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Epilepsy is a devastating disease affecting more than 1% of the population. Yet, if one considers the neurobiological substrates of this disease, what is revealed is an array of phenomenon that exemplify the
remarkable capacity for the brain to change its basic structure and function, that is, neural plasticity. Some
of these alterations are transient and merely impressive for their extent, or for their robust nature across animal models and human epilepsy. Others are notable for their persistence, often enduring for months or
years. As an example, the dentate gyrus, and specifically the principal cell of the dentate gyrus, the granule cell, is highlighted. This area of the brain and this particular cell type, for reasons that are currently
unclear, hold an uncanny capacity to change after seizures. For those interested in plasticity, it is suggested that perhaps the best examples for study of plasticity lie in the field of epilepsy. NEUROSCIENTIST
8(2):155–174, 2002
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One of the most intriguing themes in neuroscience is
the ability of the CNS to change, a phenomenon referred
to as plasticity. Accordingly, an enormous literature now
exists that has described examples of how the CNS can
change, both transiently and chronically. This review
will focus on the epileptic brain as perhaps the quintessential example of plasticity, although epilepsy is not
always considered in this context. Indeed, if asked what
was the best example of plasticity in the CNS, most neuroscientists would probably not think of epilepsy. A goal
of this review is to suggest to those in the field of epilepsy research that their experiments may have relevance to
basic neuroscience, and to suggest to those outside the
field of epilepsy that some of the best examples of plasticity actually are phenomena associated with seizures.
Insight from those in both groups will likely lead to a
better understanding of both plasticity and epilepsy.
Plasticity in epilepsy has been most commonly studied in the brain area known as the hippocampus, and
there are several reasons for this. First, the hippocampus
is one of the areas of the brain that is quite susceptible to
seizures, and many types of epilepsy involve the hippocampus. In temporal lobe epilepsy (TLE), a common
type of epilepsy, the hippocampus is a key player,
although it is not the only one. In addition, the laminar
organization of the hippocampus makes changes perhaps
more noticeable than might be in another region with a
less obvious lamellar structure.
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Although much of the work that involves plasticity in
epilepsy has been conducted in rodents using animal models of epilepsy, there appears to be substantial similarity
of results among species as phylogenetically distant as
humans. Human studies generally are based on data from
tissue specimens resected during surgery for pharmacologically unresponsive (“intractable”) epileptics. In these
cases, anticonvulsants have not stopped seizures and the
option of removing the area thought to trigger seizures is
chosen. This often occurs in TLE, and the areas usually
resected may include not only the hippocampus but also
adjacent cortical regions and the amygdala.
Results of studies in the rodent hippocampus not only
appear to apply to other species but also appear to be
generalizable to other brain areas. Thus, many of the
types of changes that have been documented in the hippocampus have been subsequently described in other
areas, such as the neocortex. Thus, it is generally
assumed that the changes in the rodent hippocampus
after seizures serve as a model for plasticity in humans
with epilepsy.
Background
The Basic Structure of the Dentate Gyrus
Within the hippocampus, both in rodents and man, lies a
well-defined pyramidal cell layer and granule cell layer
(Box 1). Areas CA1 and CA3 comprise the hippocampus
proper, or the “hippocampal formation.” The granule cell
layer and its associated lamina form a distinct area, the
fascia dentata, also called the “dentate gyrus.” As shown
in Box 1, the fundamental circuitry of this area, called
the trisynaptic circuit, involves three glutamatergic
synapses: 1) entorhinal cortical afferents (the “perforant
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Box 1. Organization of the Rat Dentate Gyrus
Left
Top. A schematic of the rodent hippocampus illustrates the major subfields: area CA1, area CA3, and
the dentate gyrus.
Bottom. The trisynaptic pathway is illustrated.
Afferents from the entorhinal cortex (the perforant
path) innervate the outer two-thirds of the granule cell
dendrites (synapse 1). Granule cell axons (the mossy
fibers) project to the proximal apical dendrites of area
CA3 pyramidal cells (synapse 2). CA3 pyramidal cell
axon collaterals (the Schaffer collaterals) innervate
the proximal apical dendrites of area CA1 pyramidal
cells (synapse 3).

path”) innervate the distal dendrites of granule cells, 2)
granule cell axons (the “mossy fibers”) innervate the
proximal apical dendrites of area CA3 pyramidal cells,
3) area CA3 innervates the apical dendrites of CA1
pyramidal cells. The circuitry of the hippocampus is
actually much more complex because other glutamatergic
synapses are present, other afferent systems exist, and
these synapses are modulated in many ways by inhibitory neurons (often referred to as “interneurons”) that use
GABA (γ-aminobutyric acid) as a neurotransmitter.
This review will focus on the dentate gyrus because it
exemplifies some of the most dramatic types of structural and functional plasticity in the epileptic brain. As
shown in Box 1, the basic structure of the dentate gyrus
is highly organized. It is composed of a discrete granule
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Right
A schematic of the rat dentate gyrus indicates the
major cell types and the laminar organization. The
molecular layer is subdivided into three distinct lamina, the outer, middle, and inner molecular layers. The
granule cell layer is a packed layer of granule cells
and some inhibitory neurons (“interneurons”).
Interneurons are a heterogeneous population of neurons that contain GABA as well as many other peptides, and are distributed throughout the dentate
gyrus. Glutamatergic “mossy” cells are located in the
hilus and project primarily to the inner molecular
layer. Although the major afferent input to the region
is the perforant path, many other afferent systems, for
example, CA3 pyramidal cell axons and various subcortical nuclei (e.g., dorsal raphe, locus coeruleus,
septum), also innervate distinct areas of this region.

cell layer, with each granule cell arranged similar to the
next. The layer containing the dendrites of these cells is
the molecular layer, which contains three sublayers: an
inner molecular layer, middle molecular layer, and outer
molecular layer (Box 1). Granule cell axons, the mossy
fibers, descend into the hilus and then become restricted
to the layer containing the proximal apical dendrites of
CA3 pyramidal cells (Box 1). Various types of nongranule cells are scattered throughout the dentate gyrus,
comprising a heterogeneous group of GABAergic
inhibitory “interneurons” or a more homogenous group
of glutamatergic neurons called “mossy cells” (Box 1).
Many different peptides and potential neuromodulators
are expressed in the hilar cells, as well as granule cells
(see below).

Plasticity in Epilepsy

Table 1. Animal models of epilepsy.
Animal models used to address hippocampal seizures
Convulsants
Excitatory agonists (NMDA, glutamate,
kainic acid*, etc.)
Inhibitory antagonists (bicuculline,
allylglycine, PTZ*, etc.)
Cholinergics (pilocarpine*,
anticholinesterases)
Other (tetanus toxin, fluorothyl)

Electrical Stimulation

Genetic

Perforant path/angular bundle

Transgenic mice (stargazer)

Hippocampal kindling

Various knockouts/overexpressing
mice
E1 mouse

Ventral area CA3 (CHS; SSLSE)
Electroconvulsive shock

Animal models used to address extrahippocampal involvement
Convulsants

Electrical Stimulation

Focal treatment to sites in neocortex
Focal stimuation of various brain
(penicillin, cobalt, iron, alumina gel,
regions (amygdala, cortex,
freeze lesions)
subcortical regions)
Focal injection into entorhinal cortex
Kindling of various sites (amygdala,
(aminooxyacetic acid, γ-acetylenic
anterior neocortex, other)
GABA)
Focal treatment to other areas (substantia nigra, deep prepiriform)

Genetic
Seizure-sensitive gerbil, Wag/Rij,
Photo-sensitive baboon, SER
GAERS
GEPR
Various mutant mice (lethargic,
tottering)
Various knockouts/overexpressing
mice

In vitro models (hippocampal slices, organotypic cultures, cell cultures)
Convulsants
GABAA receptor antagonists/modulators
(bicuculline, picrotoxin, low [Cl-]o)
K+ channel antagonists/modulators
(4-aminopyridine, tetraethylammonium, high [K+]o)
NMDA receptor modulators zinc,
glycine, (low [Mg2+]o)

Electrical Stimulation
Stimulus induced bursting (STIB)

Genetic
Gene targeting methods (transfection, gene gun, other)

Perforant path stimulation

Repeated stimulation*

*models of status epilepticus; note that some of the unstarred drugs/stimuli can also induce status but their use in the literature does
not usually involve status. Note that parentheses include only some of the examples that have been studied; many others exist.
Abbreviations: CHS = continuous hippocampal stimulation; SSLSE = self-sustaining limbic status epilepticus. PTZ = pentylenetetrazol. ECS = electroconvulsive shock. E1 is an inbred strain of epileptic mice. GAERS = genetic epilespy rat of strasbourg. SER = spontaneous epileptic rat. Wag/Rij is an inbred strain of epileptic rat. GEPR = genetic model of absence epilepsy in rats from Strasbourg.
Concentration terms (i.e., [Cl-]) refer to concentrations in the buffer used to incubate in vitro preparations.

Animal Models of Epilepsy
Many animal models of epilepsy exist (Table 1), but for
the purposes of the present review, the focus will be on
models of epilepsy that are thought to involve the hippocampus and dentate gyrus. Table 1 shows the types of
models that are presently used to study hippocampal
seizures in rats. It is assumed that seizures in these models enter the dentate gyrus and induce substantial depolarization and action potential discharge in many granule
cells. Discharge then propagates to CA3 and CA1
pyramidal cells by the trisynaptic circuit. However, this
has not necessarily been demonstrated for all seizures in
a particular model. Indeed, some seizures that are thought
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to invade the hippocampus may not do so, whereas others may do so by pathways besides the trisynaptic circuit, and without activation of granule cells.
Seizure Induced Gene Expression
Changes in Potential Neuromodulators
The fact that neuronal activity leads to changes in gene
expression has been known for quite some time.
However, it may be less appreciated just exactly how
robust this phenomenon is after seizures. In the dentate gyrus, seizures induce a host of changes in granule
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Table 2. Changes in neurotrophins in the rat dentate granule cells after seizures, trauma, or ischemia.
Epilepsy
Kainic Acid

Pilocarpine

Kindling

PTZ

NGF

↑

↑

↑

↑

BDNF

↑

↑

↑

↑

NT-3

—

↓

↓

NT-4

—

trkA

—

—

↑

↑

trkB

↑

trkC

↑, ↑ ↓

↑

Trauma

Ischemia

↑

↑

↑

↑

↓, —

↓

↑

↑
↑

p75

ECS

—

References for Table 2 (information from more than one study is represented in each column): Ballarin and others (1991); Ernfors and
others (1991); Isackson and others (1991); Dugich-Djordjevic (1992, 1995); Bayer and Milner (1993); Bengzon and others (1992, 1993);
Gall (1993); Humpel and others (1993); Merlio and others (1993); Takeda and others (1993); Arai and others (1996); Bramham and others (1996); Elmer and others (1996); Mudo and others (1995, 1996); Schmidt-Kastner and others (1995, 1996); Kornblum and others
(1997); Lee and others (1997); Inoue and others (1998); Kim and others (1998); Morimoto and others (1998); Castren and others (1998);
Goutan and Ferrer (1998); Rudge and others (1998); Truettner and others (1999).
Note the similarity of changes in neurotrophins after seizures induced by different mechanisms, or after trauma or ischemia.
Abbreviations: ↑ = increased expression relative to control; ↓ = decreased expression; — = no change; ↓, — = some studies found
no change and others demonstrated decreased expression; ↑,↑ ↓ = some studies found increased expression and another found an
increase followed by a decrease to control levels. Note that some of the differences between studies may be due to different methods (immunocytochemistry vs. in situ hybridization) or examination at different latencies after seizures. Where no symbol is listed, data
were unavailable. PTZ = pentylenetetrazol; ECS = electroconvulsive shock; trauma = specific models of trauma used for the studies
in this table were sham lesions, implantation of a dialysis probe, hilar lesion (which induced seizures as well as damage), and entorhinal cortex lesion; ischemia = models of ischemia used in this table include transient forebrain ischemia/middle cerebral artery occlusion. Neurotrophins include NGF (nerve growth factor), BDNF (brain derived neurotrophic factor), NT-3 and NT-4 (neurotrophin-3, neurotrophin-4; neurotrophin 4 is sometimes referred to as neurotrophin 4/5). trk = tyrosine kinase, the high affinity receptor class for neurotrophins (NGF binds to trkA; BDNF to trkB; NT-3 to trk A,B,C but has preference for trkC; NT-4 to trkA and B but has preference for
trk B). p75 is the low affinity receptor for all neurotrophins. For p75 studies, increases occur mainly in neurons that will die. Other studies apply to changes in expression of surviving dentate granule cells after seizures, trauma, or ischemia.

cell gene expression, and changes in other cell types as
well.
Table 2 shows some of the neurotrophins, many of
which are normally expressed in granule cells, and
change their expression dramatically after limbic
seizures. One might think that each type of seizure
would lead to different changes, depending on how the
seizure was induced (by convulsant injection, electrical
stimulation, etc.), how long the seizure lasted, and other
factors specific to the model used. However, qualitatively similar changes can follow limbic seizures that were
induced by different methods (Table 2). In these cases,
the alterations in expression may be less dependent on
the method used to cause limbic seizures than the phenomenon of seizure activity itself. However, it is interesting to note that many of the same changes are
observed after experimental trauma or ischemia (Table
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2), and seizure activity is likely to be absent in such
experiments (but see below).
As shown in Table 3, the granule cells (as well as
many of the nongranule cells, mostly interneurons)
express an array of peptides that are potential neuromodulators even under normal conditions. After
seizures, most of them change. Receptors that normally
transduce the signals of these peptides also change. For
example, there are five receptor subtypes for neuropeptide Y (NPY), and the three that are expressed strongly
in the dentate gyrus (Y1, Y2, Y5) all appear to change
after seizures (Kofler and others 1997; Kopp and others
1999; Madsen and others 2000; Vezzani and others
2000). Thyroid releasing hormone (TRH) receptors are
another example, as indicated by decreased binding in
three different animal models of epilepsy (Kubek and
others 1993; Jaworska-Feil and others 1999).

Plasticity in Epilepsy
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Table 3. Changes in neuropeptides in the rat dentate gyrus after seizures.
Kainic Acid
MF DG
Neuropeptide Y
Somatostatin
Cholecystokinin
Opiates
Enkephalin
Dynorphin
Substance P
TRH
Galanin
Pre-protachykinin
Neurokinin
A
B
Neurotensin
CRF

↑

↑
↑

↓↑
↓↑

INT

Pilocarpine
HC

MF

DG

↑

↑
↑

INT

Kindling
HC

MF

↑

DG
↑

↑

—
↑↓

INT

Repeated PTZ
HC

DG

↑

↑

↑

MF

↑
↓

↓↑

↓
—

↓

↑

HC
↑

—
↑

INT

ECS

↑
↑

↑

↑

↑

MF

Other Stimulus

DG

INT

↑

↑
↑
↑

HC

MF

INT

↑
↓↑
—

↑

HC

↓
↑
↓

—

DG

↑

↑

↑
—

—
↑
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References for Table 3 (information from more than one study is included in each column): McGinty and others (1983, 1986); Kanamatsu and others (1986a, 1986b); Lason and others
(1987); White and others (1987); Pitkanen and others (1989); Orzi and others (1990); Wanscher and others (1990); Hashimoto and Obata (1991); Xie and others (1991); Brene and others
(1992); Lason and others (1992); Marksteiner and others (1992); Rosen and others (1992, 1994); Stenfors and others (1992a, 1992b); Bengzon and others (1993); Gruber and others (1993);
Hong and others (1985, 1993); Kubek and others (1993); Passarelli and Orzi (1993); Kragh and others (1994); Mikkelsen and others (1994); Tonder and others (1994); Harrison and others
(1995); Elmer and others (1996); Piwko and others (1996); Roder and others (1996); Sato and others (1996); Schwarzer and others (1996); Kofler and others (1997); Lurton and Cavalheiro
(1997); Mazarati and others (1998); McCarthy and others (1998); Jaworska-Feil and others (1999); Pierce and others (1999); Scharfman and others (1999); Vezzani and others (1999b); Liu
and others (2000); Wasterlain and others (2000).
Abbreviations: kainic acid = i.c.v. or systemic kainic acid; pilocarpine = pilocarpine or lithium/pilocarpine; PTZ = pentelenetetrazol; trauma = lesions, fluid percussive injury, or other models of trauma; ischemia = hypoxia or transient forebrain ischemia. Changes denoted reflect analysis of either the entire dentate gyrus (DG), granule cells (GC), mossy fibers (MF), hilar
interneurons (INT), or hippocampus (HC). ↑ = increased relative to control; ↓ = decrease; —- = no change. Where no symbol is listed, data were unavailable. Information listed includes
multiple methods (immunocytochemical, in situ hybridization, other) and different latencies after seizures. ↓↑ reflects that some studies described decreases at one latency after seizures
and increases at a subsequent time. Data for enkephalin include studies that examined both met-enkephalin and those that did not specify. Dynorphin data include results for dynorphin
A and B and were particularly variable over time and the dorsal-ventral axis of the hippocampus. TRH = thyrotropin-releasing hormone; CRF = corticotropin-releasing factor.
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Box 2. Glutamate and GABA Receptor Subunits
Glutamate Receptors
Ionotropic
NMDA
NR1
NR2A
NR2B
NR2C
NR2D
NR3A
NR3B

AMPA
GluR1
GluR2
GluR3
GluR4

(A)
(B)
(C)
(D)

Metabotropic
kainic acid
GluR5
GluR6
GluR7
KA1
KA2

I
II
III

mGluR
1a,1b,1c,1d
5a,5b
2
3
4a,4b
6
7a,7b
8

GABA Receptors
Ionotropic
GABAA

α 1,2,3,4,5,6
β 1,2,3
γ 1,2,3
δ
ε

GABAC (GABAAOr)

ρ(1)

Importantly, the changes are not always in the positive
direction, as exemplified by the simultaneous increase in
NGF and BDNF but decrease in NT-3 (Table 2). For peptides, NPY increases its expression in mossy fibers after
seizures but mossy fiber dynorphin, for example,
decreases (Table 3). These patterns are quite robust across
many animal models (Tables 2 and 3), but the temporal
evolution of these changes is variable. How long they
last is also variable, with some expression over within 24
h and other changes persisting for days or weeks.
Changes in Transmitter Systems
Although striking changes in potential neuromodulators
have been well documented, a change in transmitters
such as glutamate or GABA would seem almost heretical. Yet a number of laboratories have now described the
expression of the inhibitory transmitter GABA in granule cells after seizures (Sandler and Smith 1991; Sloviter
and others 1996). It has been well documented that granule cells are normally glutamatergic neurons and induce
excitatory postsynaptic potentials (EPSPs) in the targets
(Scharfman and others 1990; Jonas and others 1993).
However, there is a normally low level of GABA expression, and after seizures, GABA expression increases
(Sandler and Smith 1991; Schwarzer and Sperk 1995;
Sloviter and others 1996). The synthetic enzyme for
GABA, glutamic acid decarboxylase (GAD), also
increases (Schwarzer and Sperk 1995; Makiura and others 1999). For many years, it was unclear whether the
expression of GABA had functional relevance in light of
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Metabotropic
GABAB

1 (a/b)
2

the evidence that granule cells remained able to evoke
EPSPs after seizures. A physiological change associated
with increased GABA expression in granule cells has
been difficult to prove, because any stimulation of granule cells usually stimulates interneurons as well.
However, experiments reported in the last year suggest a
potential physiological counterpart to GABA expression
in granule cells because short latency inhibitory synaptic potentials (IPSPs) were evoked in pyramidal cells by
granule cell stimulation after seizures, but not before
seizures (Gutierrez 2000). Responses were pharmacologically similar to mossy fiber-evoked events. However,
given that seizures induce so many changes in receptors
and neuromodulators (Tables 2–4), as well as other proteins influencing neurotransmission, it is possible that
the pharmacology of mossy fiber transmission may
change after seizures, potentially complicating the interpretation of these intriguing new data. Yet similar results
were found without seizures in another, more recent
study (Walker and others 2001).
Even in the absence of evidence that granule cells
change their fundamental excitatory/inhibitory nature, a
number of laboratories have demonstrated major
changes in glutamate/GABA receptors after seizures
(Box 2, Tables 4 and 5), as well as transporters, ion channels (e.g., sodium, potassium, calcium, chloride),
pumps, and numerous other important regulators of
excitability. In addition to their influence on neuronal
function, any change that is persistent is important to
consider from a clinical perspective because anticonvulsants may act on these proteins.

Plasticity in Epilepsy

Table 4. Seizure-induced changes in NMDA and AMPA receptor subunit expression in rat and human dentate gyrus
granule cells.
Pilocarpine
Kainic Acid
1
NMDA
NR1
NR2A
NR2B
NR2C
NR2D
AMPA
GluR1
GluR2
GluR3
GluR4

2

—

4

—

—

↑flip ↑flip
↑

Early Early Late Early Late

3

—

Kindling

1

3
↓

—
↑

↓
—

↑

↑

5
↓

↓flip
↑flop

ptz

Elec.

6

7

↑
—
↑

—
—
—

↓

—
—

—
↑

↑flop ↑flip
↓flip ↑flip

↑

↑

↑flip

ECS
8

9

—
↑ —
↑ —
—
—
↑

SSLSE

TLE

10

11

↑
↑

↑
↑

↑

12

13

—

—

↑(2/3) ↑(2/4)
↑(2/3)

↑(2/4)

References for Table 4 (each column represents a different study): 1) Condorelli and others (1994); 2) Pollard and others (1993); 3)
Lason and others (1997); 4) Friedman and others (1994); 5) Mathern and others (1998b); 6) Lason and others (1998); 7) Kamphuis and
others (1994); 8) Watkins and others (1998); 9) Naylor and others (1996); 10) Mathern and others (1998a); 11) Mathern and others
(1998c, 1999); 12) Blumcke and others (1996); 13) Musshoff and others (2000).
Abbreviations: ↑ = increased relative to control; ↓ = decreased; — = no change; PTZ = pentylenetetrazol; elec. = electrical kindling
of the Schaffer collaterals in the hippocampus; ECS = electroconvulsive shock; SSLSE = self-sustaining limbic status epilepticus;
TLE = human temporal lobe epileptic specimens. Other methods used to examined changes were often different. Latencies after
seizures also differed across studies, making exact comparisons difficult. (Flip) or (flop) refer to flip or flop splice variants of the particular GluR subunit in question. Data from three pilocarpine studies are shown, one that examined only early times (within a few days)
after status and others that examined early or late (weeks or months after status) times after status. “(2/3)” or “(2/4)” refers to data
using a label that did not discriminate well between subunits 2 and 3 or 2 and 4; note that the 2/4 data are primarily from the molecular layer, not the granule cell layer.

Although some of these changes have been argued to
be compensatory, in actuality some of the changes may
perpetuate seizures. An example lies in the resistance of
individuals in status epilepticus to anticonvulsants as the
interval between status onset and drug administration
lengthens. Early after status onset, the benzodiazepine
diazepam, thought to work at the GABAA receptor, is the
drug of choice. However, as the time from the onset of
status increases, diazepam becomes increasingly ineffective, and this is thought to be due to rapid changes in
the relevant GABA receptor subunits (Rice and others
1996; Kapur and Macdonald 1997; Brooks-Kayal and
others 1998).
Changes in Gene Expression of Nongranule Cells
Granule cells are not the only type of cell in the dentate
gyrus that changes after seizures. Indeed, one of the most
difficult problems in epilepsy research is determining
the ultimate implications of so many changes in such a
diversity of cells, which is further complicated by the fact
that some of these neurons are highly interconnected.
For the interneuron population, a number of changes
have been described (Table 3). Some are similar to the
changes in granule cells, for example, NPY is increased
in some of the interneurons in the hilus after seizures.
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However, this change is not necessarily identical to the
change in granule cells because increased expression of
NPY in interneurons is primarily somatic, whereas
increased expression of NPY in granule cells is primarily axonal (mossy fiber expression). An important point
to consider in these studies is that some of the interneurons may be damaged after seizures, whereas granule
cells are relatively resistant to seizures. In Tables 2
through 4, changes are listed for the surviving interneurons only; decreased expression due to loss of interneurons is self-explanatory and not included.
Mossy cells have been demonstrated to be one of the
most vulnerable cell types to seizures. Therefore, there
have not been many studies about this cell type after
seizures. Only recently have the surviving mossy cells
been examined after severe seizures (in human TLE:
Blumcke and others 1999; in rat models of TLE:
Scharfman and others 2001). Interestingly, mossy cells
that survive become hyperexcitable (Scharfman and others 2001), which could have important implications for
subsequent network activity. What are the changes in
expression in surviving mossy cells? Currently very little is known. Of the two peptides that have been localized to mossy cells, calcitonin gene-regulatory peptide
(CGRP; Bulloch and others 1996; Freund and others
1997) and the α8 subunit of the integrin receptor
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Table 5. Seizure-induced changes in GABA receptor subunit expression in rat and human dentate gyrus granule cells.
Kainic Acid
Early

Late

Pilocarpine
Early

1
GABAA
K
1
2
3
4
5
6
2
1
2
3
3
1
2
3
L
M

Late
2

Kindling
Late

Early

3

↑
↓
↓
↑
↓

↑
↑*
↑**
↑
↓

↓
—
↑
↑
—
↑

↓
—
—
↑
—
—

↓
↑
↓

↑
↑
↑

↓
—
↑

↓
—
↑

—
↓

—
↑

↓

↓

—
—
—
↑
↑

—
—
—
↑
↑

↑
↑

Late

ECS

Early

4

Late
5

↓

↑

Early

TLE

6

7

8

—

↑
↑
—

—
↑)
(↑

↑
↑
↑
↑

↑
↑

—
—

↑

—
—

↑
↑
↑

—
—
↑

↓

—

—

↑(2/3)
↑(2/3)

↑

↑

↓

↑

—

↑

↑

References for Table 5 (each column represents a different study): 1) Tsunashima and others (1997); Sperk and others (1998); 2)
Brooks-Kayal and others (1998); 3) Fritschy and others (1999); 4) Kamphuis and others (1994); 5) Kokaia and others (1994); 6) Clark
(1998); 7) Loup and others (2000); 8) Sperk and others (personal communication).
↑ ) = small increase that was not significant. Note
Abbreviations: ↑ = increased relative to control; ↓ = decreased; — = no change, (↑
methods used to examined changes were often different. Latencies after seizures also differed across studies, making exact comparisons difficult. ↑* = increase in protein but not mRNA, ↑** = increase in mRNA but not protein. Only data for the granule cells or
granule cell layer are listed, except for human studies, which sometimes examined the dentate molecular layer but not the granule cell
layer. “(2/3)” refers to results that did not discriminate between β2 or β3. For kainic acid and pilocarpine studies, early = within hours
of status epilepticus, late = weeks after kainic acid or pilocarpine-induced status epilepticus. For kindling studies, early and late refer
to 1 versus 28 days after the last kindled seizure (Kamphuis and others 1995) or 4 versus 12-48 h after the last of 40 kindled seizures
(Kokaia and others 1994).

(Einheber and others 2000), it is only clear that the integrin receptor subunit increases after seizures (Einheber
and others 2000). CGRP has not been examined in
mossy cells after seizures, but it is known that CGRP
increases in mossy cells after ischemia (Bulloch and
others 1998).
Not to be forgotten are the glial cells, which undergo
a metamorphosis after many types of seizures, presumably because of seizure-induced damage. Thus, glia in
the vicinity of a damaged site undergo a well-described
process of reactive gliosis. Until recently this was a phenomenon that few considered to have direct physiological effects, for example, most individuals considered tissue that was gliotic somewhat lifeless. However, new
recordings from glia after injury (D’Ambrosio and others 1999), or in patients with epilepsy (Hinterkeuser and
others 2000; Bordey and others 2001), suggest substantial potential to influence neuronal function. Even in
astrocytes that are not necessarily part of a gliotic area,
their physiology may change in a striking and complex
manner, and this is likely to have functional consequences. The fact that many neuromodulators are syn-
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thesized in glia (e.g., growth factors, cytokines,
kynurenines) and that seizures can increase synthesis
(Du and others 1993; Vezzani and others 1999a) indicates that there may be an even greater influence of glia
on neuronal function after seizures than under normal
conditions.
Mechanisms Underlying Plasticity after Seizures
An important aspect of altered expression for all of the
changes described above are their underlying mechanisms. In other words, how does seizure activity produce
all of these changes? Given that synaptic depolarization
activates several signal transduction mechanisms, which
can end in an altered state of various transcription factors (e.g., AP-1, CREB), a prime candidate mechanism
is the regulation of transcription factors. Indeed, one of
the first indications that seizures change gene expression
was the discovery that the immediate early gene c-fos
increased greatly after seizures (Dragunow and
Robertson 1987; Morgan and others 1987; White and
Gall 1987). Since that time, innumerable other immedi-
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ate early genes (FosB, c-jun, Krox, zif268; Gass and
Herdegen 1995; Hughes and others 1999) have also been
shown to increase after seizures, and not just in granule
cells.
Structural Changes in the
Dentate Gyrus after Seizures
Numerous examples of structural plasticity exist that
have attracted much attention. In the dentate gyrus, a
classic example is lesion-induced growth of axon collaterals into the molecular layer. In these studies, lesions to
the entorhinal cortex lead to a cascade of events in the
dentate gyrus that end in a substantially altered molecular layer. Although not necessarily considered at the
time, it is interesting to consider whether some of these
changes were associated with seizures, in light of evidence that entorhinal lesions can lead to seizures either
acutely or after several days or weeks (Dashieff and
McNamara 1982; Wu and others 2000). Importantly,
some of these seizures did not have motor components
(only EEG recordings detected them, that is, they were
“electrographic” seizures) so they could have been
missed quite easily.
In many animal models of epilepsy, a variety of structural changes occur in the dentate gyrus, some of which
involve the growth of new axon collaterals or “sprouting.” Perhaps the most widely studied and remarkable
example is the sprouting of mossy fibers after seizures
(also termed “synaptic reorganization”), because the
new collaterals can be extensive, and they target a very
specific area, the inner molecular layer of the dentate
gyrus. Mossy fiber sprouting also merits emphasis
because similar changes appear to occur in human TLE
(Sutula and others 1989; Houser and others 1990; Babb
and others 1991). There also is evidence that other types
of cells undergo sprouting after seizures, including
GABA neurons (Davenport and others 1990; Morin and
others 1999).
Mossy fiber sprouting has been identified in several
animal models of epilepsy. It was first described after
kainic acid administration and subsequently was shown
after pilocarpine-induced seizures and kindling (Tauck
and Nadler 1986; Cavazos and others 1991; Ben-Ari and
Cossart 2000). Sprouting is demonstrable anatomically
because the mossy fibers contain one of the highest levels of zinc in the hippocampus, so the Timm stain for
heavy metals distinguishes the granule cell axons well.
Figure 1 illustrates mossy fiber sprouting schematically
and in the pilocarpine model, using Timm stain or NPY
to demonstrate mossy fibers. GAP-43 also stains sprouted mossy fibers (Meberg and others 1993). Note that in
contrast, there is only light Timm or NPY stain in the
inner molecular layer normally (Scharfman and others
1999, 2000, 2001).
There continue to be several unsettled questions about
this robust form of neural plasticity. First, it is not completely clear when sprouting occurs after seizures,
although in models involving a period of status epilepticus (i.e., kainic acid or pilocarpine), it appears that
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sprouting begins sometime in the first 1 to 2 weeks, and
is most robust after many weeks.
It is also not completely clear what the sprouted fibers
actually do, although electron microscopy has shown
that sprouted fibers make synapses and appear to target
both granule cells and GABA neurons (Okazaki and others 1995; Kotti and others 1997; Zhang and Houser
1999; Wenzel and others 2000). Several physiological
studies have provided evidence that the sprouted fibers
have a functional role, but whether they have a primarily excitatory or inhibitory influence on the dentate gyrus
is still somewhat unclear. Several studies have shown
that stimulation of granule cells in hippocampal slices
from kainic acid- or pilocarpine-treated rats activate
recurrent excitatory circuits (Wuarin and Dudek 1996;
Okazaki and others 1999). However, Sloviter (1992)
showed that inhibition is actually greater in the dentate
gyrus in vivo when sprouting occurs, which has been
supported by evidence of sprouting on interneurons
(Kotti and others 1997). The answer may be that each of
these studies is fundamentally correct, because under
some conditions the excitatory actions might dominate
(e.g., if inhibition is compromised or mossy fiber transmission is enhanced by a hormonal fluctuation or neurotrophin; Scharfman and others 1999), but in other situations inhibition may have a greater influence. Indeed,
this would seem logical given that human epileptics with
sprouting have seizures only intermittently.
Another unsettled issue is the mechanism underlying
mossy fiber sprouting. What is the trigger for sprouting,
and what are the molecular cues that allow sprouted
fibers to travel and then innervate the inner molecular
layer? At the moment, it would be fair to say that this
question is not answered. However, several studies have
provided insight into this issue. For example, it was
shown that there was a correlation between cell loss in
the hilar region after seizures and the development of
sprouting (Masukawa and others 1995). The loss of hilar
neurons that project to the inner molecular layer (i.e.,
mossy cells) might provide an attractive opening site for
sprouted axons. However, other studies have questioned
the requirement for hilar cell loss (Stringer and others
1997), and in fact there have been reports of sprouting
without detectable hilar cell loss, albeit not very robust
sprouting. Thus, hilar damage may not be as important
as originally believed. Other studies have addressed
whether neurotrophins may play a role in sprouting,
because seizures induce increases in neurotrophins in
granule cells and neurotrophins foster process outgrowth
in other systems. However, studies to date have not
found evidence that neurotrophins fully address mechanisms of mossy fiber sprouting (Lowenstein and others
1993; Holtzman and Lowenstein 1995; Patel and
McNamara 1995; Van Der Zee and others 1995).
Although mossy fiber sprouting may seem to be a
phenomenon only in the hippocampus, several reports
indicate that actually sprouting may occur in other areas
of the brain after seizures. This indicates that the understanding of sprouting gained by studying mossy fiber
sprouting might be able to address similar phenomenon
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Fig. 1. Mossy fiber sprouting. Left: Top. A schematic of the normal dentate gyrus granule cell projection, the mossy fibers, which mainly target CA3 pyramidal cells. Not shown are collaterals that innervate hilar dendrites of nonprincipal cells (interneurons and mossy
cells of the dentate gyrus). Bottom. A schematic of the dentate gyrus granule cell axons after seizures that induce mossy fiber sprouting. Collaterals of the mossy fiber axons sprout into the inner molecular layer, where they are thought to innervate proximal dendrites
of granule cells and inhibitory neuronal processes. Right: A, Mossy fiber sprouting from a pilocarpine-treated rat with recurrent
seizures, illustrated by Timm stain for heavy metals. The sprouted fibers are stained darkly in the inner molecular layer (IML). Mossy
fibers are also stained in the hilus (HIL). GCL = granule cell layer. Calibration = 100 µm. B, A section from a pilocarpine-treated rat that
had status epilepticus and recurrent seizures, that was stained using an antibody to neuropeptide Y. Sprouted fibers are indicated by
the arrows. DG = dentate gyrus. Calibration (in A) = 250 µm.

elsewhere. Area CA1 has been one region where sprouting of axons after seizures has been reported (Perez and
others 1996; Morin and others 1999; Smith and Dudek
2001). Sprouting has also been demonstrated in the neocortex (Salin and others 1995).
Structural changes in the dentate gyrus after seizures
are not only confined to the example of mossy fiber
sprouting. Another notable change is dispersion of the
granule cell layer, which involves an expansion of the
layer and a decrease in cell density within it (Houser
1990). Although the mechanisms are largely unknown, it
is quite robust across various animal models and human
epilepsy (Houser 1990) and quite striking in some mouse
strains (Bouilleret and others 2000).
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Another example is the formation of “basal” dendrites
of granule cells (Spigelman and others 1998; Ribak and
others 2000). After both pilocarpine-induced seizures
and electrically induced seizures, some of the granule
cells appear to develop dendrites from the opposite pole
of the soma as those in the molecular layer (“apical”)
dendrites. Basal dendrites have been examined ultrastructurally and appear to receive synaptic input similar
to normal dendrite. Interestingly, basal dendrites have
previously been described in primates (Seress and
Mrzljak 1987) and in early development, adding evidence to the suggestion that seizures lead to a recapitulation of development (see below). Little is known about
the physiological effects of basal dendrites, although it
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has been shown in slices from pilocarpine-treated animals that granule cells with basal dendrites have similar
intrinsic properties as other granule cells and are not
necessarily more excitable (Smith and others 2000).
Kindling
Kindling refers to the process of repeatedly stimulating the brain electrically with a stimulus that initially
leads only to an afterdischarge. After triggering this
stimulus repeatedly, for example, once a day for many
days, the response to the stimulus increases, and eventually the stimulus leads to a stage 5 seizure. At this point,
the animal is “fully kindled,” and the stimulus will continue to elicit a seizure if triggered subsequently.
Kindling is often studied as a model of epileptogenesis, that is, the development of the epileptic state.
Arguments have been raised, however, that this is not an
optimal model of epilepsy, because kindling does not
result in a state of recurring spontaneous seizures, the
common definition of epilepsy (however, it has been
reported that this can occur under some conditions).
Nevertheless, the state of the fully kindled animal is
abnormally excitable, and kindling allows perhaps the
best means to study the development of abnormal
excitability in a well-controlled manner. In the context of
plasticity, it is one of the best examples of neural plasticity that can be addressed in a controlled fashion,
because the stimulation required is similar from animal
to animal and the paradigm allows controlled influence
on the development of the kindled state.
Neurogenesis
The dentate gyrus is one of the few areas of the brain
that undergoes neurogenesis throughout life. These cells
appear to come from the subgranular zone, which lies
directly below the granule cell layer. After seizures, neurogenesis increases dramatically. This has now been
shown for a variety of seizure types, including kindling,
status epilepticus following convulsant injection (pilocarpine, kainic acid), electrical stimulation, and electroconvulsive shock (Bengzon and others 1997; Parent and
others 1997, 1998; Gray and Sundstrom 1998; Scott and
others 1998, 2000). Neurogenesis is quite robust and
appears to continue for weeks following the initial stimulus. Perhaps just as important is the fact that many of
the newly born cells appear to survive and develop into
mature neurons that integrate into the circuitry around
them (Scharfman and others 2000). Some of their developmental cues appear to occur normally, because many
of them migrate to a position in the granule cell layer,
with similar axons as normal granule cells (Markakis
and Gage 1999; Scharfman and others 2000).
Other newly born cells appear to lose their way, ending up in the molecular layer or the hilus. In our studies
of pilocarpine and kainic acid–treated rats, we found a
subpopulation of newly born cells migrated all the way
to the border of the hilus and area CA3 (Fig. 2; Scharfman
and others 2000). There they appeared to cluster, as if an
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invisible barrier, presumably a combination of cellular
and extracellular factors, prevented their further migration. The fact that no granule cells exist in this region
normally allowed us a way to examine newly born cells
that would be impossible in the granule cell layer, where
they could be confused with normal adult granule cells.
From these studies came several surprises.
Electrophysiological recordings demonstrated that these
cells have virtually identical membrane properties as
adult granule cells located in the granule cell layer
(Scharfman and others 2000). This is surprising in light
of how distinct these properties are from other cell types
in the region, such as the interneurons, pyramidal cells,
and mossy cells (Scharfman 1992, 1999; Scharfman and
others 2000). Therefore, even in an abnormal location
and in the adult brain, new granule cells appear able to
maintain the developmental program that underlies the
maturation of a normal granule cell. Morphologically,
these new granule cells also appear to develop normally,
but there are several notable exceptions. Thus, although
the size and shape of the soma and mossy fiber axon are
difficult to distinguish from a normal granule cell, there
are often extensive dendrites on both sides of the soma
(Scharfman and others 2000). Thus, these neurons develop “basal” as well as “apical” dendrites. Yet this is not
necessarily abnormal, because basal dendrites have been
described in the granule cells located in the cell layer of
the same animals (see above).
Another surprise was the physiological activity that
the newly born granule cells demonstrated. Intracellular
recordings showed that many of the cells had epileptiform discharges that occurred spontaneously at a periodicity of approximately 0.5 to 0.05 Hz (Fig. 3). This is
completely abnormal for a granule cell, which, in the
normal brain, requires unusual conditions to discharge
spontaneously (such as exposure to increased extracellular potassium and GABA receptor antagonists, etc.).
Furthermore, simultaneous recordings showed that CA3
pyramidal cells were synchronized with the newly born
cells (Fig. 3). Synchrony was usually close, within several milliseconds. Therefore, it is possible that the newly
born cells became coupled to pyramidal cells, either by
synaptic or nonsynaptic mechanisms, either of which
would be far from normal (Fig. 3). Thus, although the
developmental program for membrane properties
appeared to proceed unimpeded, the connectivity that
developed was highly plastic.
Besides the dramatic plasticity evident in this form of
adult neurogenesis, it may have etiological significance
because similar types of abnormally developed clusters
of new cells could occur elsewhere. Given the small size
of these clusters of new cells, they could be missed by
current neuroimaging methods, and therefore may be
relevant to the epileptics with seizures of unclear origin.
Plasticity Induced by Seizures,
Trauma, or Ischemia
Importantly, many of the plastic changes that follow
seizures have also been reported after ischemia or
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Fig. 2. Newly born granule cells in the hilus after seizures. A, The dentate gyrus of a pilocarpine-treated rat after status epilepticus
and spontaneous recurrent seizures, stained using an antibody to the calcium binding protein calbindin D28K. There is a novel population of cells at the hilar/CA3 border that is not normally present. Many of these cells were double labeled with bromodeoxyuridine
(BrdU), a marker of cells undergoing cell division, following BrdU injection after pilocarpine-induced status epilepticus, which indicates
that these cells were born after seizures (Scharfman and others 2000). GCL = granule cell layer; HIL = hilus; PCL = pyramidal cell layer.
Calibration = 100 µm. B, A higher magnification of the region at the hilar/CA3 border in part A shows the calbindin-immunoreactive
cells at the CA3/hilar border (arrows). Calibration (in A) = 50 µm. C, An intracellularly labeled hilar neuron (arrow), recorded in a hippocampal slice from a pilocarpine-treated rat that had spontaneous seizures. This neuron had the morphology and electrophysiology
of a granule cell but was located in the hilus and oriented differently from normal granule cells, some of which were stained for comparison (asterisks). Calibration same as B. The end of the pyramidal cell layer is on the right. D, Mossy fiber “giant” boutons (arrow),
which distinguish granule cell axons from axons of other cell types, were located along the axons of the hilar/CA3 granule cells such
as those shown in part C. This piece of the mossy fiber had two giant boutons. Calibration (in A) = 25 µm.
From Scharfman and others (2000), with permission from the Society for Neuroscience.

injury/trauma, both in animal models and in humans
(Table 2). Indeed, some of the first studies of stimulusinduced changes in gene expression in granule cells followed hilar lesions (Gall 1993). Although by no means
are these situations (i.e., epilepsy, trauma, stroke) identical, this does raise the possibility that many of the
changes that follow seizures are due to damage that
occurs rather than the activity itself. One can also argue
conversely that the changes following trauma must be
considered with caution, because changes attributed to
them may be, at least in part, a function of altered
excitability, and possibly seizures, particularly seizures
without obvious behavioral signs.
Clearly there are a variety of types of damage that
occur after seizures, especially severe or prolonged
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seizures. In the dentate gyrus, cell loss is often observed
in the hilar region and area CA3c (the part of area CA3
that enters the dentate gyrus). Similar to rodent models
of epilepsy, human temporal lobe epileptics often exhibit hilar and pyramidal cell loss, with relative sparing of
the granule cell layer (“hippocampal sclerosis”; note that
in some cases, however, granule cell loss can also be
extensive). In both animal models and human epileptics,
there is often cell loss in other areas of the limbic system
(entorhinal cortex, piriform cortex, etc.). The implication for plasticity is that the mechanisms involved may
be indirect. That is, the seizure activity itself may not
directly lead to changes, but actually lead to damage or
cell death that is the real stimulus. Changes in glia, for
example, could be related to the death or damage to jux-
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Fig. 3. Functional implication of seizure-induced neurogenesis. A1, Simultaneous intracellular recordings from a granule cell (GC intra)
at the hilar/CA3 border and CA3 pyramidal cell layer extracellularly (CA3 extra) in a hippocampal slice from a pilocarpine-treated rat
with chronic seizures. For both 1 and 2, calibration for intracellular recordings, 25 mV; for extracellular recordings, 3 mV. A2, Same as
A.1, but the intracellular recording is from a pyramidal cell in CA3, illustrating the synchrony of granule cells at the hilar/CA3 border
with CA3 pyramidal cells. B: Top, Diagram of the normal mossy fiber pathway from granule cells to pyramidal cells. Area CA3 axons
that innervate other CA3 neurons are also illustrated. Bottom, Diagram of the potential new excitatory circuits after seizure-induced
neurogenesis and abnormal integration of newly born granule cells in the hilus with host circuitry. Granule cells located in the normal
location may innervate the new granule cells, and the axon collaterals of CA3 pyramidal cells, which normally innervate hilar neurons,
may also innervate the new cells.
Part A is from Scharfman and others (2000), with permission from the Society for Neuroscience.

taposed neurons rather than the presumed passive depolarization of most glia during a seizure.
Human Epileptics
Human studies of epileptics have filled the literature with
case studies of neural plasticity. Particularly if seizures
occur in childhood, the areas of the brain that are responsible for language, speech, and so on, can substantially
change position. Similar changes can occur after surgical removal of a part of the brain. Remarkably, some
individuals can resume normal function after large parts
of the brain are removed, even after hemispherectomy. It
is assumed that the brain reorganizes functionally, but
the manner in which this occurs, that is, the cellular and
molecular mechanisms, has not been well explained.
A well publicized example is a young concert violinist whose seizures interfered with her ability to perform
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in concert. The seizures appeared to originate from the
area believed to control her ability to play the violin.
However, surgery in this area did not block her ability to
perform, because her brain had evidently already adapted in such a way that the normal locations of, for example, the auditory area, were elsewhere. It is assumed that
the brain’s sensory function had already moved outside
the normal location because of damage to the normal
areas where these functions usually develop.
The actual area where seizures originate, the “focus,”
is often the area that is targeted for removal. Although
successful in many cases, sometimes the surgical
removal of one area is not enough to stop seizures,
because another area of the brain has developed the
capacity to trigger seizures, a phenomenon known as
“secondary epileptogenesis,” which is itself an extraordinary example of plasticity (Morrell and DeToledoMorrell 1999; Sutula 2001; Teyler and others 2001).
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Fig. 4. Activity-dependent changes in the dentate gyrus as a continuum. A diagram illustrates the concept of a continuum from plasticity induced by simple forms of neural activity, such as a single depolarization in a single cell, to the changes following seizures.
Physiological levels of activity are listed from top to bottom, in increasing order. The actual physiological events are described according to the number of neurons involved and extent of depolarization in the center column, as the “Activity level.” Examples of the types
of plastic changes associated with each level of activity are listed on the right as “Activity-induced changes,” some of which are not
completely clear (“?”). Set apart from the rest is the one major difference between seizures and lesser forms of activity, at least as currently understood, which are the changes that follow cell death or damage due to seizures (see text). EPSP = excitatory postsynaptic
potential; mEPSP = miniature EPSP; AP = action potential.

Thus, whereas some changes that occur in the brain after
seizures can be adaptive (functional reorganization), others are certainly not (secondary epileptogenesis).
Perspectives and Horizons
Recapitulating Development
General issues have evolved as a result of the numerous
demonstrations of seizure-induced or seizure-associated
changes in the brain. A common theme, particularly
strengthened after recent demonstrations of seizureinduced increases in dentate gyrus neurogenesis, is
whether the series of changes that occurs after seizures
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represents a recapitulation of development. Even without consideration of neurogenesis, there are many examples of seizure-induced changes that support the concept
that seizures induce a pattern of expression reminiscent
of the developing brain. For example, the increase in
growth factors and neurotrophins is robust. Increased
expression of molecules associated with synaptogenesis
also occurs. But even more persuasive are changes in
expression that are extremely different from the adult,
only observed in the immature state. One example is the
increased expression of the α6 subunit of the GABAA
receptor. Normally this subunit is expressed in granule
cells only during development, but in the pilocarpine

Plasticity in Epilepsy

Fig. 5. Schematic of interaction between BDNF and neurogenesis after an initial event that could contribute to consequent epileptogenesis. Potential interactions between three robust changes after seizures: increased neurogenesis of granule cells, increased BDNF
expression in granule cells, and increased NPY in granule cells. Both BDNF and NPY may have actions on both newly born cells and
“old” cells. Their effects on newly born cells would be likely given that both BDNF and NPY have effects on proliferation; BDNF may
also influence the survival of newly born cells because of its neuroprotective actions, and foster synaptogenesis of new/old cell circuits. Effects on old cells would be likely because both BDNF and NPY have been shown to influence synaptic transmission. Whereas
BDNF’s effects appear to primarily increase excitability, most of the effects of NPY appear to be “anticonvulsant.” Thus, the interplay
between newly born granule cells and increased expression of various modulators such as BDNF and NPY leads to a more complicated result than any one of these factors occurring alone.

model, granule cells begin to express this subunit
(Brooks-Kayal and others 1998).
Epilepsy at the End of a Continuum
of Activity-Dependent Change
Another important issue is whether the changes that are
observed after epilepsy are similar to those that have
been described to follow increased neural activity. Are
seizures merely at the end of a continuum that begins
with the influence of a single EPSP or action potential in
a single cell (Fig. 4)? If so, perhaps seizures merely
induce a greater change than a more modest period of
neural activity, rather than a different type of change
altogether. This is of interest mechanistically because of
the wealth of information on changes that follow brief
periods of neural activity, such as short- and long-term
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potentiation. Can the responses of granule cells to a
stimulus that produces LTP be generalized to responses
of granule cells to a limbic seizure? Certainly there are
some similarities; for example, immediate early gene
expression and neurotrophins are increased by both a
tetanus used to elicit LTP and seizures that involve the
dentate gyrus (Bramham and others 1996). In area CA1,
there does appear to be extensive similarities in some
postulated mechanisms of epileptogenesis and LTP
(Morris and others 2000). However, there is at least one
major difference between seizures, particularly severe
seizures, and lesser activity: there can be cell death and
damage that sets into motion a number of changes that
may never occur after limited neuronal activity (Fig. 4).
In summary, one could argue, in the context of plasticity, that seizures induce qualitatively similar changes as
lesser degrees of activity, differing perhaps only quanti-
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tatively, with the exception being seizure-associated
damage (Fig. 4). Whether mechanisms underlying LTP
and mechanisms underlying epileptogenesis are similar
remains a difficult question to answer (Baudry 1986;
McNamara 1993; Kullmann and others 2000).
Interaction of Seizure-Associated Changes
Some of the most interesting insights into epileptogenesis may come from the understanding of how the various
changes that occur after a seizure may interact. Figure 5
shows an example of the potential for changes to influence each other in the dentate gyrus. Specifically, Figure
5 considers the possible interaction between increased
neurogenesis and seizure-induced increases in the neurotrophin BDNF and NPY.
Initially, either a seizure or injury could lead to
increased neurogenesis and increased BDNF in granule
cells. This might be the initial precipitating event that
many have believed to be the beginning of epileptogenesis in TLE. Subsequently there has been description of
a “silent” period, both in animal models and clinically,
when little sign of seizures is apparent, after which
chronic seizures occur. It may be no coincidence that the
silent period in animal models is somewhat similar to the
latency for newly born granule cells to mature.
It is possible that the newly born cells in the dentate
gyrus interact with the increased production of BDNF in
the surrounding, adult granule cells. BDNF may facilitate the growth of these new cells, be neuroprotective, as
well as foster synaptogenesis. At the same time that
BDNF is facilitating the growth, development, and
synaptogenesis of newly born cells, it may also have profound influence on adult granule cells. For example,
BDNF could protect the mature cells from seizureinduced damage. Indeed, one could suggest that this is
one of the reasons why granule cells are so resistant to
insults that kill adjacent neurons. In addition, BDNF
would be likely to potentiate perforant path transmission
and/or mossy fiber transmission, because BDNF does so
in vivo and in vitro in normal tissue (Scharfman 1997;
Messaoudi and others 1998). Taken together, these
events could facilitate synchronized activity in the dentate gyrus and area CA3 (Fig. 5), although other effects
of BDNF, that is, on interneurons (Marty and others
1997), glia, and NPY (Croll and others 1994; Fig. 5),
could be anticonvulsant.
NPY is an important neuropeptide to consider in this
context because it has been known for some time that
seizures increase NPY expression in granule cells
(Lurton and Cavalheiro 1997; Vezzani and others
1999b), BDNF induces NPY (Croll and others 1994),
and NPY has generally anticonvulsant effects (Vezzani
and others 1999b). In addition, and particularly relevant
to neurogenesis after seizures, NPY has been shown
recently to enhance proliferation of olfactory cells
(Hansel and others 2001). Thus, perhaps NPY is yet
another player that modulates the development and survival of newly born granule cells after seizures (Fig. 5).
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Summary
Consideration of all the types of changes in the dentate gyrus following seizures will hopefully clarify the
disease process, that is, epileptogenesis. It may also lead
to better treatment strategies for epileptics that currently
are not well controlled with available anticonvulsants.
The ultimate goal is to determine which plastic changes
are adaptive and which are maladaptive, and to determine how one might foster the former and hinder the latter. Of course, this approach may be too simplistic given
that changes in a single protein can have multiple consequences, some good and some bad (Fig. 5). Clearly, to
clarify how our understanding of plasticity can be used
to better understand epilepsy, and vice versa, the collective expertise of neuroscientists, developmental/molecular biologists, and epilepsy researchers/clinicians will be
necessary.
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