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Epilepsy is often associated with cognitive and behavioral impairments that can have pro-
found impact on the quality of life of patients. Although the mechanisms of cognitive im-
pairment are not completely understood, we make an attempt to describe, from a systems
perspective, how information processing is affected in epilepsy disorders. The aim of this
review is to (1) define the nature of cognitive deficits associated with epilepsy, (2) review
fundamental systems-level mechanisms underlying information processing, and (3) describe
how information processing is dysfunctional in epilepsy and investigate the relative contri-
butions of etiology, seizures, and interictal discharges (IDs). We conclude that these mech-
anisms are likely to be important and deserve more detailed scrutiny in the future.

The epilepsies are a group of disorders de-
fined by the propensity for an individual to

have epileptic seizures (Fisher et al. 2014). In
addition to seizures, these common and seri-
ous neurological disorders are associated with
cognitive and behavioral impairments (Berg
and Scheffer 2011). The cognitive and behav-
ioral impairments are critical determinants
of the reductions in quality of life observed in
patients with epilepsy (Ronen et al. 2003; Lor-
ing et al. 2004). It is, therefore, of major im-
portance that the mechanisms underlying cog-
nitive impairments are characterized as this is
likely to lead to novel interventions that will
ultimately improve the quality of life of people
with epilepsy. Epilepsy is associated with a va-
riety of physiological and molecular alterations
at the level of changes in the genome, gene

expression, receptor characteristics, peptides,
and brain injury. These changes are not only
responsible for seizures but also for functional
abnormalities underlying cognitive impair-
ment. It is likely that several of these mecha-
nisms are occurring in concert, and, therefore,
it is important to study the net effects of these
alterations at the level of neural networks as
this may also lead to novel interventions that
could improve outcomes. The aims of this
article are to (1) define the nature of cognitive
deficits associated with epilepsy, (2) review
fundamental systems-level mechanisms under-
lying information processing, and (3) describe
how information processing is dysfunctional
in epilepsy and investigate the relative contri-
butions of etiology, seizures, and interictal dis-
charges (IDs).
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THE NATURE OF COGNITIVE IMPAIRMENTS
IN PEOPLE WITH EPILEPSY

Cognitive impairments in epilepsy are a conse-
quence of complex interactions among the eti-
ologies of the epilepsy, the seizures themselves,
interictal discharges, and antiepileptic drugs
(Raspall-Chaure et al. 2008). Cognitive impair-
ments are often most severe in people with ep-
ilepsy that began in childhood, particularly in
those epilepsies that are classified as epileptic
encephalopathies. The cognitive deficits in chil-
dren with epilepsy are manifest as a reduction in
average IQ that leads to many children requiring
special education interventions. An impact on
at least one academic area is identified in �50%
of children with epilepsy (Vinayan et al. 2005;
Fastenau et al. 2008). It is important to note that
even those children functioning at or near an
average IQ often underachieve with respect to
performance expected for that IQ (Oostrom et
al. 2003). In the school setting, �45% of chil-
dren with epilepsy and an IQ of at least 80 re-
quire special education services, and 16% of
these children repeat a year of education (Alden-
kamp et al. 1990; Berg et al. 2011). There are
also more specific abnormalities identified in
both reading skills (including single-word, pho-
nological awareness, comprehension, and speed
or fluency deficits) and math skills (Croona et
al. 1999; Chaix et al. 2006; Pinton et al. 2006;
Canavese et al. 2007; Clarke et al. 2007; Felker et
al. 2011; Verrotti et al. 2011). Often, several ed-
ucational areas are affected in individuals. In
addition, children with epilepsy frequently
show more general deficits in the domains of
memory and attention (Croona et al. 1999; San-
chez-Carpintero and Neville 2003; Northcott
et al. 2005; Chaix et al. 2006; Deltour et al.
2007). Although many children maintain IQ
over time, there are some children that lose
skills, particularly with changes in seizure fre-
quency or seizure severity.

Studies trying to identify predictors of cog-
nitive impairments have largely concentrated
on seizure-related factors. These factors include
early onset of seizures (Bulteau et al. 2000; Bjor-
naes et al. 2001), high seizure frequency (Her-
mann et al. 2002), seizure intractability (Farwell

et al. 1985; Seidenberg et al. 1986), and length of
time that an individual has had seizures. In ad-
dition, there are some seizure syndromes that
are far more likely to be associated with cogni-
tive impairment (e.g., infantile spasms, Dravet
syndrome, and Lennox–Gastaut syndrome).
Affected children usually have severe cognitive
impairments, but it is clear that there may be
more subtle cognitive deficits in children with
other types of epilepsy, such as benign rolandic
epilepsy or childhood absence epilepsy (Vi-
nayan et al. 2005; Caplan et al. 2008). It is critical
to recognize that the correlations among seizure
parameters (length, frequency, duration, etc.)
are never very tight within epilepsy syndrome
and when compared across syndromes, such
correlations are usually not identified. For ex-
ample, the number and anatomical site of inter-
ictal spikes during sleep in children with Lan-
dau–Kleffner syndrome and benign rolandic
epilepsy are similar but the outcomes are vastly
different suggesting that other factors, such as
etiology, must be contributing to outcomes.

Adults with epilepsy also display cognitive
impairments, which are largely related to the
area of the brain that is the focus of the epilepsy.
For example, adults with temporal lobe epi-
lepsy display memory impairments (Bell et al.
2011). However, adults with generalized epilep-
sies like juvenile myoclonic epilepsy may display
mild cognitive impairments (Hubel and Wiesel
1959).

The association between cognitive impair-
ment and seizure characteristics is often viewed
as causative (i.e., the change in seizure charac-
teristics cause the change in cognitive ability).
However, brain function is dynamic, and chang-
es in brain function that lead to seizures could
independently be causing a change in cognition
(a complex interaction among etiology, sei-
zures, and cognition). This observation could
help to explain the limited impact of antiepilep-
tic drugs and epilepsy surgery on cognitive
outcomes. It strongly supports the view that
seizure-centric constructs for understanding
the relationships between cognition and epilep-
sy need to be expanded to include the impacts of
etiology. Further, it shows that neural systems
that underlie cognitive processing are likely dis-
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rupted in patients with epilepsy. The goal of the
following sections is to review systems-level
mechanisms of information processing and to
show how these mechanisms are disrupted in a
variety of animal models with relevance to hu-
man epilepsy and where available in humans.

Systems-Level Mechanisms Underpinning
Information Processing and Memory

Information processing for the purposes of this
article refers to acquisition, storage, and retriev-
al of information. In the nervous system, sen-
sory inputs into neural networks are processed
in a way that that these networks collectively
guide behavior, encode and retrieve memories,
and create consciousness through emergent and
complex properties of the network. Neural net-
works can be investigated at a variety of scales
including at the level of the synapse, the level of
single-neuron firing characteristics, and at the
level of the ensembles of neurons producing
oscillatory activity in the brain. Several mecha-
nisms for the relationship between neuronal
firing and information encoding have been
proposed: frequency coding, population coding,
and temporal coding. In addition, these pro-
cesses are likely modulated by synaptic plasti-
city and by oscillatory activity. Although these
mechanisms will be described separately, many
of these processes are occurring simultaneously
within the same network and should not be con-
ceptualized as independent mechanisms. In de-
scribing these coding mechanisms, we will focus
on two major structures commonly affected by
seizures: the neocortex and the hippocampus.
Before exploring the effect of epilepsies on these
processes, it is important to understand their
physiological roles.

Rate Coding

In rate coding, it is the number of action po-
tentials fired by a neuron that carries informa-
tion. This information can be the orientation
of a moving visual stimulus in the visual cor-
tex (Hubel and Wiesel 1959), the direction of
movement of the hand in the motor cortex
(Georgopoulos et al. 1982), but also more ab-

stract notions, such as the presentation of a
celebrity picture (Fried et al. 1997; Quian et
al. 2014), personally relevant images (Viskontas
et al. 2009), or one’s location in the envi-
ronment. In the hippocampal formation, rate
coding is illustrated by place cells (O’Keefe
and Nadel 1978) and in the entorhinal cortex
by grid cells (Moser et al. 2008). Place cells
(Fig. 1A) are hippocampal pyramidal cells re-
corded in rodents that are only active when the
animal enters a specific region of the environ-
ment, called the cell’s place field. At a given
time, it is estimated that 30%–40% of hippo-
campal pyramidal cells act as place cells with
place fields covering the totality of the environ-
ment (Muller 1996). Each time the rat is re-
introduced to the same environment, the
same set of cells is activated and their place
fields are identical, suggesting that place-cell
representation is remembered and not built de
novo (Muller 1996). Together with the fact that
hippocampal lesions abolish spatial memory in
rodents, the place-cell phenomenon leads to the
hypothesis that the place-cell firing is the neural
substrate of spatial representations. In the en-
torhinal cortex, grid cells are pyramidal neu-
rons that have multiple place fields of the
same size organized in a periodic triangular
array and cover the whole environment. Such
organization has been proposed to be involved
in path integration, a process by which motion
cues are integrated to orient and navigate in the
environment.

Population Coding

In population coding, information is carried
out by the joint activation of an ensemble of
neurons rather than individual neurons within
this ensemble. This method is particularly in-
sensitive to variations in the activity of individ-
ual neurons caused by noise, thereby decreasing
the uncertainty of the signal and processing
time. An example of population coding is the
activity of primary motor cortex neurons in
macaques trained to reach targets organized in
a circle. Although individual neurons preferen-
tially increase their firing for a specific direction
of movement, the activity of the ensemble of
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neurons (Georgopoulos et al. 1982) uniquely
predicted the direction of motion. Subsequent
studies (Salinas and Abbott 1994) have also
shown that population coding accurately pre-
dicts stimulus features and behaviors in multi-
ple brain areas and species, including localiza-

tion of a rat on the basis of place-cell activity
(Wilson and McNaughton 1993) or insect es-
cape behavior from a giant interneuron popu-
lation (Levi and Camhi 2000). Another way of
conceptualizing population coding is as a net-
work of neurons firing in a coordinated fashion
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Running direction
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–360 360
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Firing rate
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0
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Figure 1. Hippocampal place cells and their relationship with u rhythm. (A) Two place cells recorded simulta-
neously as the rat crosses a linear track. The firing activity of each cell is represented by a rate map of the
environment viewed from the top. Blue color, no activity; red, maximum firing of each cell (�30 Hz). This is a
typical example of rate coding. (B) Phase precession. Activity of each cell (vertical bar, one action potential) for
the top (red bars) and bottom (blue bars) cells in A. Firing activity is overlaid with the ongoing hippocampal
electroencephalograph (EEG) (black trace) during a single crossing of the track. The EEG has also been filtered in
the u band (red dashed trace, 4–12 Hz). Note that each cell fires at an earlier phase than in the previous cycle.
This phenomenon, called phase precession, is an example of temporal coding. The two cells, having a partially
overlapping field, start the precession process at a different cycle. This results in a systematic firing lag between
the two cells within a single u cycle (dotted ellipses). The time lag is proportional to the overlap among the place
fields. (C) At the population level, when multiple partially overlapping fields are being crossed, phase precession
leads to the reactivation in each u cycle (�120 msec) of the sequence of place cells being currently activated. Each
place field is represented in the track viewed from the top (upper graph) or expressed in firing rate as a function of
distance (second graph from top).
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and in which there are parameters that predict
behavior in a maze (Tyler et al. 2012).

Temporal Coding

Temporal coding is the process by which the
precise timing of action potential firing, in
the order of milliseconds, carries information.
Here, the timing can be relative to stimulus pre-
sentation, response onset, the firing of individ-
ual neurons/population of neurons, or an on-
going oscillation in the electroencephalograph
(EEG). A major argument in favor of the tem-
poral coding hypothesis is the notion of coinci-
dence detection. Because a single synaptic in-
put is not sufficient by itself to induce firing
in a neuron (excitatory postsynaptic potentials
[EPSPs] generally account for a maximum of
1 mV), synaptic inputs need either to involve
large numbers of neurons firing at a high rate
or to be precisely timed (synchronized within
5 msec) so that EPSPs, produced at various lo-
cations in the dendritic tree, can efficiently in-
duce postsynaptic firing. Examples of millisec-
ond neuronal synchrony have been observed in
several species and brain areas, including the
auditory cortex in owls (Wagner et al. 2005)
and the visual cortex in monkeys (Gray et al.
1989). Changes in synchrony among neurons
can be observed independently of the firing
rates of these individual neurons (Kilavik et al.
2014), suggesting that it is an independent pro-
cess from rate coding. It is proposed that neu-
rons that fire synchronously participate in the
same process and form, as an ensemble, a cod-
ing entity. Finally, as we have seen above, milli-
second-range synchrony among neurons plays a
critical role for synaptic plasticity and storage of
information.

Synaptic Plasticity

The types of coding described above are, at least
in part, a function of synaptic plasticity. Synap-
tic plasticity is the process by which the ability
of a synapse to transmit information among
neurons (in the form of EPSPs or inhibitory
postsynaptic potentials [IPSPs]) is modified in
response to changes in neuronal inputs. There

are two common forms of plasticity studied
in laboratory settings: long-term and short-
term plasticity. The first evidence of long-term
synaptic plasticity was provided by Bliss and
Lomo (1973). They found that tetanic stimu-
lation (100 Hz) of the perforant path induced
a long-lasting augmentation of the postsynap-
tic response to single perforant path stimula-
tion in the dentate gyrus. This phenomenon,
called long-term potentiation (LTP), involves
N-methyl-D-aspartate (NMDA) and a-amino-
3-hydroxl-5-methyl-4-isoxazole-propionate
(AMPA) receptors as well as various protein
kinases and, in the long term, changes in gene
expression. Alterations of LTP, as well as the
opposite phenomenon (long-term depression
[LTD]), have been shown to affect learning and
memory. For instance, blockade of NMDA re-
ceptors prevents the induction of LTP in vivo
and causes a selective impairment of spatial
learning in spatial memory tasks (Morris et
al. 1986), and reduction of protein kinase M
(PKM)-j, a protein kinase C isoform criti-
cal for LTP maintenance, abolishes already ac-
quired memories (Pastalkova et al. 2006). Place-
cell stability also requires maintenance of LTP
(McHugh et al. 1996; Cho et al. 1998; Kentros
et al. 1998; Dragoi et al. 2003; Agnihotri et al.
2004; Barry et al. 2012) further supporting
the view that synaptic plasticity is an important
mechanism underlying spatial cognition. Short-
term plasticity, occurring in the time scale
of milliseconds to minutes, relies on different
mechanisms (depletion of synaptic vesicles, cal-
cium signaling) and is believed to play a critical
role in information processing (filtering, gain
control) and working memory.

Oscillatory Activity

Brain oscillations are periodic fluctuations of
the activity of groups of neurons. They mainly
result from the synchronous activation of syn-
aptic currents (IPSPs and inhibitory postsynap-
tic currents [IPSCs]) of large populations of
neurons (Buzsaki et al. 2012). In the past two
decades, evidence has been accumulating in
favor of a critical role of brain oscillations in
various aspects of the coding mechanisms
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described above, given that neuronal synchrony
organizes temporal coding and, thus, plays a
critical role in synaptic plasticity. Oscillations
are observed in scalp EEG, electrocorticograms,
and local field potentials recorded from intra-
cranial electrodes. They range from 0.05 to
600 Hz, usually in combination with each other.
This signal can be decomposed into individual
frequency bands that historically were named
after Greek letters: d (0.5–4 Hz), u (4–8 Hz in
human scalp EEG; 4–12 Hz in rodent hippo-
campus), a (8–12 Hz), b (15–30 Hz), and g

(30–90 Hz). Other oscillation types, including
ultraslow oscillations (for a review, see Buzsaki
et al. 2012) and high-frequency oscillations or
ripples (100–300 Hz) have also been observed.
There is now overwhelming evidence that g-
aminobutyric acid (GABA)ergic interneurons
playacritical role in organizing network dynam-
ics that are a fundamental part of information
processing. For example, perisomatic-targeting
interneurons (most of them expressing parval-
bumin [PV]), directly control the output of the
pyramidal cells to which they are connected. By
innervating a large number of pyramidal cells
and interneurons, PV cells, such as basket cells,
control the synchrony of large populations of
neurons, resulting in major oscillatory patterns,
such as g and u (Bartos et al. 2007; Klausberger
and Somogyi 2008). Dendritic projecting inter-
neurons, on the other hand, control the input
flow of information within the hippocampus.
Oriens lacunosum moleculare (OLM) cells, for
example, inhibit entorhinal entries to CA1 while
facilitating CA3 inputs. Finally, u and other hip-
pocampal oscillatory patterns, such as sharp-
wave ripples, are also controlled by GABAergic
interneurons in the medial septum/diagonal
band (MS/DB) of Broca (Hangya et al. 2009).

We will focus on the major oscillations that
influence the hippocampus and connected
structures: u and g rhythms. u Rhythm is a
high-voltage (2 mV) regular sinusoidal oscilla-
tion (5–12 Hz) observed during exploration
and rapid eye movement (REM) sleep in ro-
dents as well as during virtual navigation, work-
ing memory, and REM sleep in humans (Can-
tero et al. 2003). In rodents, suppression of u by
medial septum (a major u pacemaker) injection

of muscimol (a GABAA agonist) induces pro-
found spatial memory deficits similar to hippo-
campal resection (Winson 1978) and working
memory deficits (Givens and Olton 1994).
There are important relationships between the
timing of single-neuron firing activity and the
phase of u oscillations, and this effect differs
across cell types. Pyramidal cells preferentially
fire at the trough of u, and basket cells shortly
after the peak (Klausberger and Somogyi 2008).
Place-cell activity and, to some extent, fast spik-
ing interneurons (Geisler et al. 2010) have a
more subtle relationship to u. As the rat crosses
their place field, place-cell discharge oscillates at
a faster rate than the ongoing u, with the action
potentials appearing at earlier phases on succes-
sive u cycles. By this phenomenon (Fig. 1B),
called phase precession, the rat position is pre-
cisely encoded through the firing phase. Anoth-
er consequence of phase precession is the fact
that in each u cycle (i.e., in an �120 msec win-
dow) the activity of overlapping place cells is
organized in sequences or chunks that repro-
duce the ongoing trajectory of the rat (Fig.
1C) (Dragoi et al. 2003; Gupta et al. 2012).

Of smaller amplitude but higher frequency
than u,g rhythm also plays a role in information
processing in both rodents (Bragin et al. 1995;
Montgomery and Buzsaki 2007) and humans
(Llinas and Ribary 1993; Canolty et al. 2006).
It is believed that g rhythms provide coordinat-
ing mechanism-binding ensembles of neurons
that encode information (Harris et al. 2003; Lis-
man 2005; Fries 2009). In the hippocampus, the
magnitude of g oscillations is modulated by u

in that g is larger when u waves go from peak
to trough (Bragin et al. 1995). Inputs from the
entorhinal cortex and from CA3 are coordinat-
ed at different g frequencies (Colgin et al. 2009),
each riding at a different phase of u. It is pro-
posed that such coordination of u–g oscilla-
tions plays a role in specific aspects of memory
processing.

Oscillations not only play a role in informa-
tion processing in a given structure but also in
the communication among structures. Such
communication is made possible by neuronal
coherence, a mechanism by which oscillations
in different brain areas become synchronized
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(Fries 2005). The idea is that neuronal groups
participating in the same function oscillate to-
gether, which allows them to interact efficient-
ly because their communication windows are
open at the same times. Evidence for such a
communication scheme has been observed in
multiple frequency bands, brain regions, cogni-
tive processes, and species (Lachaux et al. 1999;
Miltner et al. 1999; Jones and Wilson 2005), and
alterations of neuronal coherence are proposed
to play a role in disorders, such as schizophre-
nia or attention-deficit hyperactivity disorder
(ADHD) (Spencer et al. 2003; Uhlhaas and
Singer 2010; Barry and Clarke 2013).

DISRUPTION OF INFORMATION
PROCESSING IN EPILEPSY

In the previous sections, we have described
some of the fundamental processing entities of
the nervous system. In the following sections,
we will describe the impacts of IDs, recurrent
seizures, and etiology of seizures on infor-
mation processing both in terms of behavior
and in terms of the mechanisms previously
described.

The Impact of Epileptiform IDs

A hallmark of epilepsy, IDs are high-amplitude
paroxysmal potentials observed in periods be-
tween seizures. Although most attention is fo-
cused on seizures, there is concern as to whether
interictal spikes could also alter cognitive func-
tion. Theoretically, harm could come in two
ways: (1) IDs could alter ongoing cognitive pro-
cesses (this will be referred to as “transient cog-
nitive impairment” [TCI]), and (2) IDs could
lead to long-term structural changes. Therefore,
if IDs do alter neural substrates in the form of
molecular changes, cell death, or sprouting of
axonal projections, it is also possible that, in the
long term, these changes alter the network func-
tions involved in cognitive processing.

The question of whether IDs affect cognitive
function directly was raised when the first EEG
recordings in patients with epilepsy revealed
spike and wave activity without apparent clini-
cal manifestation (Gibbs et al. 1936) and when

Schwab (1939) showed that such “subclinical”
activity was associated with a decreased reaction
time. Since then, numerous studies have inves-
tigated the impact of IDs on cognition. These
studies have led to conflicting results, feeding
the ongoing controversy on whether treatments
that minimize the frequency of IDs could im-
prove cognitive outcomes (for a review, see Bin-
nie 1994). Relevant to day-to-day life, IDs have
been shown to impact reading and arithmetic
skills in children, driving skills, and ability of air
traffic controllers to effectively carry out their
jobs (Binnie et al. 1987; Kasteleijn-Nolst Trenite
et al. 1988; Kasteleijn-Nolst Trenite and Vermei-
ren 2005). The latter finding has driven the
European agency for air safety (Eurocontrol) to
use EEG monitoring as a screening tool. There-
fore, there is compelling evidence that IDs have
an effect on ongoing cognitive processes. This
effect is location specific in the sense that the
function that is altered is the one supported by
the structure where IDs occur. Thus, cortical
neural systems of information processing are
disrupted at the time of the ID, although the
precise effects of neuronal firing characteristics
and oscillatory activity have not been character-
ized. Hippocampal IDs also affect cognitive
processes. Using intracranial recordings in both
temporal lobe epilepsy patients and animal
models of the syndrome, Kleen et al. (2010,
2013) showed that IDs significantly affect the
recall of information in working memory as
long as the ID was at the precise time that in-
formation needed to be recalled from memory.
IDs at other times during the task had no effect
on memory (Kleen et al. 2013). Several clini-
cians consider this finding as a proof of princi-
ple that, at least in syndromes with a high-ID
frequency, as in epileptic encepholopathies, the
constant, repeated transient impairment caused
by ID may have an additive and pervasive ef-
fect on general cognitive function (Holmes and
Lenck-Santini 2006).

Overall, the magnitude of the behavioral
impacts of IDs do not seem to be catastrophic,
and it can be argued that the effect of IDs is mild
compared with other factors, such as the etiol-
ogy at the origin of seizures (Aldenkamp and
Arends 2004a; Lucas et al. 2011). In a series of
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experiments, Aldenkamp and colleagues (Al-
denkamp et al. 2001, 2004; Aldenkamp and
Arends 2004b) carefully assessed the effect of
ID recorded during cognitive testing while
weighing this effect in comparison with other
factors, such as seizure frequency and the effect
of the clinical syndrome. The investigators
conclude that IDs only have a mild effect on
cognitive function, which is limited to transient
processes (like attention or alertness) and is
negligible when compared with other epilepsy-
related factors (Aldenkamp and Arends 2004a).

There is also a debate about whether fre-
quent IDs impact cognition in a nontransitory
way. Children with Landau–Kleffner syndrome
and continuous spike-wave in slow wave sleep
(CSWS) have frequent epileptic discharges dur-
ing sleep and have significant cognitive (espe-
cially language) impairments (Van 2013). How-
ever, children with benign rolandic epilepsy also
have frequent discharges in sleep but their cog-
nitive outcomes are close to normal (Guerrini
and Pellacani 2012). Therefore, magnitude of
the negative impact of discharges could be
small. The mechanism suggested for these im-
pairments is that the discharges are disrupting
physiological neural processes (e.g., memory
consolidation). To address this, an animal mod-
el of frequent IDs using direct injections of bi-
cucculine into the developing prefrontal cortex
was developed (Hernan et al. 2014a,b). These
animals have abnormalities in attention and in
sociability, both functions related to the pre-
frontal cortex. In conjunction with the be-
havioral impacts, there are also abnormalities
in a particular form of short-term potentiation
(STP) with enhancement of the effect (Hernan
et al. 2014a). It is likely that these plasticity
changes represent a systems-level mechanism
for the behavioral effects identified. Although
a greater than normal effect leading to impair-
ment may be counterintuitive, it is likely that
the correct amount of STP is required for opti-
mal brain function and that both increases and
decreases in STP will be harmful. Interestingly,
the IDs and STP changes were bilateral despite
unilateral injections, suggesting that the ID it-
self has some negative impact on cortical neural
systems.

The Impact of Seizures

In this section, we will concentrate on epileptic
seizures induced in the context of a previously
normal brain. Models of spontaneous seizures
in the context of brain disease will be considered
in the section on etiology.

Several aspects of neural systems including
LTP, rate coding, and oscillatory activity have
been studied. Alterations of LTP have been
found after kindling (Reid and Stewart 1997;
Schubert et al. 2005) and after pharmacologi-
cally induced seizures. Adult animals with
previously normal brains exposed to 10 flur-
othyl-induced seizures have markedly reduced
hippocampal LTP and behavioral impairment
in the Morris water maze (Zhou et al. 2007),
suggesting that seizures can disrupt plasticity
mechanisms. Reduced LTP has been seen in hu-
mans with an epileptic focus in the hippocam-
pus when compared with patients with a focus
outside of the hippocampus (Beck et al. 2000).

Rate coding can be interrogated by investi-
gating the effect of seizures on place-cell activity.
Single daily flurothyl-induced seizures admin-
istered over 8 days in adult rats leads to reduc-
tion of the proportion of recorded pyramidal
cells that meet the criteria for place cells (Lin
et al. 2012). However, those cells that still meet
the criteria have similar properties to those of
cells recorded in control rodents. This is inter-
preted as a degradation of the place-cell system
by recurrent seizures. In the same model, there
is evidence for disruption of population coding.
Peak frequencies in the u range reduce over the
8-day period, and if recording continues to day
19, this abnormality recovers. Therefore, in-
duced seizures appear to have negative effects
in the developed brain.

Children with severe epilepsies frequently
have cognitive and behavioral impairments,
and it is hypothesized that the seizures are
permanently disrupting the development of the
neural systems underpinning cognition. This
hypothesis has also been tested in rodents. Re-
current flurothyl seizures induced during the
neonatal period lead to an increase in LTP in
the somatosensory cortex and to increases
in STP in the prefrontal cortex (Isaeva et al.
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2010; Hernan et al. 2013). Similar effects on
plasticity have also been identified following
postnatal hypoxic seizures (Jensen 1999; Zhou
et al. 2011). This suggests that seizures during
development have permanent consequences
to plasticity. Administration of 50–75 flurothyl
seizures during early development leads to a
permanent disruption of place-cell parameters
in line with reductions in performance during
Morris water-maze testing as adults (Karnam
et al. 2009). There are reductions in the fidelity
of firing (i.e., the firing is not extremely tightly
related to position in space), the information
content held in each action potential, firing
rate inside the field, and increases in field size.
Similar findings can also be identified following
a single prolonged seizure induced with fever
(Dubé et al. 2009). These findings are likely to
be a systems-level mechanism explaining poor
performance in a spatial task. However, the
magnitudes of the effects are modest and can-
not explain the severity of cognitive impair-
ments identified in many children with epilepsy,
suggesting that seizures and discharges are like-
ly contributors to cognitive impairment but
there must be additional factors driving abnor-
mal outcomes.

The Impact of Etiology

In the latest proposal for the classification of
epilepsies, it is suggested that etiology should
be considered in three groups: genetic, struc-
tural/metabolic, and unknown cause. The un-
known cause does not mean that there is not a
disease leading to seizures, but simply that one
has not been identified.

Genetic Etiology

Advances in technologies now allow exten-
sive examination of the genome of epileptic pa-
tients and their families (Epi4K Consortium
et al. 2013). Regularly, new mutations, deletions,
single nucleotide polymorphisms (SNPs), and
copy number variants are being identified as
potential causes of epilepsy. In some cases, mu-
tations of a single gene can explain seizure phe-
notypes in a significant proportion of patients

affected by a given syndrome or family of syn-
dromes. A remarkable example of this phenom-
enon is the Dravet syndrome (DS) in which
.80% of patients suffer from a mutation of
SCN1a (Harkin et al. 2007), a gene coding for
a voltage-gated sodium channel (Nav1.1). DS is
associated with severe seizures and often pro-
found cognitive impairment. Mutations of
Nav1.1 have also been identified in general-
ized epilepsy with febrile seizuresþ (GEFSþ)
(Escayg et al. 2000), and it appears that the se-
verity of the epilepsy phenotype depends on
whether the alteration of the gene results in a
loss of function of the channel or not (Catterall
et al. 2010). Interestingly, there is no direct rela-
tionship between the severity and frequency of
seizures and the severity of cognitive outcome.
Therefore, seizures cannot be the only factor re-
sponsible for cognitive impairment. A study in
which Nav1.1 was down-regulated in the medial
septum showed that this led to a disruption in
the septohippocampal network with impair-
ments in hippocampal-dependent functions,
but in the absence of any seizures. This strongly
supports the view that there are direct negative
cognitive effects of the mutation and that sei-
zures are not required for cognitive impairment
(Bender et al. 2013).

Structural Etiology

The two structural etiologies that will be con-
sidered in this section are hippocampal sclerosis
and malformations of cortical development
(MCD).

Temporal lobe epilepsy associated with me-
sial temporal sclerosis is a common form of
epilepsy identified in patients undergoing epi-
lepsy surgery (Babb and Brown 1986). The lith-
ium pilocarpine model recapitulates many of
the features of this human condition (Caval-
heiro 1995), including marked memory deficits
in the Morris water maze (Muller et al. 2009a,b).
Although epileptic activity may contribute to
adverse cognitive processing in hippocampal
sclerosis, it is undeniable that the brain injury
is also contributing to these outcomes. From a
behavioral perspective, there are a lot of data
showing impairments in spatial cognition as
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would be expected in animals that have hippo-
campal injury. At the systems level, there are
data that reveal alterations in plasticity, single-
unit firing activity, oscillatory activity, and
functional connectivity. For instance, kainic
acid–induced status epilepticus in newborn, in-
fant (Lynch et al. 2000a,b), or adult (Inostroza
et al. 2013) rats result in alteration of both LTP
and STP with consequent working memory and
reference memory deficits.

Place cells have been shown to be less precise
and less stable over time in animals with hippo-
campal sclerosis, and the severity of the place-
cell disruption is related to performance in the
water maze (Liu et al. 2003). Phase precession
in the same model (Lenck-Santini and Holmes
2008) is absent in a portion but not all of the
CA1 pyramidal cells recorded. At the popula-
tion level, the overall organization of firing se-
quences, normally representing the trajectories
of the animal, becomes incoherent with regard
to the spatial organization of the environment.
Although these data have concentrated on iden-
tifying place-cell abnormalities, it is recognized
that nonplace pyramidal cells also fire during
behavior, and it is likely that these cells are
also involved in information processing. It is
also recognized that that multiple pyramidal
cells are firing in a coordinated fashion. Func-
tional networks evaluating how hippocampal
pyramidal cells interact reveals that, in hippo-
campal sclerosis, each pyramidal cell is func-
tionally related to a greater number of other
pyramidal cells and that the extent of this hyper-
connectivity is correlated with how well the rat
can perform a hippocampal-dependent alter-
nation task (Tyler et al. 2012). In addition, the
quality of the reactivation of networks formed
during rest is also predictive of performance.
Therefore, there is clear evidence that surviving
hippocampal pyramidal cells are formed into
abnormal hippocampal circuitry, which results
in cognitive impairments. Interestingly, how-
ever, these networks seem to function well in
terms of replay in sleep, suggesting that the sys-
tem responsible for this activity is extremely
robust to injury.

Hippocampal u oscillations have also been
shown to be abnormal in mesial temporal scle-

rosis. In animal models of temporal lobe epilep-
sy, both frequency and amplitude of u rhythm
is reduced (Iriarte et al. 2006; Chauviere et al.
2009). This may be related to a selective loss of
medial septum GABAergic projecting neurons
(Garrido Sanabria et al. 2006) as well as hippo-
campal PV interneurons immediately after the
initiating status epilepticus (Bouilleret et al.
2000). In addition, OLM cells show altered
intrinsic and synaptic properties resulting in
a dysregulation of natural u rhythmicity (Du-
gladze et al. 2007). Such dysregulation has been
investigated by studying the relationships be-
tween running speed and the amplitude and
frequency of u recorded from the hippocampus.
The quality of that relationship is disrupted in
animals with hippocampal sclerosis, and the se-
verity of the disruption is predictive of perfor-
mance (Richard et al. 2013). All of these data
suggest that it is not simply neuronal death and
a reduction in the neural machinery required for
processing, but rather a change in the neural
networks of the surviving neurons.

Another common set of etiologies in chil-
dren with epilepsy are MCDs. As with all etiol-
ogies, it is essential to establish whether the
etiology has a significant impact on cognition.
Methylazoxymethanol administered to preg-
nant dams at E17 results in a bilateral malfor-
mation of hippocampal pyramidal cells seen as
dispersion of CA1 and CA3 layers (Chevassus-
Au-Louis et al. 1999; Lucas et al. 2011). The
animals with MCD display abnormalities in
cognitive tasks including the Morris water
maze and in a place-avoidance task (Lucas et
al. 2011; Jenks et al. 2013; Snyder et al. 2013).
Both of these tasks are hippocampal dependent.
In a subset of animals, flurothyl-induced sei-
zures administered in early life had no addition-
al impact on outcome. These data support
the view that etiology is a major determinant of
cognitive outcomes and deserves consideration
in treatment algorithms. Unfortunately, many
etiologies are considered to be fixed (e.g., hip-
pocampal neuronal loss in temporal lobe epi-
lepsy and MCD) and, therefore, untreatable.
However, in animal models of MCDs, it is clear
that modification of environments and over-
training paradigms result in dramatic improve-
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ments in cognitive abilities (Jenks et al. 2013).
Thus, even though the structural malformation
is unchanged, there has been some alteration in
functional networks allowing improved perfor-
mance. The systems-level mechanisms underly-
ing these behavioral improvements have not yet
been clarified.

CONCLUSION

The cellular substrates of cognitive processing
are diverse and complex. As we saw, there is
increasing evidence that neuronal synchrony
and neural rhythms play an important role in
information processing and neuronal plasticity.
We propose (Fig. 2) that the genetic, molecular,
and physiological alterations associated with
epilepsy, being etiological or a downstream ef-
fect from the epileptic condition itself, will have
a critical impact on these processes, thereby
altering cognitive function. Alterations at the
level of specific interneuron/pyramidal cell syn-
apses in a cortical structure could have a dra-
matic consequence on the way this pyramidal

cell processes information. When large popula-
tions of neurons are affected, this effect could
have multiplicative consequences and propa-
gate an aberrant signal to connected structures.
As much as this signal could be epileptiform, it
could also carry abnormal information to asso-
ciated structures, with possible adverse conse-
quences on the main function that the affected
systems underlie.
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