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Traumatic brain injury (TBI) greatly increases the risk for a number of mental health problems

and is one of the most common causes of medically intractable epilepsy in humans.

Several models ofTBI have been developed to investigate the relationship between trauma,

seizures, and epilepsy-related changes in neural circuit function.These studies have shown

that the brain initiates immediate neuronal and glial responses following an injury, usually

leading to significant cell loss in areas of the injured brain. Over time, long-term changes

in the organization of neural circuits, particularly in neocortex and hippocampus, lead to

an imbalance between excitatory and inhibitory neurotransmission and increased risk for

spontaneous seizures.These include alterations to inhibitory interneurons and formation of

new, excessive recurrent excitatory synaptic connectivity. Here, we review in vivo models

of TBI as well as key cellular mechanisms of synaptic reorganization associated with post-

traumatic epilepsy (PTE). The potential role of inflammation and increased blood–brain

barrier permeability in the pathophysiology of PTE is also discussed. A better understanding

of mechanisms that promote the generation of epileptic activity versus those that promote

compensatory brain repair and functional recovery should aid development of successful

new therapies for PTE.

Keywords: epilepsy, epileptogenesis, neuroinflammation, pilocarpine, seizures, synapse, traumatic brain injury

INTRODUCTION

Post-traumatic epilepsy (PTE) is a common long-term conse-

quence of traumatic brain injury (TBI), for which there are few

effective therapies. More than one million people are presented

for medical care each year in the United States after sustaining

a head injury (Faul et al., 2010). While the incidence of epilepsy

in the general population is about 1–2% (Hauser and Hesdorf-

fer, 1990), the overall incidence of epilepsy is 7–39% after severe

closed-head injury and as high as 57% after penetrating injury

(Caveness et al., 1979; Salazar et al., 1985; Annegers et al., 1998;

Asikainen et al., 1999; Herman, 2002; Englander et al., 2003), and

approximately 20% of all acquired epilepsies are the result of

TBI (Hauser et al., 1991). Injury severity is generally considered

the major determining factor for developing a seizure disorder

after brain trauma (Annegers et al., 1998; Herman, 2002; Eng-

lander et al., 2003). Focal brain damage and cortical contusions

to the frontal, temporal, or parietal lobes are also important

risk factor for human PTE (D’Alessandro et al., 1982; Englan-

der et al., 2003). Several other risk factors have been identified,

many of which are associated with focal lesions: dural penetration,

depressed skull fracture, intraparenchymal hemorrhage, epidural

and/or subdural hematomas, reduced brain volume, prolonged

impaired consciousness, presence of injury-induced seizures, age

(young children and the elderly), and gender (male; Salazar et al.,

1985; Annegers et al., 1998; Asikainen et al., 1999; Englander et al.,

2003; Frey, 2003). PTE occurs as temporal lobe epilepsy (TLE) in

35–62% of trauma patients (Diaz-Arrastia et al., 2000; Hudak

et al., 2004).

Here, we review experimental animal models used in

PTE research, including the neurophysiological and structural

abnormalities believed to underlie the increased propensity of

the injured brain to generate spontaneous seizures. Emphasis

is placed on modifications of synaptic networks in the injured

dentate gyrus that are associated with post-traumatic epileptoge-

nesis. The hippocampus has long been recognized as an important

structure in epilepsy (Lothman et al., 1991). The dentate gyrus is

particularly susceptible to injury, often undergoes time-dependent

structural reorganization, is a widely used model system for altered

synaptic circuitry of cortical structures in epilepsy, and is one of

the brain regions that has been best characterized in terms of

changes in structure–function relationships after TBI (Dudek and

Spitz, 1997; Nadler, 2003; Dudek and Sutula, 2007; Sutula and

Dudek, 2007).

ANIMAL MODELS OF PTE

Most information about cellular mechanisms of epileptogenesis

has been derived from animal models. Although there is ongoing

debate over which experimental paradigms make for appropri-

ate models of PTE (Pitkänen and McIntosh, 2006; Dichter, 2009),

the presence of spontaneous burst discharges, preferably in the

form of spontaneous seizures in vivo, that develop following a

sudden, mechanical injury (i.e., TBI) seems to be necessary min-

imal criteria for a “post-traumatic epilepsy” model. The presence

of relatively high numbers of animals in which the behavioral,

anatomical, and physiological characteristics of epileptic pathol-

ogy in humans are reproduced, including short but distinct

latencies between initial injury and spontaneous seizure onset, also

has obvious advantages. Ideally, a model will effectively reproduce

the range of tissue deformation and damage observed in mild,

moderate, and severe TBI in a controllable way so that the dual
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pathology of cellular and molecular factors associated with injury

dynamics and epileptogenesis might be dissociated. Using these

selection criteria, many traditional experimental epilepsy mod-

els, such as pharmacologically induced status epilepticus, do not

qualify as models of PTE, because they do not induce sponta-

neous seizures by a mechanical insult. This is not to negate these

models, because they have provided valuable information about

cellular mechanisms of epileptogenesis. Rather, these criteria pro-

vide a more restrictive and specific basis for differentiating between

epileptogenesis mediated by a mechanically induced lesion versus

brain insults by other causes (e.g., pharmacological agents, elec-

trical stimulation, or models of neurodegenerative diseases). It is

important to make this distinction, because there are currently

few effective treatments for PTE (Temkin, 2009; discussed below).

Therefore, it is important to understand how the epileptogenic cel-

lular processes in experimental neurotrauma compare with human

PTE and other experimental epilepsy models (e.g., TLE induced

by status epilepticus).

FLUID PERCUSSION INJURY

The fluid percussion injury (FPI) model is one of the best char-

acterized in terms of epilepsy development after closed-head TBI

(Pitkänen and McIntosh, 2006). In this model, injury is delivered

through a craniotomy by rapid fluid injection, accomplished by

a hammer swung on a pendulum. The fluid pulse first strikes

the intact dura and then moves into the epidural space (Lif-

shitz, 2009). The height from which the pendulum hammer is

dropped determines the pressure of the fluid pulse transmitted

through a fluid-filled cylinder. This pressure can be used to esti-

mate injury severity. Injury severities that have been investigated

with regard to long-term changes in excitability can be catego-

rized into two groups: severe injuries, with fluid pressure typically

>3 atm; and moderate injuries, with impact forces of 2–2.2 atm.

Craniotomies can be applied to the midline to produce more dif-

fuse injuries or laterally to produce mixed focal and diffuse injury

(Lifshitz, 2009).

Several studies have reported electrographic seizures in rats

and more recently in mice after severe FPI (D’Ambrosio et al.,

2004, 2005, 2009; Kharatishvili et al., 2006; Bolkvadze and Pitkä-

nen, 2012). Susceptibility to pharmacologically induced seizures

is also increased after more moderate injuries, but clear evi-

dence for spontaneous seizures after moderate FPI has not been

demonstrated (Kharatishvili et al., 2007; Echegoyen et al., 2009;

Gurkoff et al., 2009). After severe lateral FPI, spontaneous seizures

are present in up to 50% of rats (Kharatishvili et al., 2006) and

3% of mice (Bolkvadze and Pitkänen, 2012) by 12 months post-

injury. Depth-electrode recordings have inferred that spontaneous

electrographic seizures involve hippocampal structures, and these

electrographic events are accompanied by obvious behavioral

abnormalities defined by a widely used Racine rating scale for

rodent seizures (Racine, 1979; Kharatishvili et al., 2006). However,

seizure frequencies are typically quite low and time to first seizure

is long in these animals, making it somewhat difficult to defini-

tively attribute cellular mechanisms that occur following an injury

to epileptogenesis.

In addition to lateral FPI, rats injured by rostral parasagittal

FPI develop seizure-like epileptiform activity and seizures that are

accompanied by more subtle changes in behavior (e.g., behav-

ioral arrest), but do not generally develop tonic–clonic convulsive

seizures (D’Ambrosio et al., 2004, 2005, 2009). Similar findings

were also reported for injuries to parietal and occipital cortices,

but fewer animals developed spontaneous epileptiform activity

(Curia et al., 2011). Originally, behavioral seizures in this model

were examined based on the traditionally used Racine rating

scale (Racine, 1979; D’Ambrosio et al., 2004), but later studies

developed a new seizure classification scale to describe the subtle

behavioral abnormalities associated with electrographic activity

in this model (D’Ambrosio et al., 2005, 2009). The authors rea-

soned that post-traumatic seizures after rostral parasagittal FPI

did not fit well with the Racine scale and proposed that electro-

graphic abnormalities with ≥2-s duration represent ictal events

(D’Ambrosio et al., 2009). These “epileptiform” events were also

observed in nearly 40% of sham-control rats by 21 weeks post-

injury (D’Ambrosio et al., 2005). It is unclear why control rats

also sometimes have epileptiform activity, but this may be due

to how a seizure is defined (D’Ambrosio et al., 2009). Thus,

it appears that the majority of electrographic abnormalities in

rats injured by rostral parasagittal FPI represent relatively brief

events that are associated with behavioral inactivity or crouch-

ing, compared to robust convulsive seizures observed after lateral

FPI, but they may not have been considered “seizure” activ-

ity in other PTE studies (Kharatishvili et al., 2006, 2007; Hunt

et al., 2009, 2010; Statler et al., 2009). Future studies that com-

bine long-term EEG monitoring with electromyogram (EMG)

and electro-oculogram (EOG) may be useful to better distin-

guish ictal activity from interictal events or benign variants of

normal electrographic patterns that can morphologically reflect

epileptiform activity but are not epileptic (Santoshkumar et al.,

2009).

WEIGHT DROP INJURY

The weight drop model, also referred to as an impact-acceleration

injury, has been examined as a model of closed-head post-

traumatic hyper-excitability (Golarai et al., 2001). Trauma is

delivered to the neocortex by dropping a large blunt weight

through a tube to impact the skull. Injury severity is managed by

adjusting the height at which the weight is dropped (Marmarou

et al., 2009). This injury produces large and extensive damage to

cortical and subcortical structures, including the dentate gyrus and

hippocampus in rats (Golarai et al., 2001). Seizures have not been

reported in this model. However, increased seizure susceptibility to

pentylenetetrazol (PTZ) is observed 15 weeks after injury (Golarai

et al., 2001). The lack of demonstrated spontaneous seizures after

weight drop is an obvious limiting factor in using this injury to

model PTE. Impact is delivered to the intact skull, not directly to

the brain via craniotomy as in FPI. This is sometimes considered a

limitation of the model, due to increased risk for skull fracture; and

injury dynamics after weight drop can depend somewhat on skull

thickness (Marmarou et al., 2009). On the other hand, this char-

acteristic might better reflect the range of variability expected in

human closed-head TBI, which is unlikely to occur by craniotomy.

However, by using gravitational forces to produce head injury,

there can also be a risk for secondary “rebound” injury. Weight

drop injury can also be difficult to perform on mice, limiting
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the use of transgenic animals and genetic manipulation with this

model (Marmarou et al., 2009).

CONTROLLED CORTICAL IMPACT INJURY

Controlled cortical impact (CCI) injury is a widely used experi-

mental model of closed-head injury that was recently identified as

a model of injury-induced epilepsy (Hunt et al., 2009). First devel-

oped by Lighthall (1988), this model often utilizes an electronically

controlled pneumatic impactor to apply a focal contusion injury to

the brain surface through a craniotomy (Dixon et al., 1991; Scheff

et al., 1997; Hall et al., 2005, 2008; Saatman et al., 2006; Dixon

and Kline, 2009). Injury severity is primarily managed by adjust-

ing the depth of tissue compression, but other external injury

parameters can also be controlled with precision (i.e., impact

depth and velocity, impactor shape and size, and number of cran-

iotomies). This model has unique advantages over weight drop

and FPI, because it allows for good control over biomechanical

parameters. This allows for a relatively consistent and reproducible

focal injury with minimized risk for inaccuracy or secondary

“rebound” injury. In addition, the CCI device can be scaled for

use in rodents or even large animals, such as sheep or non-human

primates.

Several laboratories have independently demonstrated the pres-

ence of spontaneous seizures in mice or rats after CCI. Early

seizures, within 24 h of injury, have been reported in rats (Nils-

son et al., 2004; Kochanek et al., 2006) and mice (Hunt et al.,

2009). Within weeks after CCI, spontaneous convulsive seizures

are present in up to 40% of mice after severe injuries (Hunt et al.,

2009, 2010) and 9–20% of mice after more moderate injuries

(Hunt et al., 2009, 2010; Bolkvadze and Pitkänen, 2012). CCI

injury has also been administered to immature rats, and a percent-

age of these animals develop spontaneous electrographic seizures

(Statler et al., 2009). Seizures after CCI are similar to spontaneous

behavioral and electrographic seizures that have been described

in rats after lateral FPI (Kharatishvili et al., 2006) and in mod-

els of TLE (Racine, 1979; Cronin and Dudek, 1988; Sloviter, 1992;

Buckmaster and Dudek, 1997a; Patrylo and Dudek, 1998; Williams

et al., 2009; Wuarin and Dudek, 2001; Shibley and Smith, 2002).

Although seizure frequency after CCI injury appears consider-

ably lower than in widely utilized chemoconvulsant TLE models,

spontaneous seizures after CCI injury occur with roughly similar

onset latency as pharmacologically induced TLE (Williams et al.,

2009 ; Shibley and Smith, 2002), which appears to be consider-

ably shorter than the seizure onset latency after severe lateral FPI

in rats (Kharatishvili et al., 2006). For example, previous stud-

ies have suggested that limbic involvement typically does not

evolve in rats until several months after FPI (D’Ambrosio et al.,

2004, 2005; Kharatishvili et al., 2006), but many mice after CCI

injury develop seizures and hippocampal pathology by 8 weeks

post-injury.

NEOCORTICAL UNDERCUT

This model of penetrating TBI involves partial isolation of

neocortical circuits by surgical undercut to reproduce the deaf-

ferentation and white matter damage caused by neocortical TBI

(Burns, 1951; Prince and Tseng, 1993). In vivo electrographic

epileptiform activity develops in intact regions of the neocortex

within hours after injury in cats (Topolnik et al., 2003), but clear

evidence for spontaneous electrographic seizures has not been

demonstrated.

BLAST INJURY

Recently, a new model of penetrating, ballistic-like TBI in rats

was developed to more closely recapitulate aspects of war-time

TBI (Lu et al., 2011). Injury is delivered to frontal cortex using

a computer-controlled hydraulic pressure generator to rapidly

inflate and deflate an elastic water balloon on a probe, which

creates a cortical cavity in the brain. Injury severity can be man-

aged by amount of inflation. In this model, up to 70% of animals

develop seizures 72 h after injury, and the frequency and the dura-

tion of epileptic events can be scaled according to injury severity.

However, it is unknown whether rats injured by ballistic-like TBI

develop long-term spontaneous seizures.

BASIC CELLULAR MECHANISMS OF NEUROTRAUMA

The term “epileptogenesis” refers to a transformation process by

which the normal brain develops an increased propensity for gen-

erating spontaneous seizures (Lothman et al., 1991). This process

typically involves structural alterations in neural circuitry – due

to progressive neuronal damage and “self-repair” mechanisms –

which develop through a latent period of variable time and cul-

minate with the emergence of spontaneous, recurrent, seizures

(Dudek and Spitz, 1997). That this process includes a latent period

of variable time suggests a progressive series of cellular changes

may be involved. As such, human post-traumatic seizures are

often classified according to the time of their presentation after

injury: immediate or impact-associated (<24 h after injury), early

(<1 week after injury), and late (>1 week after injury; Haltiner

et al., 1997; Frey, 2003; Agrawal et al., 2006). This classification

scheme is thought to represent different pathophysiological pro-

cesses (Semah et al., 1998; Agrawal et al., 2006). Understanding

the epileptogenic process after TBI should help to elucidate the

importance of these cellular mechanisms in PTE and promote new

therapeutic targets. Trauma sets into motion a multidimensional

cascade of cellular and molecular events that involve three tempo-

rally overlapping responses in the brain: primary and secondary

injuries and “self-repair” mechanisms (Mendelow and Crawford,

1997; Laurer et al., 2000; Graham et al., 2006; Figure 1). An

important goal of studies which investigate post-traumatic epilep-

togenesis is to dissociate injury-induced cellular alterations that

promote seizure generation from compensatory and “self-repair”

responses.

Primary injury refers to the immediate tissue deformation and

compression that occurs within seconds to minutes after mechan-

ical brain insult (Mendelow and Crawford, 1997; Laurer et al.,

2000; Graham et al., 2006). There is an immediate release of neu-

rotransmitters, glutamate in particular, which is followed by ion

channel activation and calcium influx. This can lead to excitotoxic

injury, reflected by mitochondrial damage and energy depletion,

neuronal and glial swelling, and cell death. Vascular damage and

blood–brain barrier (BBB) disruption can also occur in primary

injury. Cortical structures such as the hippocampus are espe-

cially vulnerable to neuronal damage after moderate and severe

TBI. Moreover, the presence of immediate or early seizures can
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FIGURE 1 | Progression of cellular events followingTBI. A series of cellular and molecular events occur following TBI that involve three temporally

overlapping responses in the brain: primary and secondary injuries and “self-repair” mechanisms.

further exacerbate initial damage and complicate injury man-

agement (Temkin, 2009). These seizures are considered to be

injury-induced (i.e., provoked) and are not epileptic, because they

occur as a direct result of neurologic and systemic abnormalities

of the acute trauma. Strategies to protect against primary injury

are typically aimed at taking preventive rather than therapeutic

measures (e.g., wearing protective headgear).

Secondary injury involves a myriad of cellular and physiolog-

ical factors associated with progressive tissue damage (Mendelow

and Crawford, 1997; Teasdale and Bannan, 1997; Laurer et al.,

2000; Graham et al., 2006). Over time, brain injury triggers inflam-

matory cascades, growth factor responses, edema, mitochondrial

dysfunction, oxidative stress due to the build-up of free radicals

and reactive oxygen species, delayed cell death, perturbation of cel-

lular calcium homeostasis, and hypoxia and ischemia. The brain

also initiates “self-repair” mechanisms over the course of days

to months concurrent with the development of secondary tissue

damage. This period is characterized by synaptic circuit remod-

eling, axon sprouting, synaptic plasticity, gliosis, neurogenesis,

and angiogenesis. The time-dependant reorganization of synap-

tic circuitry can promote increased synchronous neuronal activity

that contributes to functional recovery, but may also contribute

to spontaneous seizure generation. During this period, seizures

that occur spontaneously (i.e., late seizures) are considered to rep-

resent PTE because they reflect permanent changes in neuronal

structure and function. The primary goal of many neuroprotec-

tive measures is to prevent or reduce secondary brain damage and

to enhance beneficial “self-repair” mechanisms (Mendelow and

Crawford, 1997; Teasdale and Bannan, 1997; Graham et al., 2006).

However, repair mechanisms may not be universally beneficial, as

some of these same mechanisms (e.g., axon sprouting and synap-

tic reorganization) are also correlated with the development of

spontaneous seizures.

Genetics, gender, age, acute medical treatments, and the agent

of injury all likely influence the epileptogenic processes, but the

contribution of these personal traits and injury dynamics in

epilepsy have not been well established (Pitkänen and McIntosh,

2006). A better understanding of the importance of these factors

in post-traumatic epileptogenesis will likely elucidate why some

individuals develop PTE after TBI while others do not.

NEURAL CIRCUIT REORGANIZATION

The central dogma in epilepsy research has long been that

seizures occur due to some type of imbalance between excita-

tory and inhibitory neurotransmission (Dudek and Spitz, 1997;

McCormick and Contreras, 2001; Nadler, 2003). In humans and

animal models of injury-induced epilepsy, the presence of spon-

taneous seizures is strongly associated with axon sprouting and

reorganization of neural circuitry. Within this framework, most

experimental injury models show evidence that excitatory connec-

tivity is enhanced and inhibitory influences are decreased. These

changes often involve the presence of recurrent excitatory circuits,

which form when principal cells are sufficiently interconnected

and have long been proposed as a cellular basis for pathologically

synchronous neural activity and seizures (Traub and Wong, 1982;

Dudek and Spitz, 1997; McCormick and Contreras, 2001).

EXCITATORY CIRCUIT CHANGES

Several laboratories have independently demonstrated reactive

plasticity of glutamatergic axons and formation of new, recurrent
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excitatory circuits in TBI models (Santhakumar et al., 2000;

Kharatishvili et al., 2006, 2007; Hunt et al., 2009, 2012). The den-

tate gyrus has acted as a model system to study excitatory axon

sprouting associated with PTE because it is particularly suscepti-

ble to injury and subsequently undergoes structural reorganization

(Figure 2). Dentate granule cells, which are not normally con-

nected to each other, sprout axon collaterals into the inner

molecular layer to form functional recurrent excitatory connec-

tions with nearby granule cells during epileptogenesis (Cronin

and Dudek, 1988; Cronin et al., 1992; Wuarin and Dudek, 1996,

2001; Lynch and Sutula, 2000; Winokur et al., 2004), a process

termed “mossy fiber sprouting.” These dramatic changes in local

mossy fiber circuits are relatively easy to detect by Timm’s histo-

chemistry and are consistently reproduced in human tissue (de

Lanerolle et al., 1989; Sutula et al., 1989; Houser et al., 1990; Babb

et al., 1991; Zhang and Houser, 1999) and experimental mod-

els of TLE (Nadler et al., 1980; Ben-Ari, 1985; Tauck and Nadler,

1985; Cronin and Dudek, 1988; Buckmaster and Dudek, 1997b;

Buckmaster et al., 2002; Shibley and Smith, 2002). Mossy fiber

sprouting into the inner molecular layer of the dentate gyrus

is also a common feature of the epileptic dentate gyrus in TLE

patients with a history of head injury (Swartz et al., 2006), and

it has been consistently reported in animal models of TBI (San-

thakumar et al., 2000; Kharatishvili et al., 2006, 2007; Hunt et al.,

2009, 2012). Post-traumatic mossy fiber sprouting is generally

more robust after severe versus mild TBI and might be related to

whether cortical injury directly impinges upon the hippocampus

(Hunt et al., 2012). However, the degree of mossy fiber sprouting

after experimental TBI is qualitatively less than the robust,

bilateral sprouting observed after experimental status epilepti-

cus, and it is often more regionally localized to areas near the

injury.

These anatomical changes in mossy fiber circuits are associ-

ated with a functional alteration in neuronal circuitry of dentate

granule cells that may contribute to abnormal network synchro-

nization after TBI. Similar to rodent models of TLE (Cronin et al.,

1992; Wuarin and Dudek, 1996, 2001; Patrylo and Dudek, 1998;

Lynch and Sutula, 2000; Winokur et al., 2004), new functional

recurrent excitatory circuits emerge in the presence of mossy fiber

sprouting after TBI that are not detected in the normal dentate

gyrus (Hunt et al., 2009, 2010). When surgically isolated from

afferent input (i.e., entorhinal cortex), spontaneous and evoked

reverberating burst discharges, indicative of synchronous network

activation, have been observed by single-cell and extracellular field

potential recordings from granule cells in slices with mossy fiber

sprouting after TBI (Hunt et al., 2009, 2010). Studies using local-

ized glutamate stimulation have suggested monosynaptic granule

cell-to-granule cell connections in slices with mossy fiber sprout-

ing, which are absent in the normal dentate gyrus (Hunt et al.,

2010). These new excitatory connections among granule cells

are only present in brain slices with mossy fiber sprouting and

are not detected in slices without sprouting, even in the same

injured animal. Although recurrent excitatory circuits are nor-

mally masked by recurrent inhibitory circuits and can only be

revealed by experimentally altering the extracellular environment

to increase excitation, these new excitatory circuits have been

FIGURE 2 | Reorganization of neural circuitry in the dentate gyrus

after brain injury. (1) Within days after injury, there are fewer excitatory

mossy cells and inhibitory GABA neurons in the hilus. (2) Within weeks

after TBI, mossy fibers sprout axon collaterals into the inner molecular

layer and form new recurrent excitatory circuits among granule cells.

(3) Somatostatin-positive GABA neurons in the hilus that survive TBI receive

increased excitatory input from granule cells and CA3 pyramidal cells.

(4) These neurons also have increased axon length in the molecular layer in

acquired epilepsy models. Black arrows show direction of information flow

through the dentate gyrus. PV, parvalbumin; SST, somatostatin.
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proposed to form the basis from which synchronous network

activity can periodically arise in the dentate gyrus, particularly

if inhibition periodically fails. Therefore, mossy fiber sprouting

may provide a means for regional granule cell network synchro-

nization after TBI that may be “unmasked” if inhibitory control is

impaired (Patrylo and Dudek, 1998).

Other brain regions that are susceptible to injury, such as hip-

pocampus and neocortex also undergo synaptic reorganization

after TBI. For example, an increase in spontaneous and evoked

burst discharges has been detected in neocortex of rats within 2

weeks after severe CCI injury (Yang et al., 2010). Although it is not

known whether these changes are due to the formation of new

excitatory circuits in neocortex or enhanced intrinsic excitability

of existing circuits after injury, similar findings have been observed

at similar time points after neocortical undercut (recently reviewed

by Prince et al., 2012), which appear to be associated with an

increase in excitatory synapses onto pyramidal neurons. In CA1 of

hippocampus, pyramidal neurons show immediate deafferenta-

tion following CCI injury, possibly due to loss of CA3 neurons,

which is followed by a time-dependent increase in number of

synaptic contacts (Scheff et al., 2005) and fiber excitability (Nor-

ris and Scheff, 2009). Taken together, these findings suggest that

changes in functional excitability of other brain regions might also

contribute to seizure generation after TBI, independent of mossy

fiber sprouting.

INHIBITORY CIRCUIT CHANGES

GABAergic interneurons form robust local synaptic connections

with principal cells and play an important role in controlling cor-

tical activity. Two primary modes of GABAA receptor-mediated

inhibition have been identified: phasic (synaptic) and tonic

(extrasynaptic) inhibition (Farrant and Nusser, 2005; Glykys and

Mody, 2007; Figure 3). Phasic inhibition refers to the transient

activation of postsynaptic GABAA receptors at the synaptic junc-

tion following exposure to high concentrations of GABA released

from presynaptic vesicles. This form of synaptic communication

allows for rapid transmission of information from the presynaptic

terminal to the postsynaptic membrane in a spatially and tempo-

rally restricted manner. In whole-cell voltage-clamp recordings,

synaptic events can be easily identified as inhibitory postsynap-

tic currents (IPSCs). Small amounts of GABA escape the synaptic

cleft and activate high-affinity extrasynaptic GABAA receptors on

the same or adjacent neurons, an event termed “spillover.” Tonic

inhibition refers to the persistent activation of these extrasynap-

tic GABAA receptors by low concentrations of ambient GABA.

Phasic and tonic currents can be isolated by high concentra-

tions of GABAA receptor antagonists. In whole-cell voltage-clamp

recordings the tonic current is reflected by a shift in “holding”

current.

In the dentate gyrus, the loss of certain populations of hilar

interneurons is a common histopathological feature in human

PTE (Swartz et al., 2006), and several labs have reported a loss

in the number of inhibitory interneurons after experimental TBI

(Lowenstein et al., 1992; Toth et al., 1997; Santhakumar et al., 2000;

Grady et al., 2003; Hall et al., 2005). Although it is unclear whether

subtypes of hilar neurons are preferentially lost after TBI, as is

often observed in TLE, inhibitory hilar neuron loss ipsilateral

to the site of injury is typically associated with a reduction in

synaptic inhibition of granule cells (Hunt et al., 2011; Pavlov et al.,

2011; Gupta et al., 2012). In contrast, whether there are changes in

tonic inhibition after TBI remain unresolved. One study reported

an increase in tonic current amplitude in dentate granule cells

FIGURE 3 | Phasic and tonic GABAA receptor activation. (A) Synaptic

receptors (orange) are located on the postsynaptic membrane just beneath

presynaptic release sites, whereas extrasynaptic receptors (purple) are

located away from the synaptic junction. (B) Phasic (synaptic) IPSCs are rapid

events. Three individual IPSCs are shown in a whole-cell voltage-clamp

recording obtained from a dentate granule cell. (C) The tonic (extrasynaptic)

current in this granule cell is revealed as a baseline shift after application of

the GABAA receptor antagonist bicuculline methiodide (BMI; 100 µM).
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contralateral to severe CCI injury (Mtchedlishvili et al., 2010),

whereas other studies reported no change in tonic current ampli-

tude to granule cells (Pavlov et al., 2011) or a marked decrease

in tonic inhibition in semilunar granule cells (Gupta et al., 2012)

ipsilateral to moderate FPI. Recent evidence has also shown that

there are changes in the expression of GABAA receptor subunit lev-

els after CCI injury (Mtchedlishvili et al., 2010; Gupta et al., 2012;

Raible et al., 2012), which might also affect inhibitory influences

after TBI.

Beyond the presence of substantial interneuron loss and a sub-

sequent reduction in synaptic inhibition of granule cells after

TBI, relatively little is known about how individual interneuron

subpopulations are affected by mechanical trauma. In a recent

study, we reported an increase in excitatory input to hilar somato-

statin interneurons arising from granule cells and CA3 pyramidal

neurons after CCI injury, suggesting that reactive plasticity of glu-

tamatergic axons is not limited to connections among principal

neurons (Hunt et al., 2011). These changes were accompanied by

an increase in the decay time constant of spontaneous inhibitory

synaptic events in granule cells, which is consistent with increased

activity or axon sprouting of this dendritically projecting GABA

neuron population after injury. Similar changes have also been

reported in a model of status epilepticus (Zhang et al., 2009; Hal-

abisky et al., 2010). However, whether this phenomenon represents

a compensatory response to boost feedback inhibition in the den-

tate gyrus, which is compromised by injury, or a pathological

response that contributes to seizures (e.g., by a periodic failure

of already fragile inhibitory circuits or increased risk for GABA-

mediated depolarization in distal dendrites) is unknown. It is

also not known how other populations of inhibitory neurons are

affected by TBI. Given the relatively large number of ways in which

inhibitory circuits can be modified by head injury and the impor-

tant role of inhibitory neurons in restraining excessive cortical

excitability (Chagnac-Amitai and Connors, 1989; Trevelyan et al.,

2007; Schevon et al., 2012), future studies aimed at understand-

ing how inhibition is modified after closed-head TBI, including

in brain regions outside of the dentate gyrus, should remain an

active area of investigation.

BRAIN INFLAMMATION AND BLOOD–BRAIN BARRIER

DYSFUNCTION AFTER TBI

While the immune system provides crucial protection against

infected or damaged tissue, accumulating evidence points to an

involvement of inflammation in the pathophysiology of epilepsy.

Heightened or abnormal innate immune responses are noted

in individuals with epilepsy, in animal models of this disease,

as well as with pro-epileptic insults such as infection, trauma,

ischemia/hypoxia, fever, and recurrent seizures (Nelson and Ellen-

berg, 1976; Pacifici et al., 1995; Carpio et al., 1998; Crespel et al.,

2002; Kotila and Waltimo, 2005; Choi and Koh, 2008; Vezzani et al.,

2013; Dedeurwaerdere et al., 2012). Importantly, many innate

immune processes play significant roles in cell excitability and

survival during inflammation, which have the potential to pro-

mote network hyper-excitability (Hama et al., 1991; Yamada and

Hatanaka, 1994; Schäfers and Sorkin, 2008; Vezzani et al., 2008).

Experimental models of epilepsy that do not involve head injury

(non-PTE models) have described several inflammatory pathways

that contribute to seizure susceptibility (Dedeurwaerdere et al.,

2012). Despite these indications, surprisingly very few basic

studies have studied the role of the immune system in experi-

mental PTE even though inflammation and BBB breakdown are

hallmark features of head injury (Schmidt et al., 2005; Werner

and Engelhard, 2007). The causal role of inflammation in PTE

development can, at least in part, be assessed by systematic exper-

imental manipulation of individual components of inflammation

in animal models. An important consideration in these studies

is to discriminate between acute effects of seizure threshold (i.e.,

anti-convulsant effects) and long-term development of sponta-

neous seizures (i.e., epileptogenesis), because these processes may

have different mechanisms and inflammation may contribute to

them in different ways. This section attempts to highlight the

need to examine the role of inflammation in epileptogenesis as

presently there a very few studies that do so using PTE or non-PTE

models.

Work in brain trauma has extensively characterized patterns of

immune responses following TBI (detailed review in Morganti-

Kossmann et al., 2001; Lucas et al., 2006). Head trauma initially

triggers inflammation by a variety of factors including direct

damage to the BBB as well as an accumulation of foreign par-

ticles, extravasated blood proteins, cellular debris, complement

fragments, prostaglandins, and both reactive oxygen and nitro-

gen species within the brain (Dardiotis et al., 2012). The resulting

inflammatory cascade involves the coordinated activity of resi-

dent central nervous system (CNS) immune and non-immune

cells, circulating immune cells, and transport mechanisms across

the BBB. Neurons, astrocytes, and particularly microglia located

proximal to the site of injury rapidly respond to trauma with

pro-inflammatory signals including chemokines, cytokines, and

tissue adhesion molecules (Ransohoff, 2002). The release of these

inflammatory mediators supports the further recruitment, migra-

tion, and infiltration of leukocytes into the brain parenchyma.

The invasion of leukocytes (chiefly neutrophils, monocytes, and

lymphocytes) results in further disruption of homeostasis and

secretion of pro-inflammatory signals within acutely spared brain

regions resulting in a potent inflammatory response to these sites

(Morganti-Kossmann et al., 2001). Additional increases in BBB

permeability magnify levels of inflammatory units and blood

proteins entering brain tissue (Dardiotis et al., 2012).

In the context of epilepsy, an important feature of inflammation

is its contribution to ongoing cell death after trauma. In addition

to cell loss by excitotoxicity, ischemia, and disruptions in fluid and

metabolic homeostasis, inflammatory cytokines enhance signaling

components of apoptosis (Morganti-Kossmann et al., 2001). Pro-

teases and free radicals released during inflammation support lipid

and protein peroxidation, mitochondrial damage, DNA damage,

as well as further induction of apoptotic mechanisms (Tyurin et al.,

2000). Conversely, many immune components provide a neuro-

protective effect following trauma. The mechanisms underlying

these neuroprotective effects are not fully characterized, how-

ever inflammatory components can provide neurotrophic support

by increasing growth factors, reducing oxidative stress, or via

anti-inflammatory signaling (Morganti-Kossmann et al., 2001).

Understanding the role that individual inflammatory components

serve in post-traumatic cell loss will likely help determine how

Frontiers in Cellular Neuroscience www.frontiersin.org June 2013 | Volume 7 | Article 89 | 7

http://www.frontiersin.org/Cellular_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Hunt et al. Epileptogenesis and neuroplasticity after TBI

they affect PTE development. Components of inflammation also

affect cell excitability within the CNS in addition to their effects

on cell survival. For example, inflammatory cytokines modulate

neurotransmitter levels (Zalcman et al., 1994; Dunn, 2006), com-

munication between neurons and glia (Hanisch, 2002), GABAA

receptor-mediated responses (Miller et al., 1991), and calcium

currents (Plata-Salamán and Ffrench-Mullen, 1992; Qiu et al.,

1998). Chemokines also affect neuronal excitability by modu-

lation of voltage-dependent channels (sodium, potassium, and

calcium), activation of an inward rectifying potassium conduc-

tance and increasing the release of neurotransmitters including

GABA, glutamate, and dopamine (Fabene et al., 2010). The effects

of inflammation on cell loss and cell excitability may serve a role in

the development of network hyper-excitability and epileptogenesis

following TBI.

There are several challenges to understanding the overall

contribution of inflammatory pathways to PTE. Individual com-

ponents of inflammation typically affect many processes; they

are pleiotropic, and are integrative such that one process can

affect many others via forward and backward regulatory pathways.

For example, treatment with antibodies against interleukin (IL)-

6 results in elevated serum levels of tumor necrosis factor alpha

(TNF-α) whereas treatment with antibodies against TNF-α results

in decreased serum levels of IL-6 (Starnes et al., 1990). Individual

inflammatory components also have different temporal expres-

sion patterns following head injury (for review, see Korn et al.,

2005; Lucas et al., 2006). There is also a complex spatial patterning

of post-traumatic inflammation where expression may be specific

to cell-type or brain region and may be different between periph-

eral and central tissues (Morganti-Kossmann et al., 2001; Schmidt

et al., 2005; Ravizza and Vezzani, 2006). For example, transgenic

mice that over-express IL-6 under a glial fibrillary acidic protein

(GFAP) promoter (i.e., to reflect astrocytic production of IL-6)

exhibit spontaneous seizures, neuronal loss, neural dysfunction,

and breakdown of the BBB (Campbell et al., 1993). In contrast,

mice that over-express this same cytokine under a neuron-specific

enolase (NSE) promoter display no neuronal damage or seizures

(Fattori et al., 1995). All of these characteristics depend on the

type of immune component, unique biomechanics of the TBI, as

well as the specific traits of the injured individual (Rovegno et al.,

2011). As studies continue to document these pathways in TBI it is

becoming increasing important to ascertain more specific profiles

of individual inflammatory components that include their spatial

and temporal patterning as well as their net effect on cell loss and

cell excitability.

The PTE field can be guided by reports that characterize or

manipulate immune processes in non-PTE models and models of

trauma. To date, many links between innate immunity and seizure

expression in non-PTE models have been made studying cytokine

signaling (Dedeurwaerdere et al., 2012). Cytokines are a diverse

family of glycoproteins that are secreted by glia, neurons, leuko-

cytes, endothelial and epithelial cells in response to stress, immune

challenge, and injury (Ransohoff, 2002). Cytokine signaling occurs

at receptors found on a variety of cells throughout the body via

transcription-dependent and transcription-independent mecha-

nisms (Bezbradica and Medzhitov, 2009). Cytokines are often

characterized as either pro-inflammatory (e.g., IL-1β, IL-6, and

TNF-α) or anti-inflammatory, with the latter exerting their effects

by reducing expression of pro-inflammatory cytokines (e.g., IL-

4, IL-10, and IL-13; Kadhim et al., 2008). While basal cytokine

expression is low, these signals are highly elevated in the acute

phase of TBI (Ransohoff, 2002). Transgenic glial over-expression

of IL-6 (Campbell et al., 1993) or TNF-α (Akassoglou et al., 1997)

results in spontaneous seizures and neurodegeneration including

a loss of GABAergic cells in cortical and hippocampal structures.

IL-6 delivered to naïve animals intranasally increases their seizure

susceptibility to the convulsant PTZ (Kalueff et al., 2004). Brain

administration of IL-1β increases the duration of seizures induced

acutely by kainic acid, whereas administration of the IL-1 recep-

tor antagonist (IL-1ra) provides anti-convulsant effects (Vezzani

et al., 2000). Mice with transgenic glial over-expression of IL-1ra

or IL-1 receptor type 1 knock-out mice exhibit reduced suscepti-

bility to convulsant-induced seizures (Vezzani et al., 2000, 2002).

The prostaglandin receptor EP2 has recently been targeted using

novel inhibitors because of its role in diverse cytokine signaling

and neurotoxicity (Jiang et al., 2012). Inhibition of prostaglandin

receptor EP2 reduces cytokine expression, markers of astroglio-

sis and microgliosis, mortality, hippocampal neurodegeneration,

and BBB leakage in pilocarpine-treated mice in the absence of

acute anticonvulsant effects (Jiang et al., 2012, 2013). These results,

particularly the long-term development of spontaneous seizures

observed with over-expression of IL-6 and TNF-α indicate a role

for cytokines in epileptogenesis that needs to be assessed in models

of PTE.

Increases in BBB permeability and tissue adhesion molecules

may also reduce seizure threshold or have pro-epileptogenic effects

(Quadbeck and Helmchen, 1958; Kasantikul et al., 1983; reviewed

in Shlosberg et al., 2010; Kim et al., 2012). The BBB’s constituent

components: endothelial cells, pericytes, and astrocytic end-feet

work in concert to homeostatically regulate the flow of molecules

and cells between the vasculature and brain parenchyma (Wol-

burg and Lippoldt, 2002). The resulting “neurovascular unit” that

arises from these structures in combination with local neurons

is drastically altered by primary and secondary damage follow-

ing TBI (Korn et al., 2005). While a positive correlation between

BBB permeability and recurrent seizures has been observed fol-

lowing electrically induced status epilepticus (van Vliet et al.,

2007), the relationship between seizures and BBB permeabil-

ity remains complex (Cornford and Oldendorf, 1986; Janigro,

1999; Tomkins et al., 2001; Pavlovsky et al., 2005). Increased BBB

permeability allows entry of inflammatory cells/molecules into

the brain, while in parallel, inflammatory signaling from sites

within the brain can also promote BBB permeability (Abbott,

2000; Huber et al., 2001; Marchi et al., 2007; Zlokovic, 2008).

Thus, secondary phases of increased BBB permeability and inflam-

mation can occur in response to immune signaling and these

secondary phases may play a role in post-traumatic epileptogenesis

(Korn et al., 2005).

Emerging work using animal models has further characterized

how BBB permeability is altered in pathological conditions and

how individual infiltrates within the extracellular space affect local

cell survival and excitability (Seiffert et al., 2004; Ivens et al., 2007;

Fabene et al., 2008; Tomkins et al., 2008). Repeated administra-

tions of a granulocyte-specific antibody to reduce populations
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of neutrophils produce anti-convulsant and anti-epileptogenic

effects in pilocarpine mice (Fabene et al., 2008). Brain slices from

animals given experimental disruption of the BBB using bile

salts exhibit epileptiform activity (Seiffert et al., 2004). These bile

salts result in an extravasation of serum albumin into the brain

and this epileptiform activity is similarly observed in slices from

animals given direct cortical application of serum albumin (Seif-

fert et al., 2004). The mechanistic link between extravasation of

serum albumin into the brain and epileptiform activity is sug-

gested to be a transforming growth factor beta (TGF-β)-dependent

down-regulation of an inwardly rectifying K+ current in astro-

cytes that reduces their ability to buffer extracellular K+ (Ivens

et al., 2007; Cacheaux et al., 2009; David et al., 2009). Administra-

tion of rapamycin (van Vliet et al., 2012) or an antagonist of the

prostaglandin receptor EP2 (Jiang et al., 2013) are both associated

with reduced BBB leakage. Administration of IL-1β or transgenic

over-expression of TNF-α result in increased BBB permeability

(Akassoglou et al., 1997; Ferrari et al., 2004; Ravizza et al., 2008).

There is also growing interest in understanding how adhesion

molecules that support transport across the BBB may contribute

to, as opposed to result from, epileptic pathologies (Dedeur-

waerdere et al., 2012). Pilocarpine-induced seizures increase levels

of vascular cell adhesion molecules (VCAMs) including intercel-

lular adhesion molecule-1 (ICAM-1), VCAM-1 and P-selectin

glycoprotein ligand-1 (PSGL-1) and these increases enhance

leukocyte adhesion to CNS vessels in vivo (Fabene et al., 2008).

Exogenous delivery of antibodies for either α4 integrin or VCAM-1

delivered 1 h after pilocarpine treatment, and repeated (every other

day for 20 days), greatly reduces spontaneous seizure expression

(Fabene et al., 2008). Interestingly, magnetic resonance imaging

of individuals with TBI identifies increased BBB permeability in

the majority of cases involving PTE and this enhanced permeabil-

ity is sustained from days to years post-injury in some individuals

(Tomkins et al., 2008). These findings suggest that BBB permeabil-

ity may be a common feature of inflammation-dependent changes

in seizure threshold and/or epileptogenesis. The long-term sup-

pression of spontaneous seizures in pilocarpine-treated mice by

in vivo treatment with antibodies against α4 integrin, VCAM-1,

or granulocytes indicates several important potential targets to

treat PTE.

Chemokines (also known as chemoattractant cytokines) may

also contribute to the development of epilepsy. Chemokines are

chemotactic proteins that are characterized by the relative loca-

tion of their cysteine (Cys) residues within the NH2 terminal

of each protein. Chemokines are classified as CC, CXC, CX3C,

and XC where CC refers to both Cys residues adjacent to one

another, CXC refers to both Cys residues separated by one amino

acid, CX3C refers to both Cys residues separated by three amino

acids and XC has only one Cys residue (Moser et al., 2004).

There is also a lipopolysaccharide inducible CC chemokine recep-

tor termed L-CCR (Shimada et al., 1998). The central role of

chemokines is to direct cell migration including migration of

leukocytes during brain inflammation (Ley et al., 2007). Impor-

tantly, individual (or classes) of chemokines are known to affect

specific types of leukocytes (Moser et al., 2004). Many chemokines

are increased after head trauma including CCL3, CCL9, CCL12,

CCL10, and CCL2 (also known as monocyte chemoattractant

protein MCP-1; Israelsson et al., 2008). Unfortunately few, if

any, studies have selectively targeted chemokines to characterize

their role in PTE. CCL2 is up-regulated following pilocarpine or

kainate induced SE (Fabene et al., 2010). CCL3 and CCL4 are

increased in amygdala stimulation induced SE (Guzik-Kornacka

et al., 2011). Administration of the small molecule Minozac

results in reductions in CCL2, IL-1β, IL-6, and TNF-α; behav-

ioral improvement; and attenuates the increased susceptibility

to electroconvulsive shock-induced seizures after experimental

closed-head injury (Lloyd et al., 2008; Chraszcz et al., 2010). These

results indicate a potential neuroprotective or neurorestorative

role for suppressors of chemokines, cytokines, or other pro-

inflammatory responses (Lloyd et al., 2008). Targeted approaches

are needed to assess the contribution of individual chemokines to

epileptogenesis in models of PTE. Identification of a role for indi-

vidual chemokines can provide clues as to what types of infiltrating

leukocytes are pro-epileptogenic based on established relation-

ships between individual chemokines and their target immune

cells.

Collectively, a number of studies suggest that inflammation

may contribute to the development of PTE. Inflammation or

other immune changes are shared features of many seizure dis-

orders and these changes often precede the manifestation of

behavioral seizures (i.e., during the latent period; Majores et al.,

2004; Ravizza et al., 2008). An emerging concept is that seizures

themselves can result in brain inflammation, thereby raising the

possibility of a reciprocal relationship between inflammation and

seizures that may support or maintain epilepsy (Librizzi et al.,

2012). Inflammation affects cell excitability and cell survival and

there is some evidence that these effects can promote network

hyper-excitability (Miller et al., 1991; Plata-Salamán and Ffrench-

Mullen, 1992; Zalcman et al., 1994; Qiu et al., 1998; Ravizza

and Vezzani, 2006). There is also a growing need to distinguish

immune effects on seizure mechanisms from immune effects on

recovery and compensation as there is at least some evidence

that individual inflammatory components affect both processes

(Morganti-Kossmann et al., 2001). For example, in addition to

TNF-α’s pro-excitatory and pro-epileptic effects, this inflamma-

tory cytokine serves a neuroprotective role, since mice lacking

TNF-α show enhanced lesion size and BBB breakdown follow-

ing CCI (Sullivan et al., 1999). The pleiotropic and integrative

nature of inflammatory components will offer some difficulties in

this type of pathway-specific targeting. Nonetheless, this pathway-

specific approach needs to be further extended in models of PTE

and other forms of epilepsy to characterize how individual compo-

nents of inflammation affect epileptogenesis. While there are clear

challenges in identifying the role of inflammatory processes in the

pathophysiology of PTE, the possibility to reduce or block the

development of epilepsy after TBI provides great encouragement

for work in this area.

SUMMARY

The development of medically intractable epilepsy is one of the

most common long-term health problems associated with head

injury in humans. Recent work using animal models of TBI has

shown substantial evidence for the formation of new, excessive

recurrent excitatory synaptic connectivity and alterations to
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inhibitory interneurons in this disorder, although these studies

have primarily focused on the dentate gyrus and other regions of

the injured brain should be investigated in more detail. However,

there are a number of important aspects of post-traumatic epilep-

togenesis that are not fully understood. For example, there is a

need for a more complete profile of how individual components of

inflammation and BBB permeability contribute to post-traumatic

epileptogenesis. Thus, much progress has been made in modeling

epilepsy in rodents after mechanical injury and basic mecha-

nisms of neural circuit reorganization associated with epilepsy

have been identified in these models, but new developments in

this field should continue to identify precise cellular or molecular

mechanisms that control the development of epilepsy after head

injury.

ACKNOWLEDGMENTS

Supported by Department of Defense (USAMRMC) Grant

W81XWH-11-1-0502 (to Bret N. Smith) and a Fellowship from

the American Epilepsy Society and Lennox and Lombroso Trust

for Epilepsy Research and Training (Jeffery A. Boychuk).

REFERENCES
Abbott, N. J. (2000). Inflammatory

mediators and modulation of blood–

brain barrier permeability. Cell.

Mol. Neurobiol. 20, 131–147. doi:

10.1023/A:1007074420772

Agrawal, A., Timothy, J., Pandit, L., and

Manju, M. (2006). Post-traumatic

epilepsy: an overview. Clin. Neu-

rol. Neurosurg. 108, 433–439. doi:

10.1016/j.clineuro.2005.09.001

Akassoglou, K., Probert, L., Kontoge-

orgos, G., and Kollias, G. (1997).

Astrocyte-specific but not neuron-

specific transmembrane TNF trig-

gers inflammation and degeneration

in the central nervous system of

transgenic mice. J. Immunol. 158,

438–445.

Annegers, J. F., Hauser, A., Coan,

S. P., and Rocca, W. P. (1998). A

population-based study of seizures

and traumatic brain injuries. N. Eng.

J. Med. 338, 20–24. doi: 10.1056/

NEJM199801013380104

Asikainen, I., Kaste, M., and Sarna, S.

(1999). Early and late posttraumatic

seizures in traumatic brain injury

rehabilitation patients: brain injury

factors causing late seizures and influ-

ence of seizures on long-term out-

come. Epilepsia 40, 584–589. doi:

10.1111/j.1528-1157.1999.tb05560.x

Babb, T. L., Kupfer, W. R., Pretorius, J.

K., Crandall, P. H., and Levesque, M.

F. (1991). Synaptic reorganization by

mossy fibers in human epileptic fascia

dentata. Neuroscience 42, 351–363.

doi: 10.1016/0306-4522(91)90380-7

Ben-Ari, Y. (1985). Limbic seizure

and brain damage produced by

kainic acid: mechanisms and rel-

evance to human temporal lobe

epilepsy. Neuroscience 14, 375–403.

doi: 10.1016/0306-4522(85)90299-4

Bezbradica, J. S., and Medzhitov, R.

(2009). Integration of cytokine and

heterologous receptor signaling path-

ways. Nat. Immunol. 10, 333–339.

doi: 10.1038/ni.1713

Bolkvadze, T., and Pitkänen, A. (2012).

Development of post-traumatic

epilepsy after controlled cortical

impact and lateral fluid-percussion-

induced brain injury in the mouse.

J. Neurotrauma 29, 789–812. doi:

10.1089/neu.2011.1954

Buckmaster, P. S., and Dudek, F. E.

(1997a). Network properties of the

dentate gyrus in epileptic rats with

hilar neuron loss and granule cell

axon reorganization. J. Neurophysiol.

77, 2685–2596.

Buckmaster, P. S., and Dudek, F.

E. (1997b). Neuron loss, gran-

ule cell axon reorganization, and

functional changes in the dentate

gyrus of epileptic kaintate treated

rats. J. Comp. Neurol. 385, 385–

404. doi: 10.1002/(SICI)1096-9861

(19970901)385:3

Buckmaster, P. S., Yamawaki, R., and

Zhang, G. F. (2002). Axon arbors

and synaptic connections of a vul-

nerable population of interneurons

in the dentate gyrus in vivo. J.

Comp. Neurol. 445, 360–373. doi:

10.1002/cne.10183

Burns, B. D. (1951). Some proper-

ties of isolated cerebral cortex in the

unanesthetized cat. J. Physiol. 112,

156–175.

Cacheaux, L. P., Ivens, S., David,

Y., Lakhter, A. J., Bar-Klein,

G., Shapira, M., et al. (2009).

Transcriptome profiling reveals

TGF-beta signaling involvement

in epileptogenesis. J. Neurosci.

29, 8927–8935. doi: 10.1523/

JNEUROSCI.0430-09.2009

Campbell, I. L., Abraham, C. R.,

Masliah, E., Kemper, P., Inglis,

J. D., Oldstone, M. B., et al.

(1993). Neurologic disease induced

in transgenic mice by cerebral

overexpression of interleukin 6.

Proc. Natl. Acad. Sci. U.S.A. 90,

10061–10065. doi: 10.1073/pnas.90.

21.10061

Carpio, A., Escobar, A., and Hauser,

W. A. (1998). Cysticercosis and

epilepsy: a critical review. Epilepsia

39, 1025–1040. doi: 10.1111/j.1528-

1157.1998.tb01287.x

Caveness, W. F., Meirowski, A. M., Rish,

B. L., Mohr, J. P., Kistler, J. P., Dillon, J.

D., et al. (1979). The nature of post-

traumatic epilepsy. J. Neurosurg. 50,

545–553. doi: 10.3171/jns.1979.50.

5.0545

Chagnac-Amitai, Y., and Connors, B.

W. (1989). Horizontal spread of syn-

chronized activity in neocortex and

its control by GABA-mediated inhi-

bition. J. Neurophysiol. 61, 747–758.

Choi, J., and Koh, S. (2008). Role of

brain inflammation in epileptogen-

esis. Yonsei Med. J. 49, 1–18. doi:

10.3349/ymj.2008.49.1.1

Chraszcz, M., Venkatesan, C., Dragisic,

T., Watterson, D. M., and Wainwright,

M. S. (2010). Minozac treatment

prevents increased seizure suscepti-

bility in a mouse “two-hit” model of

closed skull traumatic brain injury

and electroconvulsive shock-induced

seizures. J. Neurotrauma 27, 1283–

1295. doi: 10.1089/neu.2009.1227

Cornford, E. M., and Oldendorf, W. H.

(1986). Epilepsy and the blood–brain

barrier. Adv. Neurol. 44, 787–812. doi:

10.1111/j.1528-1167.2006.00817.x

Crespel, A., Coubes, P., Rousset, M.

C., Brana, C., Rougier, A., Rondouin,

G., et al. (2002). Inflammatory reac-

tions in human medial temporal lobe

epilepsy with hippocampal sclero-

sis. Brain Res. 952,159–169. doi:

10.1016/S0006-8993(02)03050-0

Cronin, J., and Dudek, F. E.

(1988). Chronic seizures and col-

lateral sprouting of dentate mossy

fibers after kainic acid treatment in

rats. Brain Res. 474, 181–184. doi:

10.1016/0006-8993(88)90681-6

Cronin, J., Obenaus, A., Houser, C.

R., and Dudek, F. E. (1992). Elec-

trophysiology of dentate granule cells

after kainate-induced synaptic reor-

ganization of the mossy fibers. Brain

Res. 573, 305–310. doi: 10.1016/0006-

8993(92)90777-7

Curia, G., Levitt, M., Fender, S. J., Miller,

W. J., Ojemann, J., and D’Ambrosio,

R. (2011). Impact of injury loca-

tion and severity on posttraumatic

epilepsy in the rat: role of frontal neo-

cortex. Cereb. Cortex 21, 1574–1592.

doi: 10.1093/cercor/bhq218

D’Alessandro, R., Tinuper, P., Ferrara,

R., Cortelli, P., Pazzaglia, P., Sabattini,

L., et al. (1982). CT scan prediction of

late post-traumatic epilepsy. J. Neu-

rol. Neurosurg. Psychiatry 45, 1153–

1155. doi: 10.1136/jnnp.45.12.1153

D’Ambrosio, R., Fairbanks, J. P., Fender,

J. S., Born, D. E., Doyle, D. L., and

Miller, J. W. (2004). Post-traumatic

epilepsy following fluid percussion

injury in the rat. Brain 127, 304–314.

doi: 10.1093/brain/awh038

D’Ambrosio, R., Fender, J. S., Fairbanks,

J. P., Simon, E. A., Born, D. E., Doyle,

D. L., et al. (2005). Progression from

frontal-parietal to mesial-temporal

epilepsy after fluid percussion injury

in the rat. Brain 128, 174–188. doi:

10.1093/brain/awh337

D’Ambrosio, R., Hakimian, S., Stewart,

T., Verley, D. R., Fender, J. S., East-

man, C. L., et al. (2009). Functional

definition of seizure provides new

insight into post-traumatic epilepto-

genesis. Brain 132, 2805–2821. doi:

10.1093/brain/awp217

Dardiotis, E., Karanikas, V., Paterakis,

K., Fountas, K., and Hadjigeor-

giou, G. M. (2012). “Traumatic

brain injury and inflammation:

emerging role of innate and adap-

tive immunity,” in Brain Injury –

Pathogenesis, Monitoring, Recovery

and Management, ed. A. Agrawal

(Rijeka: InTech), 23–38. Available at:

http://www.intechopen.com/books/

brain-injury-pathogenesis-

monitoring-recovery-and-

management/traumatic-brain

-injury-and-inflammation-emerging

-role-of-innate-and-adaptive-

immunity

David, Y., Cacheaux, L. P., Ivens,

S., Lapilover, E., Heinemann, U.,

Kaufer, D., et al. (2009). Astro-

cytic dysfunction in epileptogene-

sis: consequence of altered potassium

and glutamate homeostasis? J. Neu-

rosci. 29, 10588–10599. doi: 10.1523/

JNEUROSCI.2323-09.2009

Dedeurwaerdere, S., Friedman,

A., Fabene, P. F., Mazarati, A.,

Murashima, Y. L., Vezzani, A., et al.

(2012). Finding a better drug for

epilepsy: anti-inflammatory tar-

gets. Epilepsia 53, 1113–1118. doi:

10.1111/j.1528-1167.2012.03520.x

de Lanerolle, N. C., Kim, J. H., Rob-

bins, R. J., and Spencer, D. D.

(1989). Hippocampal interneuron

loss and plasticity in human temporal

Frontiers in Cellular Neuroscience www.frontiersin.org June 2013 | Volume 7 | Article 89 | 10

http://www.frontiersin.org/Cellular_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Hunt et al. Epileptogenesis and neuroplasticity after TBI

lobe epilepsy. Brain Res. 495, 387–

395. doi: 10.1016/0006-8993(89)

90234-5

Diaz-Arrastia, R., Agostini, M. A., Frol,

A. B., Mickey, B., Fleckenstein, J.,

Bigio, E., et al. (2000). Neurophys-

iologic and neuroradiologic features

of intractable epilepsy after traumatic

brain injury in adults. Arch. Neurol.

57, 1611–1616. doi: 10.1001/arch-

neur.57.11.1611

Dichter, M. A. (2009). Posttraumatic

epilepsy: the challenge of trans-

lating discoveries in the laboratory

to pathways to a cure. Epilep-

sia 50, 41–45. doi: 10.1111/j.1528-

1167.2008.02009.x

Dixon, C. E., Clifton, G. L., Lighthall,

J. W., Yaghmai, A. A., and Hayes,

L. (1991). A controlled cortical

impact model of traumatic brain

injury in the rat. J. Neurosci. Meth-

ods 3, 253–262. doi: 10.1016/0165-

0270(91)90104-8

Dixon, C. E., and Kline, A. E. (2009).

“Controlled cortical impact injury

model,” in Animal Models of Acute

Neurological Injuries, eds J. Chen, Z.

C. Xu, X. M. Xu, and J. H. Zhang

(Totowa, NJ: Humana Press), 385–

391. doi: 10.1007/978-1-60327-185-

1_33

Dudek, F. E., and Spitz, M. (1997).

Hypothetical mechanisms for the

cellular and neurophysiologic basis

of secondary epileptogenesis: pro-

posed role of synaptic reorganization.

J. Clin. Neurophysiol. 14, 90–101.

doi: 10.1097/00004691-199703000-

00002

Dudek, F. E., and Sutula, T. P. (2007).

Epileptogenesis in the dentate gyrus:

a critical perspective. Prog. Brain Res.

163, 755–773. doi: 10.1016/S0079-

6123(07)63041-6

Dunn, A. J. (2006). Effects of cytokines

and infections on brain neurochem-

istry. Clin. Neurosci. Res. 6, 52–68.

doi: 10.1016/j.cnr.2006.04.002

Echegoyen, J., Armstrong, C., Mor-

gan, R. J., and Soltesz, I. (2009).

Single application of a CB1 recep-

tor antagonist rapidly following head

injury prevents long-term hyperex-

citability in a rat model. Epilepsy

Res. 85, 123–127. doi: 10.1016/

j.eplepsyres.2009.02.019

Englander, J. E., Bushnik, T., Duong,

T. T., Cifu, D. X., Zafonte, R.,

Wright, J., et al. (2003). Analyzing

the risk factors for late posttraumatic

seizures: a prospective, multicen-

ter investigation. Arch. Phys. Med.

Rehabil. 84, 365–373. doi: 10.1053/

apmr.2003.50022

Fabene, P. F., Bramanti, P., and Con-

stantin, G. (2010). The emerging

role for chemokines in epilepsy. J.

Neuroimmunol. 224, 22–27. doi:

10.1016/j.jneuroim.2010.05.016

Fabene, P. F., Mora, G. N., Martinello,

M., Rossi, B., Merigo, F., Ottoboni,

L., et al. (2008). A role for leukocyte–

endothelial adhesion mechanisms in

epilepsy. Nat. Med. 14, 1377–1383.

doi: 10.1038/nm.1878

Farrant, M., and Nusser, Z. (2005). Vari-

ations on an inhibitory theme: pha-

sic and tonic activation of GABAA

receptors. Nat. Rev. Neurosci. 6,

215–229. doi: 10.1038/nrn1625

Fattori, E., Lazzaro, D., Musiani, P.,

Modesti, A., Alonzi, T., and Cilib-

erto, G. (1995). IL-6 expression in

neurons of transgenic mice causes

reactive astrocytosis and increase in

ramified microglial cells but no neu-

ronal damage. Eur. J. Neurosci.

7, 2441–2449. doi: 10.1111/j.1460-

9568.1995.tb01042.x

Faul, M., Xu, L., Wald, M. M., and

Coronado, V. G. (2010). Traumatic

Brain Injury in the United States:

Emergency Department Visits, Hospi-

talizations, and Deaths. Atlanta, GA:

National Center for Injury Preven-

tion and Control, Centers for Disease

Control and Prevention.

Ferrari, C. C., Depino, A. M., Prada, F.,

Muraro, N., Campbell, S., Podhajcer,

O., et al. (2004). Reversible demyeli-

nation, blood–brain barrier break-

down, and pronounced neutrophil

recruitment induced by chronic IL-1

expression in the brain. Am. J. Pathol.

165, 1827–1837. doi: 10.1016/S0002-

9440(10)63438-4

Frey, L. C. (2003). Epidemiology of

posttraumatic epilepsy: a critical

review. Epilepsia 44, S11–S17. doi:

10.1046/j.1528-1157.44.s10.4.x

Glykys, J., and Mody, I. (2007).

The main source of ambient GABA

responsible for tonic inhibition in

the mouse hippocampus. J Physiol.

582, 1163–1178. doi: 10.1113/jphys-

iol.2007.134460

Golarai, G., Greenwood, A. C., Feeney,

D. M., and Connor, J. A. (2001). Phys-

iological and structural evidence for

hippocampal involvement in persis-

tent seizure susceptibility after trau-

matic brain injury. J. Neurosci. 21,

8523–8537.

Grady, M. S., Charleston, J. S., Maris,

D., Witgen, B. M., and Lifshitz,

J. (2003). Neuronal and glial cell

number in the hippocampus after

experimental traumatic brain injury:

analysis by stereological estimation.

J. Neurotrauma 20, 929–941. doi:

10.1089/089771503770195786

Graham, D. I., Saatman, K. E., Mark-

lund, N., Conte,V., Morales, D., Royo,

N., et al. (2006). “Neuropathology of

trauma,” in Neurology and Trauma,

2nd Edn., ed. R. W. Evans (New York:

Oxford University Press), 45–94.

Gupta, A., Elgammal, F. S., Proddu-

tur, A., Shah, S., and Santhakumar,

V. (2012). Decrease in tonic inhi-

bition contributes to increase in

dentate semilunar granule cell

excitability after brain injury. J.

Neurosci. 32, 2523–2537. doi:

10.1523/JNEUROSCI.4141-11.2012

Gurkoff, G. G., Giza, C. C., Shin,

D., Auvin, S., Sankar, R., and

Hovda, D. A. (2009). Acute neu-

roprotection to pilocarpine-induced

seizures is not sustained after trau-

matic brain injury in the developing

rat. Neuroscience 164, 862–876. doi:

10.1016/j.neuroscience.2009.08.021

Guzik-Kornacka, A., Sliwa, A., Plucin-

ska, G., and Lukasiuk, K. (2011).

Status epilepticus evokes prolonged

increase in the expression of CCL3

and CCL4 mRNA and protein in

the rat brain. Acta. Neurobiol. Exp.

(Wars.) 71, 193–207.

Halabisky, B., Parada, I., Buckmas-

ter, P. S., and Prince, D. A. (2010).

Excitatory input onto hilar somato-

statin interneurons is increased in

a chronic model of epilepsy. J.

Neurophysiol. 104, 2214–2223. doi:

10.1152/jn.00147.2010

Hall, E. D., Bryant, Y. D., Cho, W.,

and Sullivan, P. G. (2008). Evolution

of post-traumatic neurodegeneration

after controlled cortical impact trau-

matic brain injury in mice and rats

as assessed by the de Olmos sil-

ver and fluorojade staining methods.

J. Neurotrauma 25, 235–247. doi:

10.1089/neu.2007.0383

Hall, E. D., Sullivan, P. G., Gibson, T.

R., Pavel, K. M., Thompson, B. M.,

and Scheff, S. W. (2005). Spatial and

temporal characteristics of neurode-

generation after controlled cortical

impact in mice: more than a focal

brain injury. J. Neurotrauma 22, 252–

265. doi: 10.1089/neu.2005.22.252

Haltiner, A. M., Temkin, N. R.,

and Dikmen, S. S. (1997). Risk

of seizure recurrence after the first

late posttraumatic seizure. Arch.

Phys. Med. Rehabil. 78, 835–

840. doi: 10.1016/S0003-9993(97)

90196-9

Hama, T., Kushima, Y., Miyamoto, M.,

Kubota, M., Takei, N., and Hatanaka,

H. (1991). Interleukin-6 improves

the survival of mesencephalic cate-

cholaminergic and septal cholinergic

neurons from postnatal, two-week-

old rats in cultures. Neuroscience

40, 445–452. doi: 10.1016/0306-

4522(91)90132-8

Hanisch, U. K. (2002). Microglia as a

source and target of cytokines. Glia

40, 140–155. doi: 10.1002/glia.10161

Hauser, W. A., Annegers, J. F., and

Kurland, L. T. (1991). Prevalence

of epilepsy in Rochester, Min-

nesota: 1940–1980. Epilepsia 32,

429–445. doi: 10.1111/j.1528-1157.

1991.tb04675.x

Hauser, W. A., and Hesdorffer, D. C.

(1990). Epilepsy: Frequency, Causes,

and Consequences. New York: Demos.

Herman, S. T. (2002). Epilepsy after

brain insult: targeting epileptogen-

esis. Neurology 59, S21–S26. doi:

10.1212/WNL.59.9_suppl_5.S21

Houser, C. R., Miyashiro, J. E.,

Swartz, B. E., Walsh, G. O.,

Rich, J. R., and Delgado-Escueta,

A. V. (1990). Altered patterns of

dynorphin immunoreactivity suggest

mossy fiber reorganization in human

hippocampal epilepsy. J. Neurosci. 10,

267–282.

Huber, J. D., Egleton, R. D., and

Davis, T. P. (2001). Molecular phys-

iology and pathophysiology of tight

junctions in the blood–brain barrier.

Trends Neurosci. 24, 719–725. doi:

10.1016/S0166-2236(00)02004-X

Hudak, A. M., Trivedi, K., Harper, C.

R., Booker, K., Caesar, R. R., Agos-

tini, M., et al. (2004). Evaluation

of seizure-like episodes in survivors

of moderate and severe traumatic

brain injury. J. Head Trauma Rehabil.

19, 290–295. doi: 10.1097/00001199-

200407000-00003

Hunt, R. F., Haselhorst, L. A., Schoch,

K. M., Bach, E. C., Rios-Pilier, J.,

Scheff, S. W., et al. (2012). Post-

traumatic mossy fiber sprouting is

related to the degree of cortical dam-

age in three mouse strains. Epilepsy

Res. 99, 167–170. doi: 10.1016/

j.eplepsyres.2011.10.011

Hunt, R. F., Scheff, S. W., and Smith,

B. N. (2009). Posttraumatic epilepsy

after controlled cortical impact injury

in mice. Exp. Neurol. 215, 243–

252. doi: 10.1016/j.expneurol.2008.

10.005

Hunt, R. F., Scheff, S. W., and

Smith, B. N. (2010). Regionally local-

ized recurrent excitation in the den-

tate gyrus of a cortical contusion

model of posttraumatic epilepsy. J.

Neurophysiol. 103, 1490–1500. doi:

10.1152/jn.00957.2009

Hunt, R. F., Scheff, S. W., and Smith,

B. N. (2011). Synaptic reorganization

of inhibitory hilar interneuron cir-

cuitry after traumatic brain injury in

mice. J. Neurosci. 31, 6880–6890. doi:

10.1523/JNEUROSCI.0032-11.2011

Israelsson, C., Bengtsson, H., Kylberg,

A., Kullander, K., Lewén, A., Hillered,

L., et al. (2008). Distinct cellular

patterns of upregulated chemokine

expression supporting a prominent

inflammatory role in traumatic brain

Frontiers in Cellular Neuroscience www.frontiersin.org June 2013 | Volume 7 | Article 89 | 11

http://www.frontiersin.org/Cellular_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Hunt et al. Epileptogenesis and neuroplasticity after TBI

injury. J. Neurotrauma 25, 959–974.

doi: 10.1089/neu.2008.0562

Ivens, S., Kaufer, D., Flores, L. P., Bech-

mann, I., Zumsteg, D., Tomkins,

O., et al. (2007). TGF-beta receptor-

mediated albumin uptake into astro-

cytes is involved in neocortical epilep-

togenesis. Brain 130, 535–547. doi:

10.1093/brain/awl317

Janigro, D. (1999). Blood-brain bar-

rier, ion homeostasis and epilepsy:

possible implications towards the

understanding of ketogenic diet

mechanisms. Epilepsy Res. 37,

223–232

Jiang, J., Ganesh, T., Du, Y., Quan,

Y., Serrano, G., Qui, M., et al.

(2012). Small molecule antagonist

reveals seizure-induced mediation of

neuronal injury by prostaglandin E2

receptor subtype EP2. Proc. Natl.

Acad. Sci. U.S.A. 109, 3149–3154. doi:

10.1073/pnas.1120195109

Jiang, J., Quan, Y., Ganesh, T.,

Pouliot, W. A., Dudek, F. E.,

and Dingledine, R. (2013). Inhi-

bition of the prostaglandin recep-

tor EP2 following status epilepti-

cus reduces delayed mortality and

brain inflammation. Proc. Natl. Acad.

Sci. U.S.A. 110, 3591–3596. doi:

10.1073/pnas.1218498110

Kadhim, H. J., Duchateau, J., and

Sébire, G. (2008). Cytokines and

brain injury: invited review. J. Inten-

sive Care Med. 23, 236–249. doi:

10.1177/0885066608318458

Kalueff, A. V., Lehtimaki, K. A., Yli-

nen, A., Honkaniemi, J., and Pel-

tola, J. (2004). Intranasal admin-

istration of human IL-6 increases

the severity of chemically induced

seizures in rats. Neurosci. Lett. 365,

106–110. doi: 10.1016/j.neulet.2004.

04.061

Kasantikul, V., Brown, W. J., Old-

endorf, W. H., and Crandall, P.

C. (1983). Ultrastructural parame-

ters of limbic microvasculature in

human psychomotor epilepsy. Clin.

Neuropathol. 2, 171–178.

Kharatishvili, I., Immonen, R., Gröhn,

O., and Pitkänen, A. (2007).

Quantitative diffusion MRI of hip-

pocampus as a surrogate marker

for post-traumatic epileptogenesis.

Brain 130, 3155–3158. doi: 10.1093/

brain/awm268

Kharatishvili, I., Nissinen, J. P., McIn-

tosh, T. K., and Pitkänen, A. (2006).

A model of posttraumatic epilepsy

induced by lateral fluid-percussion

brain injury in rats. Neuroscience

140, 685–697. doi: 10.1016/j.

neuroscience.2006.03.012

Kim, S. Y., Buckwalter, M., Soreq,

H., Vezzani, A., and Kaufer,

D. (2012). Blood–brain barrier

dysfunction-induced inflamma-

tory signaling in brain pathology

and epileptogenesis. Epilep-

sia 53, 37–44. doi: 10.1111/

j.1528-1167.2012.03701.x

Kochanek, P. M., Vagni, V. A.,

Janesko, K. L., Washington, C. B.,

Crumrine, P. K., Garman, R. H.,

et al. (2006). Adenosine A1 recep-

tor knock-out mice develop lethal

status epilepticus after experimen-

tal traumatic brain injury. J. Cereb.

Blood Flow Metab. 26, 565–575. doi:

10.1038/sj.jcbfm.9600218

Korn, A., Golan, H., Melamed,

I., Pascual-Marqui, R., and Fried-

man, A. (2005). Focal cortical dys-

function and blood–brain barrier

disruption in patients with postcon-

cussion syndrome. J. Clin. Neuro-

physiol. 22, 1–9. doi: 10.1097/01.

WNP.0000150973.24324.A7

Kotila, M., and Waltimo, O. (2005).

Epilepsy and stroke. Epilepsia

33, 495–498. doi: 10.1111/j.1528-

1157.1992.tb01698.x

Laurer, H., Lenzlinger, P. M., and McIn-

tosh, T. K. (2000). Models of trau-

matic brain injury. Eur. J. Trauma

26, 95–100. doi: 10.1007/s0006800

50007

Ley, K., Laudanna, C., Cybulsky, M.

I., and Nourshargh, S. (2007). Get-

ting to the site of inflammation: the

leukocyte adhesion cascade updated.

Nat. Rev. Immunol. 7, 678–689. doi:

10.1038/nri2156

Librizzi, L., Noè, F., Vezzani, A.,

de Curtis, M., and Ravizza, T.

(2012). Seizure-induced brain-borne

inflammation sustains seizure recur-

rence and blood–brain barrier dam-

age. Ann. Neurol. 72, 82–90. doi:

10.1002/ana.23567

Lifshitz, J. (2009). “Fluid percussion

injury model,” in Animal Models of

Acute Neurological Injuries, eds J.

Chen, Z. C. Xu, X. M. Xu, and J. H.

Zhang (Totowa, NJ: Humana Press),

369–384. doi: 10.1007/978-1-60327-

185-1_32

Lighthall, J. W. (1988). Controlled corti-

cal impact: a new experimental brain

injury model. J. Neurotrauma 5, 1–15.

doi: 10.1089/neu.1988.5.1

Lloyd, E., Somera-Molina, K.,Van Eldik,

L. J., Watterson, D. M., and Wain-

wright, M. S. (2008). Suppression

of acute proinflammatory cytokine

and chemokine upregulation by post-

injury administration of a novel small

molecule improves long-term neuro-

logic outcome in a mouse model of

traumatic brain injury. J. Neuroin-

flammation 5, 28. doi: 10.1186/1742-

2094-5-28.

Lothman, E. W., Bertram, E. H. III,

and Stringer, J. L. (1991). Functional

anatomy of hippocampal seizures.

Prog. Neurobiol. 37, 1–82. doi:

10.1016/0301-0082(91)90011-O

Lowenstein, D. H., Thomas, M. J.,

Smith, D. H., and McIntosh, T.

K. (1992). Selective vulnerability of

dentate hilar neurons following trau-

matic brain injury: a potential mech-

anistic link between head trauma

and disorders of the hippocampus. J.

Neurosci. 12, 4846–4853.

Lu, X. C., Hartings, J. A., Si, Y., Bal-

bir, A., Cao, Y., and Tortella, F. C.

(2011). Electrocortical pathology in

a rat model of penetrating ballistic-

like brain injury. J. Neurotrauma 28,

71–83. doi: 10.1089/neu.2010.1471

Lucas, S. M., Rothwell, N. J., and Gibson,

R. M. (2006). The role of inflam-

mation in CNS injury and disease.

Br. J. Pharmacol. 147, 232–240. doi:

10.1038/sj.bjp.0706400

Lynch, M., and Sutula, T. (2000). Recur-

rent excitatory connectivity in the

dentate gyrus of kindled and kainic

acid-treated rats. J. Neurophysiol. 83,

693–704.

Majores, M., Eils, J., Wiestler, O.

D., and Becker, A. J. (2004).

Molecular profiling of temporal lobe

epilepsy: comparison of data from

human tissue samples and animal

models. Epilepsy Res. 60, 173–

178. doi: 10.1016/j.eplepsyres.2004.

07.002

Marchi, N., Angelov, L., Masaryk, T.,

Fazio, V., Granata, T., Hernandez,

N., et al. (2007). Seizure promot-

ing effect of blood–brain barrier dis-

ruption. Epilepsia 48, 732–742. doi:

10.1111/j.1528-1167.2007.00988.x

Marmarou, C. R., Prieto, R., Taya,

K., Young, H. F., and Marmarou,

A. (2009). “Marmarou weight drop

injury model,” in Animal Models of

Acute Neurological Injuries, eds J.

Chen, Z. C. Xu, X. M. Xu, and J. H.

Zhang (Totowa, NJ: Humana Press)

393–407.

McCormick, D. A., and Contreras, D.

(2001). On the cellular and network

bases of epileptic seizures. Annu.

Rev. Physiol. 63, 815–846. doi:

10.1146/annurev.physiol.63.1.815

Mendelow, D. A., and Crawford, P.

J. (1997). “Primary and secondary

brain injury,” in Head Injury, eds

P. Reilly and R. Bullock (London:

Chapman & Hall), 71–88.

Miller, L. G., Galpern, W. R., Dun-

lap, K., Dinarello, C. A., and Turner,

T. J. (1991). Interleukin-1 augments

gamma-aminobutyric acid A recep-

tor function in brain. Mol. Pharma-

col. 39, 105–108.

Morganti-Kossmann, M. C., Rancan,

M., Otto, V. I., Stahel, P. F., and Koss-

mann, T. (2001). Role of cerebral

inflammation after traumatic brain

injury: a revisited concept. Shock

16, 165–177. doi: 10.1097/00024382-

200116030-00001

Moser, B., Wolf, M., Walz, A., and

Loetscher, P. (2004). Chemokines:

multiple levels of leukocyte migration

control. Trends Immunol. 25, 75–84.

doi: 10.1016/j.it.2003.12.005

Mtchedlishvili, Z., Lepsveridze, E., Xu,

H., Kharlamov, E., Lu, B., and Kelly,

K. M. (2010). Increase of GABAA

receptor-mediated tonic inhibition in

dentate granule cells after traumatic

brain injury. Neurobiol. Dis. 38,

464–475. doi: 10.1016/j.nbd.2010.

03.012

Nadler, J. V. (2003). The recurrent

mossy fiber pathway of the epileptic

brain. Neurochem. Res. 28, 1649–

1658. doi: 10.1023/A:1026004904199

Nadler, J. V., Perry, B. W., and Cotman,

C. W. (1980). Selective reinnervation

of hippocampal area CA1 and the fas-

cia dentata after destruction of CA3-

CA4 afferents with kainic acid. Brain

Res. 182, 1–9. doi: 10.1016/0006-

8993(80)91289-5

Nelson, K. B., and Ellenberg, J.

H. (1976). Predictors of epilepsy

in children who have experienced

febrile seizures. N. Engl. J. Med.

295, 1029–1033. doi: 10.1056/

NEJM197611042951901

Nilsson, P., Ronne-Engstrom, E., Flink,

R., Ungersted, U., Carlson, H., and

Hillered, L. (2004). Epileptic seizure

activity in the acute phase following

cortical impact trauma in rat. Brain

Res. 637, 227–232. doi: 10.1016/0006-

8993(94)91237-8

Norris, C. M., and Scheff, S.

W. (2009). Recovery of afferent

function and synaptic strength in

hippocampal CA1 following trau-

matic brain injury. J. Neurotrauma

26, 2269–2278. doi: 10.1089/neu.

2009.1029

Pacifici, R., Paris, L., Di Carlo,

S., Bacosi, A., Pichini, S., and

Zuccaro, P. (1995). Cytokine pro-

duction in blood mononuclear cells

from epileptic patients. Epilepsia

36, 384–387. doi: 10.1111/j.1528-

1157.1995.tb01013.x

Patrylo, P. R., and Dudek, F. E. (1998).

Physiological unmasking of new glu-

tamatergic pathways in the dentate

gyrus of hippocampal slices from

kainate-induced epileptic rats. J. Neu-

rophysiol. 79, 418–429.

Pavlov, I., Huusko, N., Nissinen,

J., Sperk, G., Pitkänen, A., and

Walker, M. C. (2011). Progres-

sive loss of phasic, but not tonic,

GABAA receptor-mediated inhibi-

tion in dentate granule cells in a

model of post-traumatic epilepsy

Frontiers in Cellular Neuroscience www.frontiersin.org June 2013 | Volume 7 | Article 89 | 12

http://www.frontiersin.org/Cellular_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Hunt et al. Epileptogenesis and neuroplasticity after TBI

in rats Neuroscience 194, 208–

219. doi: 10.1016/j.neuroscience.

2011.07.074

Pavlovsky, L., Seiffert, E., Heine-

mann, U., Korn, A., Golan, H.,

and Friedman, A. (2005). Persistent

BBB disruption may underlie alpha

interferon-induced seizures. J. Neu-

rol. 252, 42–46. doi: 10.1007/s00415-

005-0596-3

Pitkänen, A., and McIntosh, T.

K. (2006). Animal models of

posttraumatic epilepsy. J Neuro-

trauma 23, 241–261. doi: 10.1089/

neu.2006.23.241

Plata-Salamán, C. R., and Ffrench-

Mullen, J. M. (1992). Interleukin-

1 beta depresses calcium cur-

rents in CA1 hippocampal neu-

rons at pathophysiological concen-

trations. Brain Res. Bull. 29,

221–223. doi: 10.1016/0361-9230

(92)90029-W

Prince, D. A., Parada, I., and Graber, K.

(2012). “Traumatic brain injury and

posttraumatic epilepsy,” in Jasper’s

Basic Mechanisms of the Epilepsies

[Internet], 4th Edn., eds J. L. Noebels,

M. Avoli, M. A. Rogawski, R. W.

Olsen, and A. V. Delgado-Escueta

(Bethesda, MD: National Cen-

ter for Biotechnology Information)

315–330.

Prince, D. A., and Tseng, G. F. (1993).

Epileptogenesis in chronically injured

cortex: in vitro studies. J. Neurophys-

iol. 69, 1276–1291.

Qiu, Z., Sweeney, D. D., Netzeband, J.

G., and Gruol, D. L. (1998). Chronic

interleukin-6 alters NMDA receptor-

mediated membrane responses and

enhances neurotoxicity in develop-

ing CNS neurons. J. Neurosci. 18,

10445–10456.

Quadbeck, G., and Helmchen, H.

(1958). Proneness to convulsions

& hemato-encephalic barrier per-

meability. Dtsch. Z. Nervenheilkd.

177, 295–308. doi: 10.1111/j.1469-

7580.2007.00812.x

Racine, R. J. (1979). Modifica-

tion of seizure activity by electri-

cal stimulation: II. Motor seizures.

Electroencephalogr. Clin. Neurophys-

iol. 32, 281–294. doi: 10.1016/0013-

4694(72)90177-0

Raible, D. J., Frey, L. C., Cruz

Del Angel, Y., Russek, S. J.,

and Brooks-Kayal, A. R. (2012).

GABA(A) receptor regulation after

experimental traumatic brain injury.

J. Neurotrauma 29, 2548–2554. doi:

10.1089/neu.2012.2483

Ransohoff, R. M. (2002). Chemokines

in neurological trauma models.

Ann. N. Y. Acad. Sci. 961, 346–

349. doi: 10.1111/j.1749-6632.2002.

tb03120.x

Ravizza, T., Gagliardi, B., Noe, F.,

Boer, K., Aronica, E., and Vez-

zani, A. (2008). Innate and adap-

tive immunity during epileptogen-

esis and spontaneous seizures: evi-

dence from experimental models

and human temporal lobe epilepsy.

Neurobiol. Dis. 29, 142–160. doi:

10.1016/j.nbd.2007.08.012

Ravizza, T., and Vezzani, A. (2006).

Status epilepticus induces time-

dependent neuronal and astrocytic

expression of interleukin-1 recep-

tor type I in the rat limbic sys-

tem. Neuroscience 137, 301–308. doi:

10.1016/j.neuroscience.2005.07.063

Rovegno, M., Soto, P. A., Sáez, J.

C., and von Bernhardi, R. (2011).

Biological mechanisms involved in

the spread of traumatic brain dam-

age. Med. Intensiva 36, 37–44. doi:

10.1016/j.medin.2011.06.008

Saatman, K. E., Feeco, K. J.,

Pape, R. L., and Raghupathi, R.

(2006). Differential behavioral and

histopathological responses to graded

cortical impact injury in mice. J.

Neurotrauma 23, 1241–1253. doi:

10.1089/neu.2006.23.1241

Salazar, A. M., Jabbari, B., Vance, S. C.,

Grafman, J., Amin, D., and Dillon,

J. D. (1985). Epilepsy after penetrat-

ing head injury. I. Clinical correlates:

a report of the Vietnam Head Injury

Study. Neurology 35, 1406–1414. doi:

10.1212/WNL.35.10.1406

Santhakumar, V., Bender, R., Frotscher,

M., Ross, S. T., Hollrigel, G. S.,

Toth, Z., et al. (2000). Granule

cell hyperexcitability in the early

post-traumatic rat dentate gyrus:

the ‘irritable mossy cell’ hypothe-

sis. J. Physiol. 524, 117–134. doi:

10.1111/j.1469-7793.2000.00117.x

Santoshkumar, B., Chong, J. J., Blume,

W. T., McLachlan, R. S., Young,

G. B., Diosy, D. C., et al. (2009).

Prevalence of benign epileptiform

variants. Clin. Neurophysiol. 120,

856–861. doi: 10.1016/j.clinph.2009.

03.005

Schäfers, M., and Sorkin, L. (2008).

Effect of cytokines on neuronal

excitability. Neurosci. Lett. 437,

188–193. doi: 10.1016/j.neulet.2008.

03.052

Scheff, S. W., Baldwin, S. A., Brown,

R. W., and Kraemer, P. J. (1997).

Morris water maze deficits in rats

following traumatic brain injury:

lateral controlled cortical impact.

J. Neurotrauma 14, 615–627. doi:

10.1089/neu.1997.14.615

Scheff, S. W., Price, D. A., Hicks, R.

R., Baldwin, S. A., Robinson, S.,

and Brackney, C. (2005). Synaptoge-

nesis in the hippocampal CA1 field

following traumatic brain injury.

J. Neurotrauma 22, 719–732. doi:

10.1089/neu.2005.22.719

Schevon, C. A., Weiss, S. A., McK-

hann, G. Jr., Goodman, R. R.,

Yuste, R., Emerson, R. G., et al.

(2012). Evidence of an inhibitory

restraint of seizure activity in

humans. Nat. Commun. 3, 1060. doi:

10.1038/ncomms2056

Schmidt, O. I., Heyde, C. E., Ertel,

W., and Stahel, P. F. (2005). Closed

head injury – an inflammatory dis-

ease? Brain Res. Rev. 48, 388–399. doi:

10.1016/j.brainresrev.2004.12.028

Seiffert, E., Dreier, J. P., Ivens, S., Bech-

mann, I., Tomkins, O., Heinemann,

U., et al. (2004). Lasting blood–brain

barrier disruption induces epilep-

tic focus in the rat somatosensory

cortex. J. Neurosci. 24, 7829–7836.

doi: 10.1523/JNEUROSCI.1751-

04.2004

Semah, F., Picot, M. C., Adam,

C., Broglin, D., Arzimanoglou,

A., Bazin, B., et al. (1998). Is

the underlying cause of epilepsy a

major prognostic factor for recur-

rence? Neurology 51, 1256–1262. doi:

10.1212/WNL.51.5.1256

Shibley, H., and Smith, B. N. (2002).

Pilocarpine-induced status epilepti-

cus results in mossy fiber sprout-

ing and spontaneous seizures in

C57BL/6 and CD-1 mice. Epilepsy

Res. 49, 109–120. doi: 10.1016/S0920-

1211(02)00012-8

Shimada, T., Matsumoto, M., Tatsumi,

Y., Kanamaru, A., and Akira, S.

(1998). A novel lipopolysaccharide

inducible C-C chemokine receptor

related gene in murine macrophages.

FEBS Lett. 425, 490–494. doi:

10.1016/S0014-5793(98)00299-3

Shlosberg, D., Benifla, M., Kaufer,

D., and Friedman, A. (2010).

Blood–brain barrier breakdown as

a therapeutic target in traumatic

brain injury. Nat. Rev. Neurol.

6, 393–403. doi: 10.1038/nrneurol.

2010.74

Sloviter, R. S. (1992). Possible func-

tional consequences of synaptic reor-

ganization in the dentate gyrus of

kainite-treated rats. Neurosci. Lett.

137, 91–96. doi: 10.1016/0304-

3940(92)90306-R

Starnes, H. F. Jr., Pearce, M. K., Tewari,

A., Yim, J. H., Zou, J. C., and

Abrams, J. S. (1990). Anti-IL-6 mon-

oclonal antibodies protect against

lethal Escherichia coli infection and

lethal tumor necrosis factor-alpha

challenge in mice. J. Immunol. 145,

4185–4191.

Statler, K. D., Scheerlinck, P.,

Pouliot, W., Hamilton, M.,

White, H. S., and Dudek, F. E.

(2009). A potential model of

pediatric posttraumatic epilepsy.

Epilepsy Res. 86, 221–223. doi:

10.1016/j.eplepsyres.2009.05.006

Sullivan, P. G., Thompson, M. B., and

Scheff, S. W. (1999). Cyclosporin A

attenuates acute mitochondrial dys-

function following traumatic brain

injury. Exp. Neurol. 160, 226–234.

doi: 10.1006/exnr.1999.7197

Sutula, T., Cascino, G., Cavazos, J.,

Parada, I., and Ramirez, L. (1989).

Mossy fiber synaptic reorganization

in the epileptic human temporal

lobe. Ann. Neurol. 26, 321–330. doi:

10.1002/ana.410260303

Sutula, T. P., and Dudek, F. E. (2007).

Unmasking recurrent excitation gen-

erated by mossy fiber sprouting in

the epileptic dentate gyrus: an emer-

gent property of a complex system.

Prog. Brain Res. 163, 541–563. doi:

10.1016/S0079-6123(07)63029-5

Swartz, B. E., Houser, C. R., Tomiyasu,

U., Walsh, G. O., DeSalles, A.,

Rich, J. R., et al. (2006). Hip-

pocampal cell loss in posttraumatic

human epilepsy. Epilepsia 47, 1373–

1382. doi: 10.1111/j.1528-1167.

2006.00602.x

Tauck, D. L., and Nadler, J. V. (1985).

Evidence of functional mossy fiber

sprouting in hippocampal formation

of kainic acid-treated rats. J. Neurosci.

5, 1016–1022.

Teasdale, G. M., and Bannan, P. E.

(1997). “Neuroprotection in head

injury,” in Head Injury, eds P. Reilly

and R. Bullock (London: Chapman

& Hall), 423–438.

Temkin, N. R. (2009). Preventing

and treating posttraumatic seizures:

the human experience. Epilepsia

50, 10–13. doi: 10.1111/j.1528-1167.

2008.02005.x

Tomkins, O., Kaufer, D., Korn, A.,

Shelef, I., Golan, H., Reichen-

thal, E., et al. (2001). Frequent

blood–brain barrier disruption in

the human cerebral cortex. Cell.

Mol. Neurobiol. 21, 675–691. doi:

10.1023/A:1015147920283

Tomkins, O., Shelef, I., Kaizerman, I.,

Eliushin, A., Afawi, Z., Misk, A.,

et al. (2008). Blood–brain barrier dis-

ruption in post-traumatic epilepsy. J.

Neurol. Neurosurg Psychiatry 79, 774–

777. doi: 10.1136/jnnp.2007.126425

Topolnik, L., Steriade, M., and Timo-

feev, I. (2003). Partial cortical deaf-

ferentation promotes development of

paroxysmal activity. Cereb. Cortex

13, 883–893. doi: 10.1093/cercor/

13.8.883

Toth, Z., Hollrigel, G. S., Gorcs,

T., and Soltesz, I. (1997). Instan-

taneous perturbation of dentate

interneuronal networks by a pres-

sure wave-transient delivered to the

Frontiers in Cellular Neuroscience www.frontiersin.org June 2013 | Volume 7 | Article 89 | 13

http://www.frontiersin.org/Cellular_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Hunt et al. Epileptogenesis and neuroplasticity after TBI

neocortex. J. Neurosci. 17, 8106–

8117.

Traub, R. D., and Wong, R. K. S. (1982).

Cellular mechanisms of neuronal

synchronization in epilepsy. Science

216, 745–747. doi: 10.1126/sci-

ence.7079735

Trevelyan, A. J., Sussillo, D., and

Yuste, R. M. (2007). Feedforward

inhibition contributes to the control

of epileptiform propagation speed.

J. Neurosci. 27, 3383–3387. doi:

10.1523/JNEUROSCI.0145-07.2007

Tyurin, V. A., Tyurina, Y. Y., Borisenko,

G. G., Sokolova, T. V., Ritov, V.

B., Quinn, P. J., et al. (2000).

Oxidative stress following traumatic

brain injury in rats: quantitation

of biomarkers and detection of free

radical intermediates. J. Neurochem.

75, 2178–2189. doi: 10.1046/j.1471-

4159.2000.0752178.x

vanVliet, E. A., Araujo, S. D. C., Redeker,

S., van Schaik, R., Aronica, E., and

Gorter, J. A. (2007). Blood–brain

barrier leakage may lead to progres-

sion of temporal lobe epilepsy. Brain

130, 521–534. doi: 10.1093/brain/

awl318

van Vliet, E. A., Forte, G., Holt-

man, L., den Burger, J. C., Sinjewel,

A., de Vries, H. E., et al. (2012).

Inhibition of mammalian target of

rapamycin reduces epileptogenesis

and blood–brain barrier leakage but

not microglia activation. Epilepsia

53, 1254–1263. doi: 10.1111/j.1528-

1167.2012.03513.x

Vezzani, A., Aronica, E., Mazarati, A.,

and Pittman, Q. J. (2013). Epilepsy

and brain inflammation. Exp. Neu-

rol. 244, 11–21. doi: 10.1016/

j.expneurol.2011.09.033

Vezzani, A., Balosso, S., and Ravizza, T.

(2008). The role of cytokines in the

pathophysiology of epilepsy. Brain

Behav. Immun. 22, 797–803. doi:

10.1016/j.bbi.2008.03.009

Vezzani, A., Moneta, D., Conti, M.,

Richichi, C., Ravizza, T., De Luigi, A.,

et al. (2000). Powerful anticonvulsant

action of IL-1 receptor antagonist on

intracerebral injection and astrocytic

overexpression in mice. Proc. Natl.

Acad. Sci. U.S.A. 97, 11534–11539.

doi: 10.1073/pnas.190206797

Vezzani, A., Moneta, D., Richichi,

C., Aliprandi, M., Burrows, S. J.,

Ravizza, T., et al. (2002). Func-

tional role of inflammatory cytokines

and anti inflammatory molecules in

seizures and epileptogenesis. Epilep-

sia 43, 30–35. doi: 10.1046/j.1528-

1157.43.s.5.14.x

Werner, C., and Engelhard, K. (2007).

Pathophysiology of traumatic brain

injury. Br. J. Anaesth. 99, 4–9. doi:

10.1093/bja/aem131

Williams, P. A., White, A. M., Clark,

S., Ferraro, D. J., Swiercz, W., Sta-

ley, J. K., et al. (2009). Development

of spontaneous recurrent seizures

after kainite-induced status epilep-

ticus. J. Neurosci. 29, 2103–2112.

doi: 10.1523/JNEUROSCI.0980-08.

2009

Winokur, R. S., Kubal, T., Liu, D.,

Davis, S. F., and Smith, B. N. (2004).

Recurrent excitation in the dentate

gyrus of a murine model of tem-

poral lobe epilepsy. Epilepsy Res.

58, 93–105. doi: 10.1016/j.eplepsyres.

2004.01.002

Wolburg, H., and Lippoldt, A. (2002).

Tight junctions of the blood–brain

barrier: development, composition

and regulation. Vascul. Pharmacol.

38, 323–337. doi: 10.1016/S1537-

1891(02)00200-8

Wuarin, J. P., and Dudek, F. E.

(1996). Electrographic seizures and

new recurrent excitatory circuits in

the dentate gyrus of hippocampal

slices from kainate-treated epilep-

tic rat. J. Neurosci. 16, 4438–

4448. doi: 10.1111/j.1535-7597.2004.

04507.x

Wuarin, J. P., and Dudek, F. E. (2001).

Excitatory synaptic input to gran-

ule cells increases with time after

kainate treatment. J. Neurophysiol.

85, 1067–1077.

Yang, L., Afroz, S., Michelson, H.

B., Goodman, J. H., Valsamis,

H. A., and Ling, D. S. (2010).

Spontaneous epileptiform activity

in rat neocortex after controlled

cortical impact injury. J. Neuro-

trauma 27, 1541–1548. doi: 10.1089/

neu.2009.1244

Yamada, M., and Hatanaka, H. (1994).

Interleukin-6 protects cultured

rat hippocampal neurons against

glutamate-induced cell death. Brain

Res. 643, 173–180. doi: 10.1016/

0006-8993(94)90023-X

Zalcman, S., Green-Johnson, J. M.,

Murray, L., Nance, D. M., Dyck, D.,

Anisman, A., et al. (1994). Cytokine-

specific central monoamine alter-

ations induced by interleukin-1,

-2 and -6. Brain Res. 643, 40–

49. doi: 10.1016/0006-8993(94)

90006-X

Zhang, N., and Houser, C. R.

(1999). Ultrastructural localization

of dynorphin in the dentate gyrus

in human temporal lobe epilepsy:

a study of reorganized mossy fiber

synapses. J. Comp. Neurol. 405,

472–490. doi: 10.1002/(SICI)1096-

9861(19990322)405:4

Zhang, W., Yamawaki, R., Wen, X.,

Uhl, J., Diaz, J., Prince, D. A., et al.

(2009). Surviving hilar somato-

statin interneurons enlarge, sprout

axons, and form new synapses

with granule cells in a mouse

model of temporal lobe epilepsy.

J. Neurosci. 29, 14247–14256.

doi: 10.1523/JNEUROSCI.3842-09.

2009

Zlokovic, B. V. (2008). The blood–

brain barrier in health and chronic

neurodegenerative disorders. Neu-

ron 57, 178–201. doi: 10.1016/

j.neuron.2008.01.003

Conflict of Interest Statement: The

authors declare that the research was

conducted in the absence of any com-

mercial or financial relationships that

could be construed as a potential con-

flict of interest.

Received: 30 April 2013; accepted: 22 May

2013; published online: 18 June 2013.

Citation: Hunt RF, Boychuk JA and

Smith BN (2013) Neural circuit mecha-

nisms of post-traumatic epilepsy. Front.

Cell. Neurosci. 7:89. doi: 10.3389/

fncel.2013.00089

Copyright © 2013 Hunt, Boychuk and

Smith. This is an open-access article dis-

tributed under the terms of the Creative

Commons Attribution License, which

permits use, distribution and reproduc-

tion in other forums, provided the origi-

nal authors and source are credited and

subject to any copyright notices concern-

ing any third-party graphics etc.

Frontiers in Cellular Neuroscience www.frontiersin.org June 2013 | Volume 7 | Article 89 | 14

http://dx.doi.org/10.3389/fncel.2013.00089
http://dx.doi.org/10.3389/fncel.2013.00089
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Cellular_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Cellular_Neuroscience/archive

	Neural Circuit Mechanisms of Post-Traumatic Epilepsy
	Repository Citation

	Neural Circuit Mechanisms of Post-Traumatic Epilepsy
	Digital Object Identifier (DOI)
	Notes/Citation Information

	Neural circuit mechanisms of post-traumatic epilepsy
	Introduction
	Animal models of PTE
	Fluid percussion injury
	Weight drop injury
	Controlled cortical impact injury
	Neocortical undercut
	Blast injury

	Basic cellular mechanisms of neurotrauma
	Neural circuit reorganization
	Excitatory circuit changes
	Inhibitory circuit changes

	Brain inflammation and blood–brain barrier dysfunction after TBI
	Summary
	Acknowledgments
	References


