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ABSTRACT – The challenges to individuals with epilepsy extend far beyond
the seizures. Co-morbidities in epilepsy are very common and are often
more problematic to individuals than the seizures themselves. In this
review, the pathophysiological mechanisms of cognitive impairment are
discussed. While aetiology of the epilepsy has a significant influence on
cognition, there is increasing evidence that prolonged or recurrent seizures
can cause or exacerbate cognitive impairment. Alterations in signalling
pathways and neuronal network function play a major role in both the
pathophysiology of epilepsy and the epilepsy comorbidities. However, the

impairment can be distinct from the
use seizures.

cells, replay, reactivation, oscillation,
ated forgetting

the co-morbidities are more bur-
densome than the seizures.
Among the co-morbidities asso-
ciated with epilepsy, cognitive
abnormalities are among the most
common and troublesome. In
people with epilepsy, there is an
associated high rate of cogni-
tive difficulties that compromise
educational progress and achieve-
ment throughout life (Berg et al.,
2008). In addition to a higher inci-
dence of low IQs (Farwell et al.,
orrespondence:

biological underpinnings of cognitive
pathophysiological processes that ca

Key words: memory, cognition, place
rate coding, temporal coding, acceler

Although seizures are the most strik-
ing clinical manifestation of the
epilepsies, individuals with epilepsy
are at risk not only of seizures, but
also of a myriad of health problems
that occur in people with epilepsy
at a higher rate than would be
expected by chance (Committee on
the Public Health Dimensions of
the Epilepsies et al., 2012). Com-
mon co-morbidities that occur in
epilepsy include: cognitive dysfunc-
tion, such as memory, attention,
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or processing difficulties; mental
health conditions, including depres-
sion or anxiety; and somatic co-
morbidities, such as sleep disorders
and migraines. Epilepsy comorbidi-
ties are common and often severe.
For many individuals with epilepsy,

1985), in about half of children
with epilepsy, there is an identi-
fied discrepancy between IQ and
achievement (Fastenau et al., 2008).
Children who have poorly con-
trolled (pharmacoresistant) seizures
are more likely to have lower IQ
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cores than children with well controlled seizures
Berg et al., 2012). Adults with chronic epilepsy are
lso vulnerable to cognitive regression (Thompson
nd Duncan, 2005; Bell et al., 2011).
oth children and adults with epilepsy frequently com-
lain of memory disorders (Thompson and Corcoran,
992; Butler and Zeman, 2008). Individuals with
pilepsy may have: transient epileptic amnesia, in
hich the sole or main feature of the epilepsy is
pisodic amnesia; accelerated long-term forgetting,

n which newly acquired memories fade over days
o weeks; and remote memory impairment, in which
utobiographical or public facts are forgotten (Butler
nd Zeman, 2008). Accelerated long-term forgetting
s a condition in which individuals learn and initially
etain information normally, but forget the informa-
ion at an unusually rapid rate (Blake et al., 2000).
ccelerated forgetting has been demonstrated in both
dults (Butler et al., 2009) and children (Martinos et al.,
012). Both accelerated forgetting and remote memory
mpairment is seen primarily in individuals with tem-
oral lobe epilepsy (Butler et al., 2009; Muhlert et al.,
011). Much of the cognitive impairment that occurs in
eople with epilepsy is related to the underlying aeti-
logy of the epilepsy. Both acquired disorders such
s trauma, hypoxia, ischaemia, and mesial temporal
clerosis secondary to prolonged seizures, and genetic
isorders, including tuberous sclerosis, fragile X, Rett,
nd Dravet syndromes can lead to significant cognitive
mpairment in addition to causing epilepsy. As well as
hese static deficits caused by the underlying aetiol-
gy, cognitive impairments can be more dynamic or

ransient, occurring as a result of the seizures, EEG
nterictal spikes (IIS) or antiepileptic drugs. In many
atients, there may be a combination of reasons for

he cognitive impairment. Both the dynamic and static
ffects contributing to cognitive impairment will be
eviewed. While some antiepileptic drugs have pro-
ounced effects on cognition (Hermann et al., 2010),

his topic will not be discussed here.
hile there have recently been increased efforts to

ecognize epilepsy co-morbidities, our understand-
ng of the pathophysiological mechanisms responsible
or the co-morbidities lags far behind our knowledge
f the mechanism of epilepsy. In this review, recent
dvances in the neurobiology of cognitive impairment
re reviewed with emphasis on network changes.
02

ynamic effects on cognition:
eizures and interictal spikes (IIS)

ecurrent seizures, an essential component of
pilepsy, can seriously affect cognition acutely. In
ddition to the obvious incapacities occurring dur-
ng the seizure, the postictal state usually is a period

h
(
fl
1
s
f
(

f decreased cognitive ability. After the behavioural
ymptoms of lethargy and inattention subside, linger-
ng cognitive deficits may persist for minutes to days
epending on the type and severity of the seizure.
ollowing generalized seizures, rats have spatial mem-
ry deficits in the Morris water maze, with the duration
f the impairment exceeding the length of the seizure

Boukhezra et al., 2003). When seizures occur fre-
uently, there is a cumulative degradation in spatial
erformance (Lin et al., 2009). While the exact rea-
on for the cause of the postictal impairment has not
een established, it is known that recurrent seizures
esult in impairment in long-term potentiation (LTP),
he precision and timing of place cells that underlie
patial memory (Zhou et al., 2007a; Zhou et al., 2007b),
nd the power and frequency of theta oscillations that
epresent the orderly communication of networks, all
actors which could negatively affect cognition.
n addition to seizures, IIS can result in cogni-
ive impairment in both rats and humans (figure 1).
ollowing intrahippocampal pilocarpine infusion,
ats develop IIS that result in transient impair-

ent in the delayed-match-to-sample memory test,
hippocampal-dependent operant behaviour task

Kleen et al., 2010). Hippocampal IIS that occur dur-
ng memory retrieval strongly impair performance.

owever, IIS that occur during memory encoding or
emory maintenance do not affect performance. In a

imilar study of people with temporal lobe epilepsy
TLE) who had bilateral depth electrodes implanted
nto their hippocampi for preoperative seizure local-
zation, IIS caused transient memory impairment
Krauss et al., 1997; Kleen et al., 2013). Hippocam-
al IIS occurring during the memory retrieval period
ecreases the likelihood of a correct response on a
hort-term memory test, the Sternberg task, when they
ccur bilaterally in both temporal lobes or in the tem-
oral lobe contralateral to the seizure focus (Kleen
t al., 2013). Because patients with TLE often have

mpaired memory in the epileptic hippocampus and
equire the non-epileptic hippocampus for memory,
IS arising from the damaged epileptic hippocampus
ave little effect on memory while IIS involving the

ntact non-epileptic hippocampus interfere with mem-
ry retrieval. As with rodents with TLE, patients with TLE
nd IIS have specific deficits in retrieval of memory,
hile sparing other forms of memory.

IS in rodents, similar to seizures, result in a sus-
ained reduction of action potentials (APs) in the
Epileptic Disord, Vol. 17, No. 2, June 2015

ippocampus for up to two seconds following IIS
Zhou et al., 2007c). Furthermore, when occurring in
urries, defined as four or more IIS occurring within
0 seconds, IIS can reduce APs firing for up to six
econds. The widespread inhibitory wave immediately
ollowing IIS can also reduce the power of gamma
>30-Hz) oscillations and other oscillatory signals in
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Figure 1. To assess the effects of interictal spikes on memory, rats underwent intra-hippocampal pilocarpine injections to induce SE.
Bilateral electrodes were placed in the ventral hippocampus (A). In the delayed-match-to-sample memory test, during the sample step,
one of two levers is randomly presented (right or left) and is pressed by the rat (B). Then, in the delay step, the rat must poke its nose
into a hole in the opposite wall for a random length of time (6-30 seconds). After this time period has elapsed, the first nose poke into
the hole turns off the stimulus light above and extends both levers. Then, in the match step, the rat must remember which lever it
pressed during the sample phase, and press that same lever again to procure a food reward. During the sampling stage, memory is
e ring
f otto
m fer fro
p ces
f

t
b
c
f
c

ncoded; during the delay phase, memory is maintained; and du
or trials without spikes (C; top trace) and trials with spikes (C; b

aintenance epoch of short-term memory, accuracy does not dif
roduce a marked decrease in accuracy. Increasing delays produ

rom Kleen et al. (2010), with permission.
pileptic Disord, Vol. 17, No. 2, June 2015

he hippocampus (Urrestarazu et al., 2006). As will
e discussed further, since gamma oscillations are
losely coupled with ongoing learning and memory
unction, disruption in oscillations may contribute to
ognitive deficits.

I
t
q
v
e

the match phase, memory is retrieved. Performance is recorded
m). Among trials in which an IIS occurs during the encoding or

m trials without IIS (D). However, IISs during the retrieval phase
decreases in accuracy, regardless of IIS epoch timing. Modified
103

n adults with IIS, the cognitive effects are typically
ransient and may have little long-term conse-
uences in cognitive function, unless they occur
ery frequently. However, in the immature brain, the
ffects of IIS also have long-term adverse effects on
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eveloping neural circuits. In interesting studies
rom the 1980s, IIS were elicited by either penicillin
Baumbach and Chow, 1981) or bicuculline (Ostrach
t al., 1984) through focal application on the striate
ortex of the occipital lobe of immature rabbits. IIS
ccurred for 6-12 hours following each drug applica-

ion which were given daily starting from postnatal
P) day 8-9 and continued for 3-4 weeks. None of the
abbits had behavioural or electrographic seizures.
n single-unit recordings from the lateral geniculate
ucleus, the superior colliculus, and occipital cor-

ex ipsilateral to the occipital lobe with the IIS, an
bnormal distribution of receptive field types was
een, whereas normal recordings were present in the
ontralateral hemisphere. Remarkably, this finding is
ge-dependent. Adult rabbits with similarly induced
IS have a normal distribution of receptive field types,
04

ighlighting the vulnerability of critical developmental
eriods to cumulative IIS effects over time. Focally-

nduced IIS by stereotaxic injections of bicuculline
n the prefrontal cortex (PFC) in rat pups for several
ays also result in long-standing increases in short-

erm plasticity in the PFC and marked inattentiveness

e
i
a
s
t
T
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igure 2. Schematic of SE-induced changes that occur over seconds to
uring a spatial memory task, when the rats are tested
s adults at a time when IIS are no longer present
Hernan et al., 2014).

tatic effects of seizures on cognition

ndividuals with prolonged seizures lasting 30 minutes
r more, a condition termed status epilepticus (SE),
r frequent recurrent seizures are at particular risk of
rain injuries that can result in cognitive impairment.
hile the cause of the seizure clearly contributes to

ognitive outcome, there is abundant evidence both in
umans and animal models that seizures, independent
f aetiology, worsen cognitive outcome (Kleen et al.,
012). SE also may set in motion the process of epilep-
Epileptic Disord, Vol. 17, No. 2, June 2015

t al., 2014). During SE, there are marked increases
n excitation and decreases in inhibition, resulting in

cascade of effects that occur during and after the
eizure which induce both morphological and func-
ional changes in the brain (Kleen et al., 2012) (figure 2).
he cognitive deficits occurring as a result of the SE can
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months. Similar changes can occur with spontaneous seizures.
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e exacerbated by the spontaneous seizures that fol-
ow SE. Many of these SE-induced changes, involving
.g. oxidative stress, apoptosis, neurogenesis, regula-
ion of growth factor expression (such as brain-derived
eurotrophic factor), and inflammation, occur repeat-
dly with spontaneous seizures.
hen studied weeks or months following SE, rats are

mpaired in spatial memory tasks such as the Morris
ater maze (Liu et al., 2003; Lenck-Santini and Holmes,

008), radial arm maze (Sayin et al., 2004), and novel
bject exploration test (Chauviere et al., 2009). Par-
lleling this development of cognitive impairment, a
umber of morphological and physiological changes
ccur in brain networks as a result of SE. In the adult
at, neuronal loss occurs throughout the hippocam-
us, parahippocampus, and entorhinal cortex with loss
f both principal cells and interneurons. In addition

o cell death, SE in the adult brain leads to synap-
ic reorganization, with aberrant growth (sprouting)
f granule cell axons (the so-called mossy fibres) into
A3. Sprouting and new synapse formation occurs in
ther brain regions as well, such as the CA1 pyrami-
al neurons, where the newly formed synapses exhibit
n increase in glutamatergic spontaneous synaptic
urrents. Seizures can result in neurogenesis in the
entate gyrus and such ectopic granule cells may be
bnormally positioned in the hilus and contribute
o enhanced excitability in hippocampal networks
Koyama et al., 2012; Myers et al., 2013). The degree
f seizure-induced damage and cognitive impairment

s related to the severity of the seizures. There is
continuum with SE causing more profound mor-

hological and physiological changes in the brain
elative to seizures of shorter duration. Teasing out
hich seizure-induced change is responsible for the

ognitive difficulties is challenging because seizures,
egardless of duration (i.e. SE or brief seizures), result
n a multitude of changes that occur simultaneously. It
ppears highly unlikely that one single factor accounts
or cognitive impairment in epilepsy. While it would be
ogical to believe that cognitive impairment is directly
elated to cell loss, there is poor correlation between
ell loss and cognition in rodents (Faure et al., 2014).
ecurrent seizures as a result of a variety of aetiolo-
ies can lead to persistent decreases in GABA currents

n the hippocampus (Isaeva et al., 2006) and neocor-
ex (Isaeva et al., 2010), enhanced excitation in the
eocortex (Isaeva et al., 2010), impairment in spike

requency adaptation (Villeneuve et al., 2000), marked
pileptic Disord, Vol. 17, No. 2, June 2015

eductions in afterhyperpolarizing potentials follow-
ng spike trains (Villeneuve et al., 2000), impaired LTP
Zhou et al., 2007b; Karnam et al., 2009a; Isaeva et al.,
013), alterations in theta power (Karnam et al., 2009b),
nd place cell firing precision and stability (Karnam
t al., 2009b). Similar to SE, rats with recurrent spon-
aneous seizures have behavioural deficits of spatial

L
l
p
a
S
d
c

Co-morbidities in epilepsy

ognition in the water maze (Karnam et al., 2009b;
ugo et al., 2014) and non-match-to-sample memory
ask (Kleen et al., 2011a), and impaired auditory dis-
rimination (Neill et al., 1996) and reduced behavioural
exibility (Kleen et al., 2011b).
he morphological changes and functional changes in
he brain following SE or recurrent seizures result in
hanges in neural circuitry that directly affect the abil-
ty of the affected structures to process information
ormally. Such changes in neural circuitry can alter rate
oding, where information is conveyed through the fir-
ng frequency of single neurons, as well as temporal
oding, where information flow is achieved through
he temporal interaction of multiple neurons firing.
rrors in both rate and temporal coding are promi-
ent in the chronic epilepsies. Such error in coding
ay be even more detrimental in developing animals
here oscillations drive normal circuit formation and

tabilization.

berrant rate coding in epilepsy

he relationship between SE-induced network reorga-
ization and cognitive dysfunction is best illustrated
y single-unit recordings in freely moving rats. A
ubset of neurons in the hippocampus, called place
ells, elicit action potentials (APs) that correspond to
he animal’s location within its environment (O’Keefe
nd Dostrovsky, 1971). Specifically, these hippocampal
yramidal neurons selectively discharge when the ani-
al enters certain locations of the environment, called

he cells’ firing field (figure 3). Field location, size, and
hape are specific to each cell and each environment,
nd fields tend to cover the surface of the environment
omogeneously when a large number of neurons are
eing recorded simultaneously. For a given environ-
ent, the fields remain unchanged, even between

xposures separated by months. Since there is a rela-
ionship between place cell activity and the ongoing
patial behaviour of rats, it is believed that such sig-
als provide the animal with a spatial representation

n order to navigate efficiently within the environment.
hese cells provide a very useful surrogate of spatial
emory. Adult rats that have experienced SE and have

mpaired learning in the water maze have defective
lace cells (Liu et al., 2003; Lenck-Santini and Holmes,
008). Place cells from the SE rats have less precise fir-
ng fields and less stable firing fields from session to
ession (Liu et al., 2003).
105

ikewise, recurrent seizures during the first weeks of
ife cause impairment in spatial cognition with poor
erformance in the water maze and radial arm maze,
nd impaired hippocampal LTP (Karnam et al., 2009b).
imilar to rats following SE, these rats have substantial
eficits in APs which fire with impaired place cell pre-
ision and reduced place cell stability. These results
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Figure 3. Schematic representation of SE-induced changes in theta and single cell firing. (A) As the rat runs around the track, several
place cells fire. Place cells with partially overlapping place fields (red and blue) will show a different firing relationship according to
whether the field centres are distant or close to each other. There is a linear relationship between the inter-field distance and the time
required to go from the field centre to another (running time; T). Because each cell firing is involved in phase precession (middle
trace), there is also a relationship between the running time (T) and the time interval between APs within the same theta cycle (t).
Cells with close fields will fire at short time intervals, whereas cells with distant fields will fire at long time intervals. In the SE rats,
normal phase precession does not occur and the time interval between APs (t) is variable. As shown in (B), the control rat has phase
precession whereas the SE rats show phase procession. This abnormality in phase precession is reflected in an abnormal compression
of temporal sequences in SE rats. Compared to control pairs of neurons (B1), which show a strong correlation between running-time
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( latio
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t with
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I
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epresents the cross-correlogram of an individual pair of place ce
he diagonal band near the zero lag line shifts as running-time la
C) Rats with SE also have impaired speed-theta frequency corre
ith increasing speed, this is not the case with the SE rats (C1).

ask is related to the speed-frequency relationship with SE rats,
ompared to controls. Modified from Lenck-Santini and Holmes

how that recurrent seizures during early develop-
ent are associated with significant impairment in

patial learning and that these deficits are paralleled
06

y deficits in the development of place cells.

berrant temporal coding

n addition to abnormalities in rate coding, epilepsy
an lead to disruptions in temporal coding. Net-
ork oscillations underlie the temporal binding of

f
i
b
a
e
T
i

ith the amplitude represented by a colour code. In control pairs,
reases. In contrast, this pattern is much less obvious in SE pairs.
ns. Whereas control rats have an increase in frequency of theta
hown in the right panel (C2), performance in a spatial memory
a poor speed-theta frequency showing impaired performance
) and Richard et al. (2013), with permission.

patially-distributed neuronal populations necessary
or cognitive processing. Precise temporal organiza-
ion of neuronal firing activity is believed to be a
Epileptic Disord, Vol. 17, No. 2, June 2015

undamental aspect of normal information process-
ng. Recent studies support the idea that aberrant
rain connectivity, through alterations in oscillatory
nd impaired temporal coding, has marked adverse
ffects on cognition in epilepsy.
he synchronous rhythms arising from fluctuations

n postsynaptic inhibitory and excitatory potentials
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rovide a mechanism for temporal coordination of
eural activity in both local and long-distance net-
orks. As these neuronal ensembles oscillate, they
ffectively turn on and turn off their ability to
end or receive information (Buzsaki and Draguhn,
004; Womelsdorf et al., 2007). For information to
e transferred from one neuronal group to another,

he transmitting neurons must be excitable at the
ame time that the receiving group is excitable.
hus, synchronization coordinates communication
mong neurons and thereby can support the dynamic
onfiguration of functional networks (Fries, 2005;
omelsdorf et al., 2007).
scillations in the theta (4-12 Hz) and gamma

30-90 Hz) ranges have been extensively studied in the
at hippocampus and have led to insight into how oscil-
ations can coordinate cellular processes related to

emory. Theta rhythm is involved in mnemonic func-
ion of the hippocampus (McNaughton et al., 2006;
ega et al., 2012), whereas gamma oscillations correlate
ith perception processing or perceiving of sen-

ory information (Gray and Viana Di, 1997), attention
Benchenane et al., 2011), and memory (Montgomery
nd Buzsaki, 2007).
recise encoding of information in the hippocampus

s dependent on theta oscillation; information arriving
n the absence of normal theta activity is not encoded

ith the same degree of precision relative to when
heta is present (Buzsaki, 2002). Additionally, the phase
f theta is critical in learning and memory; tetanic
timulation in CA1 produces LTP when administered
t the peak of theta, and long-term depression (LTD)
hen delivered at the trough (Hyman et al., 2003).
ippocampal theta frequency is also strongly mod-
lated by running speed, with a positive correlation
etween running speed and theta frequency (Richard
t al., 2013).
he importance of precision of the theta oscillation in
patial cognition was demonstrated by McNaughton
t al. (2006) who blocked theta transmission into the
ippocampus by inactivating the septum with tetra-
aine in animals trained in the Morris water maze. Rats
ith no hippocampal theta showed no initial learning

n the maze. When hippocampal theta was restored,
sing the supramammillary area theta frequency to

rigger electrical stimulation of the fornix, initial learn-
ng was restored. Interestingly, when the electrically-
nduced theta occurred at a frequency different
rom the rat’s normal theta frequency, learning was
pileptic Disord, Vol. 17, No. 2, June 2015

mpaired compared to stimulation occurring at the fre-
uency generated in the supramammillary area. These
esults demonstrate that the precise endogenous fre-
uency of theta rhythm is necessary for optimal
ippocampal function.
n important link between oscillations and corti-
al computations is the observation that oscillatory
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hythms in the theta bandwidths provide synchro-
ization of APs (O’Keefe and Recce, 1993). As a
onsequence, neurons participating in the same oscil-
atory rhythm synchronize their discharges with very
igh precision. An important example of this is the
elationship between place cells and theta. In the
ippocampus, place cells are not only characterized
y their location-specific firing, but by their precise

emporal firing relationship with hippocampal theta
Skaggs et al., 1996). When the rat enters into the cell’s
ring field, APs will fire preferentially on the negative
hase of the CA1-recorded theta cycle (figure 3). As the
at crosses the field, the cells fire earlier on successive
heta waves, a phenomenon called “phase precession”
O’Keefe and Recce, 1993). Because of this characteris-
ic, two cells with partially overlapping fields will fire at
specific, but slightly different, phase of the ongoing

heta cycle. Their relative firing interval will be cons-
ant and directly related to the distance separating their
elds (figure 3). As a result, the sequence and timing of
vents experienced by the animal is encoded; the time
ifference between APs is observed on a large time
cale (T; the time it takes to get from field A to field
), in the order of tens of milliseconds (t). The firing
equences of cell assemblies observed in the running
ime are compressed in a time window short enough
o induce LTP-like synaptic changes. Using these mea-
urements, a time compression index can be defined,
or all possible pairs of cells, as the ratio of two spike
iming measures: i) the time necessary for the animal
o go from one field to the other; and ii) the equiv-
lent compressed time in the theta domain, i.e. the
ime lag between the spikes of the two correspond-
ng place cells within one theta cycle. Such coding of
istance versus time provides the rat with a spatial rep-
esentation of the environment in order to navigate
fficiently within the environment. Abnormalities in
emporal coding of place cell firing are associated with
mpaired memory (Robbe and Buzsaki, 2009).
hanges in theta oscillations and temporal coding of
P in the hippocampus occur in rats with epilepsy.
ollowing SE, rats have reduced theta power which
orrelates with deficits in hippocampus-dependent
patial memory tasks (Chauviere et al., 2009). Following
E, there are marked abnormalities in phase preces-
ion and impaired time compression of firing among
airs of neurons with parallel deficits in the Mor-
is water maze task (Lenck-Santini and Holmes, 2008)
figure 3).
107

long with impairment in phase precession in rats
ith epilepsy, speed/theta frequency correlation coef-
cients and regression slopes are abnormal compared

o control animals (Richard et al., 2013) (figure 3).
his impaired speed/theta frequency relationship is
irectly related to performance in the task of spatial
emory, indicating that in rats with epilepsy there is a
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eficit in the integration of locomotor information into
emory processes. While the reason for the impaired
emory in rats with impaired speed/theta frequency

orrelations is not known, a reasonable hypothesis
s that since theta modulates place cell AP firing, if
heta frequency does not increase with running speed,
ewer APs will fire as the animal transverses the firing
eld. The impaired speed/theta relationship coupled
ith impaired phase precession shows that rats with
pilepsy have substantially impaired temporal coding
f information and that these impairments in coding
re associated with deficits in spatial cognition.
equential reactivation of neurons occurs after spa-
ial experience, for example, after the rat has explored

new environment (Foster and Wilson, 2006). This
eactivation, termed “replay”, has a unique form,
n which recent episodes of spatial experience are
eplayed in a temporally-reversed order during a phys-
ological sharp-wave ripple (SWR) (Carr et al., 2012).
ransient gamma synchronization serves as a clocking
echanism for SWR and enables coordinated mem-

ry reactivation across the hippocampal network. This
eplay of APs has been suggested to aid in consolida-
ion of memory. In addition, there is data indicating that
WRs are also important in learning the task (Jadhav
t al., 2012; Singer et al., 2013). Whereas following a task,
ells fire rapidly in reverse order relative to their occur-
ence during the task, when SWRs occur at decision
oints, the cells fire in the order they occur during the

ask. Replay suggests online activation helps in plan-
ing, decision-making, and consolidating memories
f recent events. In addition to the online activation
f cells during behaviour, consolidation of memory
lso likely requires offline reactivation of behavioural
atterns of neuronal activity during sleep. Sleep reac-

ivation in the hippocampus is believed to aid in the
onsolidation of memories by the repetition of coor-
inated firing, which is communicated to neocortical
rain regions to become enduring memories (Wilson
nd McNaughton, 1994). Studies have shown that the
eactivation of neural patterns predicts spatial mem-
ry performance (Dupret et al., 2010; Singer et al.,
013) while transient disruptions of neural activity dur-
ng reactivation periods result in poor performance
Ego-Stengel and Wilson, 2010). Rats with epilepsy
erforming in a spatial task have less neuronal reac-

ivation, demonstrating impaired online processing
f spatial memory (Tyler et al., 2012). During sleep,
ats with TLE have place cells with more negatively
08

orrelated firing of APs than controls, suggesting an
undoing” of functional relationships between neu-
ons activated by behaviour (Titiz et al., 2014). These
egative correlations may indicate an overactive sys-

em in TLE rats for accelerated forgetting, as seen in
atient with TLE (Butler and Zeman, 2008).

A
l
r
b
d
m

n addition to modulating APs locally, oscillations have
major role in modulating neuronal firing at distant

ites. Coherence is a measure of synchronization or
oupling between two EEG signals and is based mainly
n the conformity of phase differences between the
EG signals. High coherence values are taken as a mea-
ure of strong connectivity between the brain regions
hat produce the compared EEG signals. Firing of APs
cross distant sites is coordinated through phase, i.e.
hen two signals from distant structures are in phase,

orrelated firing of APs in the two structures is selec-
ively enhanced. For example, a significant portion
f neurons in the medial prefrontal cortex (PFC) of

reely behaving rats are phase-locked (a process in
hich the phase of two oscillators have a constant rela-

ionship) to the hippocampal theta rhythm, with APs
ccurring at specific phases of the hippocampal theta

figure 4). In the hippocampal-PFC network, the hip-
ocampal APs lead activity in the PFC on average by
0 ms, suggesting directionality from hippocampus to
FC (Siapas et al., 2005). This data indicates that phase

ocking provides temporal ordering of the excitability
indows of phase-locked neurons that enhance the
irection of flow of information. In addition, phase

ocking, by consistently regulating the timing of firing
ithin hippocampal and PFC cells, could result in spike

iming-dependent plasticity and result in the selective
trengthening of synapses.
his time-linked firing of neuronal population is
ependent upon the degree of coherence between
aveforms from various structures. The coupling of

heta results in increased firing of APs at the time a
at has to make a decision (decision point) in a spa-
ial task (Jones and Wilson, 2005). The coordination of
heta rhythms provides a mechanism through which
he relative timing of disparate neural activities can
e controlled, allowing specialized brain structures

o both encode information independently and to
nteract selectively according to current behavioural
emands. Hippocampal- PFC coherence increases

hroughout training in parallel with behavioural per-
ormance (Sigurdsson et al., 2010). This theta-entrained
ctivity across hippocampal-cortical circuits is likely
mportant for information flow and guiding the plastic
hanges that underlie the dynamic storage of informa-
ion across these networks (Siapas et al., 2005; Fries,
005). Not surprisingly, alteration of coherences has
een related to poor cognitive ability in rodents (Lee
t al., 2014; O’Reilly et al., 2014).
Epileptic Disord, Vol. 17, No. 2, June 2015

s with theta oscillation, coherences of gamma oscil-
ations have also been shown to have an important
ole in learning in rodents. Gamma phase synchrony
etween the entorhinal cortex and CA1 region pre-
icted correct versus incorrect trials in a delayed non-
atching-to-place T-maze task (Yamamoto et al., 2014).
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Figure 4. Example of hippocampal theta modulation of PFC units. The rat is running on a linear track. Two place cells from the
hippocampus are recorded as evidenced by increased firing rates of cells as the animal runs through the place fields. APs from the
cells are indicated by vertical blue and red lines positioned above the theta rhythm. In the PFC, the APs are temporally linked to the
APs in the hippocampus, although there is a time delay between the APs in the hippocampus and those in the PFC. The modulation
of PFC APs by hippocampal theta occurs even in the absence of PFC theta. In a T-maze, animals have to make either a forced turn (top
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gure) or decide whether to go left or right to receive a food awa
s well as a circle to represent the 360 degrees of the theta wav
straight line within the circle) for the APs to occur in both CA1
tronger phase lock of PFC neurons with the hippocampal theta
t al. (2005) and Jones and Wilson (2005).

n this test, rats have to learn to use alternate arms
n the T-maze to receive a reward. When the animal
eached the decision point in the maze, there was

transient burst of synchronous high gamma (65-
40 Hz) before correct, but not incorrect trials. As a
pileptic Disord, Vol. 17, No. 2, June 2015

urther indication of the role of gamma in memory
etrieval, optogenetic inhibition of the circuit tar-
eted to the decision choice point area resulted in a
eduction in both gamma synchrony and correct exe-
ution of a working-memory-guided behaviour task
Yamamoto et al., 2014).

m
f
r
g
(
s

ocoa puffs). The theta wave can be drawn as both a straight line
hen the animal makes a forced turn, there is a preferred phase
PFC. When the animal must make a decision, there is a much

videnced by a thicker line. Figures are based on work by Siapas

ats with a history of seizures have deficits in syn-
hronization across the hippocampus and PFC, as
easured by spectral coherence (Kleen et al., 2011b).

ollowing repetitive seizures early in life, rats had initial
ifficulties in learning a delayed-non-match-to-sample
109

emory task but with repeated trials, eventually per-
ormed as well as controls. During training, these
ats showed enhanced CA1-prefrontal theta and
amma coherence compared to non-seizure controls
Kleen et al., 2011a) (figure 5). Furthermore, seizure rats
howed enhanced CA1-PFC theta coherence in correct
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Figure 5. Relationship of coherence with cognition. EEG spectral coherence represents the consistency of the phase difference
between two EEG signals when compared over time. In a delayed-non-match-to-sample memory study in rats with a history of seizures,
electrodes were placed in the PFC and hippocampus. Coherences between the waveforms in the hippocampus and PFC were cal-
culated. Coherence is a measure of synchronization or coupling between two EEG signals and is based mainly on the conformity of
phase differences between the EEG signals. The two waves shown from the PFC and hippocampus are of the same amplitude and
frequency, but there is a phase shift. Phase differences are typically measured in degrees where a complete cycle is 360 degrees.
In this example, the phase difference is approximately 30 degrees. Coherences are dynamically measured when controls and rats
with early-life seizures (ELS) are performing the test. Data on the left is time-linked to the sample press, and data on the right to the
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atch press, revealing functional differences between control (b
ncreased theta and gamma coherences following the sample p
orrect and incorrect trials. In trials with 20-30-second delays, co
oherence between correct (light blue) and incorrect (dark blue
A1-PFC coherence in correct trials (light red), relative to incorr
nd prior to the match press (arrows). Modified from Kleen et al

rials compared with incorrect trials when long delays
ere imposed, suggesting increased hippocampal-
10

refrontal cortex synchrony for the task in this group
hen memory demand was high. These studies sug-
est that dynamic compensatory changes in this
etwork and interconnected circuits may underlie
ognitive rehabilitation following seizures.
aken together, there is now a considerable amount
f data indicating that, following seizures, there are

o
n
r
a
e
t
c

and ELS (red) rats when the envelopes diverge. ELS rats showed
. The lower panel shows dynamic CA1-PFC theta coherence in
rats did not show performance-related differences in CA1-PFC

ls. In trials with 20-30-second delays, ELS rats showed increased
ials (dark red), particularly around the time of the sample press
1a), with permission.

ignificant abnormalities in neuronal network proper-
ies, with abnormalities in rate and temporal coding
Epileptic Disord, Vol. 17, No. 2, June 2015

f neuronal activity, both in local and widespread
etworks. Since precise temporal organization of neu-
onal firing activity is believed to be a fundamental
spect of normal information processing, even small
rrors in the timing of neuronal and oscillatory activi-
ies can amplify across complex networks, resulting in
ognitive dysfunction (Buzsaki, 2007).
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ommon mechanisms in seizures and cognitive
mpairment

nsights into cognitive comorbidities can be gleamed
rom studying signalling pathways in the genetic
pilepsies. In a number of the genetic epilepsies,
he mechanisms causing seizure activity are similar
o those causing cognitive impairment. In addition,
s described above, seizures themselves may further
xacerbate cognitive deficits. Two examples of genetic
isorders associated with both epilepsy and cognitive
ysfunction, tuberous sclerosis complex and Dravet
yndrome will be briefly discussed.

uberous sclerosis complex

uberous sclerosis complex is an autosomal dominant
nherited disease of high penetrance, character-
zed pathologically by the presence of hamartomas
tumour-like lesions) in multiple organ systems.

ell known clinical manifestations include epilepsy,
earning difficulties, behavioural problems, and skin
esions. Many patients have renal lesions, usually
ngiomyolipomas, and cysts, polycystic renal disease,
nd renal carcinoma can also occur. The neurologi-
al manifestations of tuberous sclerosis complex are
articularly challenging and include infantile spasms,

ntractable epilepsy, and cognitive disabilities which
ary from mild learning disabilities to severe intel-
ectual impairment. While epilepsy in this condition
an worsen cognitive function, particularly when the
eizures are frequent and occur at a young age, cogni-
ive deficits can occur even in the absence of seizures.
he majority of individuals with tuberous sclerosis
omplex have mutations in Tsc1 (which encodes the
rotein hamartin) or Tsc2 (which encodes the protein

uberin). Hamartin and tuberin proteins form a func-
ional complex, which inhibits the serine/threonine
rotein kinase mammalian target of rapamycin (an
TOR inhibitor). The mTOR kinase complex is the

entral component of a cell growth pathway that
esponds to changes in nutrients, energy balance,
nd extracellular signals, to control cellular processes,
ncluding protein synthesis, energy metabolism, and
utophagy (Laplante and Sabatini, 2012). Loss of func-
ion of the Tsc1 and Tsc2 protein complex results in
eregulated and constitutively active mTOR complex
, which promotes cell growth and contributes to
umour formation in dividing cells, including the
pileptic Disord, Vol. 17, No. 2, June 2015

amartomas and giant cells that are characteristic of
uberous sclerosis complex.

ouse models of tuberous sclerosis complex exhibit
ehavioural changes paralleling human disease phe-
otypes, including seizures and deficits in learning
nd memory (Ehninger et al., 2008; Tsai et al., 2012).
owever, as in humans, cognitive impairment can

r
m
l
n
i
c
r

Co-morbidities in epilepsy

ccur in the absence of seizures. Heterozygous knock-
ut of either Tsc1 or Tsc2 in mice is sufficient to
isrupt hippocampal-dependent spatial learning and
emory in the Morris water maze task, as well as

ontext discrimination in a fear-conditioning assay
Goorden et al., 2007; Ehninger et al., 2008) without
ausing seizures.
here are a number of mechanisms by which dimin-

shed mTOR-dependent translational control could
nterfere with proper information processing and

emory storage and retrieval. While mTOR signalling
egulates the synthesis of many proteins positively,
t down-regulates other proteins, including Kv1.1.
his down-regulation of Kv1.1 would be predicted to

ncrease brain excitability while also impairing mem-
ry and learning. Functional mutations in Tsc1 or
sc2 significantly alter synapse structure, function,
nd plasticity (Auerbach et al., 2011; Bateup et al.,
011; Chevere-Torres et al., 2012). Protein synthe-
is, regulated by TSC-mTOR signalling, plays a role
n learning-associated synaptic changes. In tuberous
clerosis complex, increased local availability of pro-
eins may stabilize plasticity at synapses that would not
ormally undergo synaptic consolidation, increasing

he signal-to-noise ratio and degrading the specificity
f synaptic modifications occurring during normal

earning, as evidenced by lower thresholds for the
nduction of late-phase LTP in several mouse models
f tuberous sclerosis complex (Ehninger et al., 2008).
apamycin not only reverses abnormal synaptic conso-

idation, but also restores learning deficits in Tsc2+
ice (Ehninger et al., 2008).
hile it is clear that perturbations of Tsc1/2 and mTOR

lter many aspects of neuronal function, it is unclear
hich alterations are directly causal and which are

nduced secondarily as a consequence of altered brain
unction. To address this issue, Bateup et al. (2011)
nocked out Tsc1 selectively in CA1 pyramidal neurons

n P14-16 mouse pups. The loss of Tsc1 produced hyper-
xcitable pyramidal cells due to deficits in inhibitory
ynaptic function, which manifested as decreased
mplitude of miniature inhibitory currents, reduced
voked inhibitory currents, and reduced synaptic

nhibitory potentials. These studies suggest that Tsc1 is
ritical for establishing inhibitory synapses onto CA1
yramidal cells. The overall deficit in inhibitory drive
nto pyramidal cells resulted in a disrupted excita-

ory/inhibitory (E/I) ratio and increased hippocampal
etwork activity both in vivo and in vitro. The observed
111

eduction in inhibition was reversed by blocking
TOR activity with rapamycin, suggesting that ame-

ioration of the signalling abnormality can restore
ormal cell activity. Thus, disrupted development of

nhibitory synaptic transmission is likely an important
onsequence of altering Tsc1/2-mTOR signalling, and
estoring E/I balance may stabilize normal cell activ-
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ty. Indeed, artificial elevation of cellular E/I ratio has
lso been shown to disrupt information processing
nd social behaviour in mice, further suggesting that
tabilization of the balance between excitatory and
nhibitory drive is important for cognitive function
Yizhar et al., 2011). Maintenance of E/I balance has
lso been demonstrated to drive normal hippocam-
al oscillations. In oscillating hippocampal pyramidal
ells, synaptic excitation is immediately followed by
roportional synaptic inhibition, and modification of

he amplitude of these events directly modulates oscil-
ation frequency (Atallah and Scanziani, 2009).
hus the mechanisms responsible for both the
pilepsy and cognitive dysfunction appear to occur as
result of an abnormal signalling pattern that results in
yperexcitability and altered synaptic function. All of

hese pathological features are likely to result in aber-
ant oscillations, which, as described above, can have
dverse effects on cognition.

ravet syndrome

ravet syndrome is a life-long epilepsy syndrome with
hildhood onset that is associated with severe cog-
itive and quality-of-life impairments (Bender et al.,
012). Intellectual disability in Dravet syndrome begins
arly in development and is permanent; scores on
he developmental quotient typically drop to 20-40%
f normal within the first six years of age and as
dults IQ scores are below 50 in the majority of cases
Bender et al., 2012).
n 85% of children with Dravet syndrome, there is

mutation in the SCN1A gene, resulting in loss of
unction of the type I voltage-gated sodium chan-
el (Nav1.1). Nav1.1 is one of four sodium channels
xpressed in the brain that are critical for initiating and
ropagating APs in neurons. The mechanism by which
CN1A loss-of-function mutations cause an increased
usceptibility to seizures has been investigated with
Scn1a knock-out mouse model. Mice that are het-

rozygous for the SCN1A deletion are susceptible
o febrile (hyperthermia-induced) seizures and have
pontaneous seizures (Yu et al., 2006; Oakley et al.,
009). In dissociated hippocampal interneurons and
yramidal cells, sodium currents in inhibitory, GABAer-
ic interneurons, but not excitatory pyramidal cells,
re substantially reduced, indicating that the ability
f interneurons to provide inhibitory input to post-
12

ynaptic cells is impaired (Yu et al., 2006). These results
uggest that increased neuronal excitability in disor-
ers linked to SCN1A loss-of-function mutations may
e caused by a principal impairment in the ability
f interneurons to provide appropriate inhibition in
euronal networks, thus leading to an imbalance of
xcitatory and inhibitory drive in the brain.
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here is some controversy as to whether the presence
f seizures negatively impacts cognitive development
r whether the loss-of-function of Nav1.1 impairs

unction of neural networks involved in information
rocessing. To replicate some features of Dravet syn-
rome, Bender et al. (Bender et al., 2013) used siRNA

o reduce Nav1.1 expression in the medial septum and
iagonal band of Broca (MSDB). The medial septum
nd MSDB are critical structures for the generation
f hippocampal theta rhythm. Reduction of Nav1.1 in

he MSDB caused spatial memory impairment without
ausing seizures. Spatial performance was significantly
elated to hippocampal theta frequency in the control
roup, but this relationship was abolished after knock-
own of Nav1.1. This effect is consistent with the crit-

cal role of the MSDB in regulating hippocampal theta
scillations, but differs in that it represents a dysregu-

ation of the rhythm rather than a permanent suppres-
ion of theta oscillations, as is seen after MSDB inacti-
ation (McNaughton et al., 2006). These results reveal
critical role for Nav1.1 in the brain for the proper reg-
lation of network oscillations and cognitive function.

onclusion

here are many factors that can lead to cognitive
mpairment in epilepsy. Seizure-induced molecular
nd cellular changes that contribute to cognitive
mpairment are many and likely to be cumulative.
ecent work, described above, has implicated alter-
tions of brain oscillations to be a pivotal juncture in
ognitive impairment. However, understanding how
eizures alter the coordination or synchronization
cross neuronal networks remains a challenge, as does
eveloping epilepsy-specific therapies to reverse or

mprove cognitive impairment. �
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TEST YOURSELF
EDUCATION

(1) Replay occurs during:
A. Sharp-wave ripples
B. Fast gamma oscillations
C. Slow gamma oscillations
D. Phase precession of action potentials

(2) Rats with temporal lobe epilepsy have been shown to have impairments in which of the following:
A. Replay
B. Phase precession
C. Speed:theta relationship
D. All of the above
E. None of the above

(3) Interictal spikes have their greatest adverse effects on which of the following:
A. Memory retrieval
B. Memory consolidation
C. Memory encoding
D. Memory maintenance

Note: Reading the manuscript provides an answer to all questions. Correct answers may be accessed on the
website, www.epilepticdisorders.com, under the section “The EpiCentre”.
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