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Abstract
Prophylaxis of posttraumatic epilepsy will require a detailed knowledge of the epileptogenic
pathophysiological processes that follow brain injury. Results from studies of experimental
models and human epilepsy highlight alterations in GABAergic interneurons and formation of
excessive new excitatory synaptic connectivity as prominent targets for prophylactic therapies.
Promising laboratory results suggest that it will be possible to experimentally modify these
aberrant processes and interfere with epileptogenesis. However, a number of key issues must be
addressed before these results can be used to frame clinical antiepileptogenic therapy.

Introduction
Posttraumatic epileptogenesis is a major neurological sequel of serious brain injury that has
far-reaching impacts on affected individuals and their families, in addition to profound
socioeconomic effects. The expected increased incidence in wartime and the difficulty in
controlling posttraumatic seizures with anticonvulsant drugs are factors that make it
important to develop strategies for prophylaxis of this disorder (Dichter [17], Garga and
Lowenstein [23]). A large number of alterations in gene expression (Raghavendra et al [53])
and a variety of pathophysiological processes occur in parallel following a brain injury,
making it unlikely that an intervention focused on any one of these, in isolation, will emerge
as a prophylactic “silver bullet”. The situation is further complicated by the likelihood that
variables such as the level of brain maturation, site and distribution of injury (focal vs
multifocal vs diffuse), type of trauma (e.g. concussive vs penetrating), presence or absence
of significant bleeding, genetic susceptibility factors, etc. may affect the underlying type and
sequence of epileptogenic events and the optimal timing of a potentially successful
intervention in a given individual. Here we briefly review essential steps for developing
potential prophylactic strategies including choice of a model, identification of key
pathophysiological processes underlying epileptogenesis in that model, development of
experimental approaches that target these processes and recognizing unsolved issues in
applying results to human posttraumatic epilepsy.

1) Choice of models
There is no perfect model of human posttraumatic epilepsy. Discussions about the merits of
one model versus another are only useful in the context of the particular pathophysiological
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process or event to be investigated. Obviously, to determine whether a drug will be
prophylactic in vivo, a model in which there is an expected high incidence of behavioral
posttraumatic seizures at relatively short latency after injury (i.e. high throughput), would be
desirable. However, if the goal is, for example, to determine which alterations in function of
GABAergic interneurons or pyramidal cells occur at a limited site of focal neocortical
epileptogenesis, and might be modified or prevented by the same drug, a model with a
stereotyped restricted single epileptogenic focal injury would be necessary to facilitate
detailed cellular in vitro slice experiments and avoid the complications of widespread
damage and variability. The advantages of the partial cortical isolation (“undercut”) model
used in our laboratories have been described in detail elsewhere (Graber and Prince [25]).
Partially isolated neocortex has been associated with epileptogenesis in human EEG studies
(Echlin et al [18], in human postmortem neuropathological experiments (Marin-Padilla [42])
and in vivo experiments on monkey, cat and rodents (reviewed in Graber and Prince [25]). It
is interesting that areas of partially isolated cortex with underlying loss of white matter are
also present in the cortical contusion model (Feeney et al [22],) and epileptogenesis
following fluid percussion injury (Kharatishvili and Pitkanen [31]). It is important to note
that epileptogenic mechanisms may differ in one model vs another, and may also differ from
those underlying human posttraumatic epilepsy, depending on the nature of the lesion and a
number of other variables, so that approaches to prophylaxis may have to be varied
accordingly.

2) Identification of key targets for prophylaxis
A review of work from a number of laboratories in a variety of animal models and human
material suggests that 2 prominent pathophysiological processes are of great importance in
focal epileptogenesis, namely, enhanced excitatory connectivity (Tauck and Nadler [62],
Cronin and Dudek [13], Molnar and Nadler [47], McKinney et al [46], Esclapez et al [20],
Salin et al [58]); and alterations in GABAergic inhibitory mechanisms (Toth et al [63],
Cossart et al [11], Magloczky and Freund [40], Rosen et al [56], Li and Prince [37], Prince
et al [51], Kumar and Buckmaster [34], Faria and Prince [21] and many others). In this
chapter we will review the evidence for alterations in these critical regulatory processes in
the undercut model and summarize recent results suggesting that it may be possible to limit
the ongoing pathophysiology and decrease or prevent the resulting epileptogenesis. We will
also emphasize the major hurdles to be dealt with in any attempt to apply what is known in
laboratory models to epileptogenesis in humans.

3) Disinhibition in epileptogenesis
It has long been known that pharmacological suppression of GABAergic transmission
induces acute epileptiform activity and seizures (reviewed in Prince [50]). This has
occasioned a variety of experiments to determine whether disinhibition is a critical factor in
lesional focal epileptogenesis. A large number of studies in both animal models and humans
have emphasized alterations in anatomical or electrophysiological indices of GABAergic
inhibitory function including loss of selective subtypes of inhibitory interneurons (Aronica
et al [1], Buckmaster and Jongen-Relo [6], Cossart et al [12], DeFelipe [16]; reviewed in
Houser [27]); alterations in postsynaptic GABAA receptors (Brooks-Kayal et al [5],
Redecker et al [54], reviewed in Sperk et al [61]); and intrinsic alterations in function of
interneurons such as their connectivity (Bausch [2], Magloczky and Freund [40]) and gross
anatomical structure (Prince et al [51]). In the undercut model, several of these abnormalities
have been demonstrated including anatomic alterations in fast-spiking (FS) parvalbumin-
containing interneurons, such as decreased dendritic and axonal arbors and abnormalities in
GABAergic boutons (Prince et al [51]). Electrophysiological abnormalities include
decreases in the probability of GABA release (Pr) (Faria and Prince [21]; Ma and Prince,
unpublished) associated with alterations in presynaptic N-type Ca++ channels (Faria and
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Prince unpublished). Dual whole cell recordings have confirmed the decreased Pr and also
shown a markedly reduced size of unitary inhibitory postsynaptic currents (uIPSCs) from
fast-spiking (FS) interneurons to excitatory cells. Decreased frequency of miniature IPSCs
in pyramidal cells (Li and Prince [37]) are likely due to the decreases in Pr, together with a
reduced number of inhibitory synapses. These and other results indicate that inhibitory
neurons are functionally abnormal in the undercut model. Decreases in inhibitory
connectivity have also been found using laser scanning photostimulation together with
whole cell recordings from pyramidal neurons in undercut slices (X. Jin, J.R. Huguenard,
D.A. Prince, in press).

Other data suggest that fast-spiking (FS) interneurons and their presynaptic terminals that
innervate pyramidal cell somata, normally contain a high density of the sodium pump (Na+-
K+ ATPase) (Chu et al, [10]). Pump activity would be essential in these terminals to prevent
excessive depolarization during the high frequency spike firing that characterizes these
interneurons normally and during epileptogenic discharges (McCormick et al [45]). The
axonal terminal α3Na+-K+ ATPase immunoreactivity (IR) of FS interneurons is markedly
decreased in epileptogenic lesions of both the undercut (L. Lee, I. Parada, D.A. Prince,
unpublished) and microgyrus freeze models (Chu et al [10]), suggesting an additional
potential mechanism for failure or decrease in transmitter release from inhibitory
interneurons.

The remarkable anatomical changes in neocortical FS interneurons of undercuts mentioned
above give them an appearance similar to that found in GABAergic neurons early in
development (Jin et al [29]). One key factor influential in interneuronal development is the
action of brain-derived neurotrophic factor (BDNF), released by pyramidal cells and acting
at TrkB receptors (Jin et al [29], Marty [43]). BDNF is important in development and
maintenance of connections of inhibitory neurons onto pyramidal cells (Kohara et al [33]).
We tested the hypothesis that the undercut injury would reduce the expression of BDNF in
pyramidal cells and/or its receptor, TrkB, on interneurons, as a mechanism for the observed
anatomical changes. There was a significant reduction of TrkB immunoreactivity on
parvalbumin-containing (FS) interneurons (Fig. 6 in Prince et al [51]) and decreased BDNF
expression in pyramidal cells of UC cortex (I Parada and D.A. Prince, unpublished). These
findings and others suggest that an increase in the availability of BDNF and activation of
TrkB receptor in injured tissue might “rescue” inhibitory interneurons and inhibitory
function. A recent report indicates that local delivery of trophic factors to hippocampi
injured during status epilepticus can reduce epileptogenesis (Paradiso et al, [48]). The
availability of a “small molecule” mimetic at the TrkB receptor (BD2-4), that can be
administered and absorbed parenterally or intranasally (Massa et al [44]), facilitated an
initial examination of the effects of BDNF on interneuronal structure in the undercut model.
We found that intranasal infusion of BD2-4 for 2 wks significantly increased the ratio of
phosphorylated to unphosphorylated AKT protein in brain, indicating that the drug was
effective in activating TrkB receptors. Experiments thus far have dealt only with anatomical
changes and results are encouraging. When BD2-4 was administered to undercut rats, there
was a very substantial increase in the expression of α3Na+-K+ ATPase-IR in FS terminals
versus expression of the IR in rats with undercuts treated with saline (Fig. 1). We are still a
long way from knowing whether the BDNF mimetic will favorably affect other anatomical
alterations in FS interneurons, the electrophysiological parameters of epileptogenesis, or
behavioral seizures in this model. BDNF has many complex actions in the brain (Hu and
Russek [28]) some of which may be pro-epileptogenic (e.g. Scharfman et al [59]) while
others may decrease excitability and epileptiform activity (Reibel et al [55]). The timing of
treatment and its duration maybe critical in effecting enhanced inhibition without increasing
excitability.
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4) Enhanced excitatory connectivity/function
A large amount of work in several models of lesional epileptogenesis has shown that axonal
sprouting and new excitatory synaptic connectivity are key pathophysiological mechanisms
in lesional partial epilepsy (references above). In the undercut model, 2–3 wks after injury
the frequency of excitatory postsynaptic currents (EPSCs) was increased significantly in the
pyramidal neurons of layer V and the amplitude and input/output slope of the AMPA
component of evoked EPSCs were increased (Li & Prince [37]). These findings fit with
previous results (Salin et al [58]) which showed that axons of layer V pyramidal neurons
have markedly increased lengths and numbers of branches, and an increased density of
presynaptic boutons in layer V, where interictal epileptiform activity originates in the
undercut (Prince and Tseng, [52]). To determine whether there was an activity-related
mechanism involved in the sprouting response and associated epileptogenesis, we
chronically applied tetrodotoxin (TTX) to the undercut cortex following the injury (Graber
and Prince [24]). When the TTX application was made during a “critical period” of 3 days
after the undercut (Graber and Prince [26]) or for longer periods (Graber and Prince [24]),
epileptogenesis was markedly suppressed, and subsequent results showed that there was a
significant decrease in anatomical markers of axonal and terminal sprouting (Fig. 1 in Prince
et al [51]).

Recent experiments performed during the “critical period” after undercut have shown that
enhanced excitatory postsynaptic currents (EPSCs) are present in layer V pyramidal cells 3
days after injury, and that aberrantly sprouting excitatory terminals make presumptive
excitatory synapses on somata of these cells (D.K. Takahashi and D.A. Prince, unpublished).
These results have provided proof in principle that, in this model, posttraumatic
epileptogenesis can be prevented when therapy is administered over a limited period. They
have also led to a search for more practical therapeutic interventions that would prevent
formation of new excitatory connections (see below). Other experiments showed that there
was an increased probability of glutamate release at excitatory synapses in epileptogenic
cortical slices, indicating altered function of excitatory axonal synaptic terminals (Li et al
[36]). Experiments using laser scanning and uncaging of caged glutamate have confirmed
that there is increased glutamatergic excitatory connectivity in areas of the cortical undercut
onto both pyramidal cells (Jin et al [30]) and interneurons (Jin, et al, 2010).

A large number of other anatomic and electrophysiological alterations result from the
epileptogenic lesion, so it is difficult to determine whether sprouting and new connectivity is
a pathophysiological mechanism that is sufficient alone to induce seizure activity. However,
recent studies of synapse formation and elimination have provided key information with
respect to this point by showing that failure to prune excessive excitatory synapses during
development, in otherwise uninjured mice, results in epilepsy associated with enhanced
glutamatergic transmission, but without other obvious structural/functional abnormalities
such as those affecting GABAergic inhibition (Chu et al [9]). A second line of evidence
suggesting that excessive excitatory synapse formation alone might result in epileptogenesis
comes from studies of normal synaptic development, and that which occurs after injury.
Astrocytes secrete soluble proteins called thrombospondins (TSPs) that are key in enabling
development of synapses between excitatory cells (Christoferson et al [8]). The α2δ-1
calcium channel auxiliary subunit is the receptor for both thrombospondins and the
anticonvulsant drug gabapentin (GBP) (Luo et al [39], Eroglu et al [19]) and treatment of
rodents with this drug early in development decreases excitatory synapse formation (Eroglu
et al [19]). Further, we have recently recorded video/EEG seizures in implanted mice
overexpressing the α2δ-1 receptor, as well as enhanced excitatory synaptic currents and
epileptogenic activity in pyramidal neurons of in vitro slices from neocortex and
hippocampus of these mice (L. Faria, B. Barres, Z.D. Luo and D.A. Prince, unpublished).
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These results lead to the hypothesis that measures which interfere with development of new
excitatory connections following injury could emerge as potential prophylactic approaches.
We have tested the hypothesis that interference with the actions of thrombospondins at the
α2δ-1 receptor would be antiepileptogenic. Field potential recordings were obtained from
neocortical slices from undercut cortex of rats dosed with parenteral GBP beginning after
the partial cortical isolation, using several protocols (H Li., K.D. Graber, D.A. Prince,
unpublished). Results indicate that GBP can decrease the incidence of epileptogenesis in
slices (Fig. 2A–C) and concurrently decrease the density of presumptive excitatory synapses
in the undercut (Fig. 2D, E). There are also reductions in cell death, astrogliosis, and
neurofilament staining in undercuts of GBP-treated animals (H. Li, Graber, K.D., Prince,
D.A. unpublished). However, not all GBP treatment protocols were effective and further
experiments are required to determine optimal dosage and timing of treatment.

The issue of adaptive vs maladaptive changes in connectivity is a key one that must be
considered in approaching potential preventative treatments that decrease epileptogenic
sprouting after injury. A number of reports implicate axonal sprouting and new connections
as major adaptive plastic events in recovery of function after cortical lesions ((Dancause et
al [15], Lee et al [35]). In recent experiments in a stroke model where middle cerebral artery
occlusion induces expression of TSPs in astrocytes, TSP1-2 knock-out mice showed
significant defects in the axonal sprouting and synaptic density compared to wild type
animals, together with defects in functional recovery (Liauw et al [38]). The post-stroke
incidence of epilepsy was not studied in these experiments; however the results, and those in
the above references, provide a cautionary note.

5) Discussion and important unsolved issues
A number of pathophysiological processes occur in parallel after a serious epileptogenic
brain injury. Although any one of these in isolation might not induce seizure activity, their
effects on excitability would summate and epileptogenesis could result. Thus, a single
prophylactic approach might be ineffective and a “prophylactic cocktail” might be required.
Two key elements in developing epileptogenesis in a variety of injury models are reductions
in functional GABAergic inhibition and enhanced new excitatory connectivity. However,
the relationships between both excitatory and inhibitory circuit function and epileptiform
activity are complex. GABAergic synchronization of cortical networks occurs in
epileptogenic cortical lesions (D’Antuono et al [14], and in both acute (Marchionni and
Maccaferri [41]) and genetic models of epileptiform discharge (Klaassen et al [32]). Also,
depolarizing GABA responses due to altered chloride gradients occur in excitatory cells
during development (Tyzio et al [64]) and after injury (Pathak et al [49], van den Pol et al
[65]). These factors make the net effect of enhanced interneuronal output hard to predict.
Also, decreases in excitatory circuit activities might result in decreased activation of
interneurons (Sloviter [60], but see Zhang and Buckmaster [66]; Halabisky et al, [27]). As
more becomes known about control of these processes during cortical development or
following injury, it is possible that prophylactic therapies selectively affecting maladaptive
processes might be applied. One important obstacle at this time is the unavailability of a
reliable biological marker that would select for individuals who will go on to develop post-
traumatic epilepsy, although it is clear that the incidence of posttraumatic epilepsy increases
with the severity of brain injury (reviewed in Chen et al [7]). We know little about the
temporal extent of critical periods in man when prophylactic intervention would be
effective, or how to identify epileptogenesis “in progress”. The latent period may be very
long between injury and expression of behavioral seizures (Salazar et al, 1985 [57]),
however the critical period for intervention could closely follow injury (Benardo [3], Graber
and Prince [26]). As noted above, another major problem is the difficulty in distinguishing
between adaptive and maladaptive processes that follow brain injury. Finally, multiple
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offsetting potential effects by a given intervention are possible, such as both enhancement of
excitatory connectivity together with “rescue” of inhibitory interneurons by BDNF agonists
(e.g. Binder et al [4] vs Reibel et al [55]). The data presented in this issue suggest that
significant progress is being made and that we may have potential prophylactic therapies
available in the years to come, providing that some of the issues mentioned above are settled
by detailed basic and clinical investigations.
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Figure 1.
Effects of activation of TrkB receptors on perisomatic expression of α3Na/K ATPase-IR in
undercut cortex.
A: Confocal image of α3-Na+/K+ ATPase immunoreactivity (IR) in undercut cortex 14 d
after lesion in animal treated with intranasal saline. IR around pyramidal somata is reduced
from side contralateral to isolation (C) and control naïve cortex (not shown). B: Perisomatic
α3-Na+/K+ ATPase IR in undercut cortex in rat receiving intranasal BD2-4 daily × 2 wks is
increased in intensity compared to saline treated control in A. D: Graph of data from 13 cells
in undercut cortex of saline- vs BD2-4 treated rats shows a significant increase in α3-Na+/
K+ ATPase in BD2-4 treated animals after 2 wks of treatment.

Li et al. Page 10

Neurosci Lett. Author manuscript; available in PMC 2012 August 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Chronic treatment with gabapentin (GBP) decreases evoked epileptiform discharges and
excitatory synapse density in undercut cortex.
A: Representative field potential responses from layer V in undercut region of in vitro slice.
Recordings from saline-treated rat 14 d after lesion placed. Just suprathreshold extracellular
stimuli evoked epileptiform potentials. B: Same protocol as A, except rat had sc GBP
infusion (10 mg/kg/d) × 14d following lesion. Recordings made on day 14 of GBP infusion.
Stimuli failed to evoke epileptiform responses. C: Incidence of evoked epileptiform activity
in undercut cortical slices in GBP and saline treated animals. Numbers in bars: number of
animals. Average of 4.3 slices was assessed per animal. Data are expressed as percentage of
slices with evoked epileptiform activity. *: p < 0.05. White bars: saline controls; black bars:
GBP. D–E: Chronic GBP treatment (10 mg/kg/d sc × 7d) decreases density of excitatory
synapses in undercut cortex. Data obtained from animals on 7th day of treatment following
undercut.. D: Confocal images from sections of saline-treated and GBP-treated undercut
rats. Double immunocytochemistry for vGlut1 (green, 1:500) and PSD95 (red, 1:200).
Arrows: Sites of close apposition and presumptive synapses (yellow). E: Quantification of
co-localization of pre and postsynaptic markers vGlut1 and PSD95 in undercut cortical
sections from saline-treated (white bar: n =14 sections from 5 animals) and GBP-treated
animals (black bar: n = 14 sections from 5 animals with 2–3 sections/rat). Three confocal
images taken from each section. ***:p < 0.001. Data are expressed as mean ± SEM. Un:
undercut.
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