nature, frequency, and duration of the epileptogenic stimulus on GFAP-positive cells, the use of additional structural
astrocyte markers such as vimentin and laminin, and the use of
various distinct animal models, also revealed a more complex
picture of astrocytic involvement in epilepsy.
Astrocytes react rapidly (within 1 hour) to strong convulsive stimuli through upregulation of glial protein synthesis,203
but change more slowly in response to moderate seizure
activity.117,205 Although the duration of these and other seizurerelated changes (see later discussion) has so far not been studied
methodically, they are likely to persist in chronically epileptic

11

animals.84 Surprisingly, prominent brain region–specific astrocytic hypertrophy can sometimes be detected in the absence of
substantive neurodegeneration. This includes in kindled animals, in which the glial changes are accompanied by a reorganization of the cytoskeleton and persist for weeks after the
last seizure,108,109 and in the EL mouse, in which astrocytes
proliferate in the hippocampus.55 These and a considerable
number of other supportive examples indicate that a variety
of seizures, ranging from single, intense convulsive insults to
repetitive, mild episodes, cause regionally distinct structural astrocytic changes that are not necessarily associated with overt
neuronal loss or injury. However, these microscopic data do not
consider the molecular events(s) linking seizure activity to the
glial reaction. They also do not address the presumed functional significance of astrocytic hypertrophy and/or proliferation, including the possible role of these reactive processes in
the development and maintenance of chronic epilepsy.7,144,166

Astrocytes as Modulators of
Extracellular Glutamate
The fact that astrocytes undergo physical changes in response
to seizure activity led many investigators to examine the fate
of astrocytic neurochemistry in epilepsy. The most obvious
molecule of interest in this regard was glutamate, which had
been speculatively associated with the pathophysiology of
epilepsy as early as 1954.91 The realization, two decades later,
that glutamate is the major excitatory neurotransmitter in the
brain initially suggested that enhanced neuronal glutamate release might be critically involved in the precipitation of epileptic discharges.54 Although neuron-derived glutamate is still
believed to play a major role in seizure activity, attention has
increasingly shifted to astrocytes as the major determinants and
sources of extracellular glutamate levels in both the normal and
epileptic brain. Thus, the physiologic concentration of glutamate in the extracellular milieu, which is in the low micromolar range, is controlled mainly by two highly efficient astrocytic
glutamate transporters (GLT)-1 and GLAST. These uptake sites
also prevent the accumulation of convulsant, excitotoxic concentrations of the amino acid, as demonstrated in animals with
a genetic deletion in either one of these proteins.169,209,230 These
studies, as well as a report showing substantial reductions in
GLT-1 and GLAST expression in epilepsy-prone rats prior to
seizure onset,60 are particularly important because they provide evidence that malfunctioning astrocytes can cause seizure
activity by elevating extracellular glutamate to pathologic levels. Interestingly, GLT-1 is also reduced as a sequela of epilepsy,
thus potentially exacerbating the clinical condition.173
Selective transporters are not the only determinants of extracellular glutamate linked to astrocyte function. As shown
originally by Haydon et al., neuronal stimulation induces a
frequency-dependent calcium response in closely apposed astrocytes, which then causes these cells to release glutamate.
This astrocyte-derived glutamate, in turn, modulates glutamatergic neuronal transmission.5 It follows that any breakdown of this finely tuned interplay between neurons and astrocytes may result in enhanced glutamate release and seizure
activity.70 This hypothesis, which again indicates that astrocytes can be causallyinvolved in epileptogenesis, has recently
been supported by experimental manipulation of intracellular
astrocytic calcium (Ca2+ ).214
Within astrocytes, glutamate serves as a substrate of glutamine synthetase, an essential component of the glutamine–
glutamate shuttle between astrocytes and neurons.95 This enzyme can be viewed as a precursor of potentially neurotoxic
neuronal glutamate.8 Alternatively, glutamine synthetase may
function as a guardian against the accumulation of convulsive
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and neurotoxic concentrations of glutamate in large astrocytic
vesicles, which release their content via SNARE-dependent exocytosis to cause excitation in neighboring neurons.105 It is
therefore unclear whether inhibition of glutamine synthetase,
which normally causes a decline in extracellular glutamate levels in the brain,23 has pro- or anticonvulsant consequences under epileptic conditions. Measurements of glutamine formation
in animal models of epilepsy59,215 and in the brain of patients
with TLE63,201 have produced equivocal results and have so
far failed to clearly define its role in seizures. Similarly inconclusive data have been obtained in nuclear magnetic resonance
(NMR) spectroscopic studies in epileptic tissue, which examined the astrocyte-specific incorporation of 13 C-acetate into
13
C-glutamate and 13 C-glutamine.114,141,147,155
The external mechanisms controlling astrocytic glutamate
disposition are currently only poorly understood, but are of
obvious relevance for epilepsy, because unchecked glutamate
release is likely to intensify both acute and chronic seizure
activity. It is therefore noteworthy that hemichannels and
multidrug resistance proteins68 (i.e., proteins that regulate
glutamate exocytosis from astrocytes) are upregulated in astrocytes in chronic epilepsy.120,133,221 Notably, several subtypes
of metabotropic6,210,220 or ionotropic192 glutamate receptors
are also overexpressed in astrocytes in the epileptic brain, although the functional significance of these receptors has not
been clarified so far.
Taken together, these studies leave little doubt that astrocytes, rather than neurons or other brain cells, hold the key
to the role of glutamate in epileptic phenomena. Conceptually,
glutamate may therefore be assigned the somewhat unorthodox function of an astrocyte-derived or astrocyte-controlled
neuromodulator. However, because of the large number of
functional proteins serving as its intra- and extracellular targets, and due to its multiple roles in cytosolic and mitochondrial
energy flux and intermediary metabolism, the participation of
astrocytic glutamate in epileptogenesis and chronic epilepsy is
highly complex and requires considerable additional scrutiny.

Neuromodulation by Other Astrocytic
Factors and Mechanisms
The role of astrocytes in seizure generation and maintenance
is not only defined by the complex fate of glutamate itself
but also involves several other glial products, which indirectly
affect glutamate metabolism and function. This growing list
of endogenous factors includes nitric oxide (NO), which is
produced by nitric oxide synthase (NOS). At least two isoforms of this enzyme (neural NOS [nNOS] and inducible NOS
[iNOS]) are upregulated in reactive astrocytes in response to
seizures,34,102 leading to increased NO formation, which in
turn stimulates glutamatergic neurotransmission and may thus
affect hyperexcitability.71 The neuroexcitatory glutamate homolog aspartate, too, is formed in astrocytes, although it is still
unclear whether glial release of this amino acid can augment or
substitute for the neuronal effects of glutamate under physiologic and pathologic conditions. Resolution of this issue seems
important in view of the fact that extracellular aspartate levels
are significantly enhanced in TLE110,195 and in animal models
of epilepsy.66,142,161 The activity of its degradative enzyme, aspartate aminotransferase, is also increased in actively spiking
human epileptic cortex110 ; however, and the de novo synthesis of13 C-aspartate from 13 C-acetate is unchanged in chronically epileptic rats.141 Notably, astrocytes also play a major
role in the generation and disposition of other endogenous
amino acids such as glycine and D-serine, or dipeptides like
N-acetylaspartylglutamate, all of which profoundly influence
glutamate function in the normal brain. These agents, some-

times cumulatively termed “gliotransmitters,” are therefore increasingly studied for their possible role in the pathophysiology
of various brain diseases, including epilepsy.43,101
Another astrocytic product with links to glutamatergic neurotransmission is kynurenic acid (KYNA), a neuroinhibitory
metabolite of the kynurenine pathway of tryptophan degradation. KYNA’s preferential blockade of N-methyl-d-aspartic
acid (NMDA) receptor function158 probably accounts for its
potent anticonvulsant and antiexcitotoxic properties.74 Interestingly, the extracellular levels of endogenous KYNA are
acutely elevated following the administration of convulsive
agents.237 Moreover, KYNA-forming astrocytes are hypertrophic, and KYNA synthesis is enhanced in the limbic brain
areas of chronically epileptic animals.56,236 Interpreted teleologically, enhanced KYNA production and release can therefore be viewed as an endogenous attempt to mobilize astrocytes
for antiepileptogenic, anticonvulsant, and neuroprotective purposes. Related to this role of KYNA, attention must also be
paid to the lysine metabolite a-aminoadipate, which is present
in the mammalian brain in micromolar concentrations and
is avidly accumulated by astrocytes.89,164 Within astrocytes,
α-aminoadipate inhibits the biosynthesis of KYNA and may
thus indirectly facilitate seizure activity.191,238
The active participation of astrocytes in seizure activity is
not necessarily limited to molecules and mechanisms that affect
glutamatergic neurotransmission directly. Thus, astrocytes express a large number of proteins that cause structural changes
in the cell, alter extracellular ion concentrations, or control
intra- and intercellular signalling through an array of messenger molecules. Seizure-related changes in several of these
proteins have been reported in TLE and in both acute and
chronic animal models of epilepsy, and may contribute to—
or protect against—pathology. Examples include the embryonic intermediate filament component nestin, which may remodel the glial cytoskeleton in the epileptic brain190 ; S100β,
which may be involved in structural reorganization in association with chronic seizure activity17 ; and the small heat-shock
protein 27, which may actively participate in seizure-induced
neurodegeneration.18 Seizures also cause abnormal expression
patterns and changes in the biophysical properties of astrocytic
K+ and Na+ channels,22,86,202 increase astrocytic communication by upregulating the connexin 43 gap junction protein,73
and reduce the density of the water channel aquaporin 4, which
regulates the clearance of extracellular K+ along the perivascular membrane domain of astrocytes.62 These changes are
accompanied by dysfunctional astrocytic enzymes, receptors,
and transporters, which influence seizure activity through altering the metabolic fate and biologic effects of important
chemical messengers such as GABA,121,183,187 adenosine,69 and
prostaglandins.53 Future research will need to dissect the respective contributions of these diverse impairments to disease manifestation. In addition, we must consider that the
pathogenic role of microglia-derived cytokines in epileptogenesis and epilepsy, too, is at least in part dependent on the
presence of astrocytes.125,225

Astrocyte Dysfunction: Implications
for Pathogenesis and Therapy
Despite the large number of studies demonstrating astrocytic
abnormalities, most of the information accumulated so far is
correlative in nature and does not clarify if astrocyte impairment can in fact cause, rather than play an adjuvant role in,
the epileptic condition.26,93 Causality is especially difficult to
establish in the chronically epileptic brain, in which astrocytes
have already undergone structural and functional changes as
a consequence of seizure activity. This distinction between a

22:10

P1: PBU/OVY

P2: PBU/OVY

GRBT208-27

Engel-3065G GRBT208-Engel-v2.cls

QC: PBU/OVY

T1: PBU

Printer: RR Donnelly
February 26, 2007

Chapter 27: Neuromodulation of Seizures, Epileptogenesis, and Epilepsy

primary and secondary role of astrocytes in epileptic disorders is of more than theoretical interest because it has implications for the design of therapeutic strategies. Experimentally,
the question can be most unequivocally addressed by selectively
manipulating astrocyte function in the normal brain and assessing the effects of the intervention on various seizure parameters. Approaches include direct or indirect interference with
astrocytic glutamate function (see the earlier discussion) and
the specific elimination of astrocytic proteins such as S100β 61
or GFAP.154
Other studies have successfully used fluorocitrate, an
aconitase inhibitor that selectively incapacitates astrocytes by
reversibly blocking tricarboxylic acid cycle activity. These
experiments, which are especially instructive in view of the
established dysfunction of cellular energy metabolism in
epilepsy,106 showed that transient astrocyte poisoning causes
epileptiform discharges and even convulsive seizures232 and
also lowers the seizure threshold to systemically administered
chemoconvulsants.122 Taken together, all these studies provide
convincing evidence that astrocyte dysfunction can singularly
trigger epileptogenic events in the normal brain.
Each of the many changes in astrocytic biochemistry seen in
epileptic animals and humans may play an active role in pathophysiology. As described earlier for some of the most prominent
examples elaborated to date, these changes can be simplistically
categorized into being either facilitatory or inhibitory of the
clinical condition. It follows that it may be possible to develop
novel therapeutic agents by targeting astrocytes to specifically
interfere with proconvulsive mechanisms or to boost endogenous anticonvulsive principles. Exploitation of this concept—
the pharmacologic targeting of glial neuromodulators for the
treatment of epilepsy—is still in its infancy,236 although the use
of astrocytes for therapeutic purposes has received considerable
attention, for example, in the area of Alzheimer disease and
Parkinson disease.36,184 Notably, this approach is not limited
to those glial mechanisms known to be chronically impaired in
the disease, but could also be advantageously used to influence
physiologic signalling processes that normally link astrocytes
to neuronal and cerebrovascular function.112,159 Any of these
manipulations of astrocyte function may, in fact, play a role in
the clinical efficacy of a number of currently used anticonvulsant drugs and therapies.31,75,160,243

SUMMARY AND CONCLUSIONS
Although often considered relatively minor role players, neuromodulators are increasingly recognized as critical factors in
brain physiology. As reviewed here, their ability to modulate
neuronal excitability provides a logical link to seizure activity. Indeed, studies in animals have demonstrated that virtually
all neuromodulators examined so far are capable of enhancing
or reducing seizure susceptibility in the normal brain either directly or indirectly. Alone or in concert, they may therefore play
a significant role in seizure initiation under otherwise physiologic conditions.
Perhaps more intriguing, neuromodulators appear to be
critically involved in processes that are relevant to the development of epilepsy, such as neurogenesis, axonal sprouting
and, more generally, the altered expression of genes that are
causally related to epileptogenesis. In turn, neuromodulators—
and neuromodulation—are themselves altered once the state of
chronic epilepsy is established. This and concomitant persistent
alterations in receptors for neuropeptides and growth factors,
as well as changes in neural circuitry, glia, and extracellular
milieu, explain why the same neuromodulator may have quantitatively and qualitatively different effects in the normal and
epileptic brain. In addition to being relevant for pathophysiologic considerations, these differences also highlight the impor-
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tance of studying animal models that optimally approximate
the epileptic condition in humans.
Despite their complexity, the neuromodulatory mechanisms
summarized here provide a vast, varied, and rich resource for
new potential therapeutic targets. Indeed, one could argue that
a focus on modulators would constitute a superior strategy for
anticonvulsant drug development, because it may minimize the
side effects associated with conventional targets such as classic neurotransmitters systems (glutamate, GABA) or ion channels (sodium channels, potassium channels). Given the rapid
progress in our understanding of the role of neuromodulation
in the pathophysiology of epilepsy, this concept could be evaluated clinically in the not too distant future.
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