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Cognitive and Behavioral Co-Morbidities of Epilepsy
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Cognitive impairment and behavioral disturbances are devastating co-morbidities of epilepsy. In some patients 
these co-morbidities may be of greater consequence than the epilepsy itself. There is increasing recognition that 
cognitive and behavioral co-morbidities can be both chronic, primarily due to the underlying etiology of the 
epilepsy, and in dynamic evolution because of recurrent seizures or interictal spikes. With both chronic and 
dynamic effects, the type and severity of the impairment is related to the maturational stage of the brain at the 
time epilepsy appears. A number of morphological changes can occur with epilepsy including cell loss, synaptic 
reorganization and changes in neurogenesis. Seizures can also result in physiological alterations in excitatory 
and inhibitory currents, alterations in temporal coding of information and impaired single cell firing patterns. In 
parallel with these morphological and physiological changes, rats subjected to seizures show considerable 
cognitive and behavioral deficits. Likewise, interictal spikes can result in cognitive impairment, and in the 
developing animal, impaired neurogenesis and cell loss. Epilepsy is a disorder that affects neuronal networks, 
and the cognitive and behavioral deficits related to epilepsy are due to the pathological interactions between 
many brain components. Recent studies have suggested that pathological alterations in oscillatory patterns have 
an important role in the cognitive and behavioral co-morbidities of epilepsy.

Among the co-morbidities associated with epilepsy, cognitive and behavioral abnormalities are the most 
common and severe 1,2. Mental retardation, learning disabilities, memory impairment, attention deficit 
hyperactivity disorder, autism, anxiety and conduct disorders are greatly over-represented in individuals with 
epilepsy 2,3, and the consequences of such co-morbidities greatly diminish the quality of life. Indeed, many 
people with epilepsy, and their families, consider the cognitive and behavioral consequences of seizures to be at 
least as troubling as the seizures themselves. Cognitive disorders can be found in a wide range of seizure 
disorders including temporal and frontal lobe epilepsies, primarily generalized idiopathic epilepsies and epileptic 
encephalopathies. While our understanding of the mechanisms responsible for epilepsy-related cognitive and 
behavioral problems lags far behind our knowledge of the mechanism of epilepsy, increased attention has 
recently been directed to investigating these co-morbidities.
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When considering the pathophysiological mechanisms of the cognitive and behavioral consequences of epilepsy, 
it is helpful to distinguish between impairments that are permanent, and those that are dynamic, i.e., progressive 
or transient. Permanent deficits originate from a large number of etiologies in epilepsy: trauma, hypoxia-
ischemia insults, genetic disorders, mesial temporal sclerosis as a result of status epilepticus and malformations 
of cortical development. In addition to causing seizures, these disorders may result in cognitive and behavioral 
disturbances, with the severity of such disturbances related to the severity of the etiology. While the cognitive 
and behavioral issues associated with these brain insults may evolve over time due to maturational and aging 
changes in the brain, they are relatively fixed and remain attributable to the underlying brain disorder. Only if 
the underlying cause of epilepsy is remedied do the cognitive and behavioral deficits improve. This aspect of 
cognitive and behavioral impairments in the context of epilepsy is particularly under-investigated. The second 
type of impairment is dynamic in the sense that the deficits are either happening in stages or transiently affecting 
the patients. These cognitive and behavioral deficits can occur as a result of the seizures themselves, interictal 
epileptiform abnormalities, or antiepileptic drug therapy. Although the dynamic impairments can be observed 
in the absence of the permanent ones, they often contribute together in affecting the patient’s quality of life. 
Understanding how these chronic and dynamic changes influence behavior and cognitive abilities is 
instrumental to developing therapeutic interventions.

In this chapter, the mechanisms of both permanent and dynamic impairments in cognition and behavior 
associated with epilepsy will be reviewed. As will be discussed, there is now considerable evidence that the final 
common pathway for the cognitive and behavioral disturbances is likely through epilepsy-induced altered 
neuronal signaling resulting in malfunctioning network activity.

MECHANISMS OF PERMANENT DEFICITS IN COGNITION AND 
BEHAVIOR
It is commonly accepted that the major factor in determining cognitive and behavioral outcome in epilepsy is 
the underlying etiology. Here, the cause of the epilepsy determines, to a great degree, the nature and severity of 
the behavioral and cognitive outcome. Because they affect the balance between excitability and inhibition, it can 
be argued that they also affect the neural function necessary for cognitive processes.

Permanent Cognitive Deficits
Permanent deficits in cognition can be secondary to innate and acquired neurological disorders. Innate causes of 
epilepsies can be genetic, congenital or developmental. The epileptic syndromes that they cause often result in 
severe cognitive impairments. For instance, the channelopathies are a group of genetic disorders caused by 
disturbed function of ion channel subunits or the proteins that regulate them. The end result of the 
channelopathies is altered excitability. These disorders include diseases such as Dravet syndrome (Na2+ 

channels), Benign Familial Neonatal Convulsions (K+ channels) and autosomal dominant nocturnal frontal lobe 
epilepsy (nicotinic acetylcholine channels). Similarly, genetic and congenital diseases induce malformations of 
brain tissue such as focal cortical dysplasia, tuberous sclerosis and arteriovenous malformations. Finally, 
autoimmune factors, such as those involved in Rasmussen’s encephalitis, can cause seizures. The cognitive 
decline witnessed in the first several years following the diagnosis of some of these conditions likely relates to the 
progressive alterations in neural activity during the developmental period.

Acquired epilepsy etiologies also result in chronic cognitive and behavioral deficits. An example of an acquired 
insult is status epilepticus (SE), which has been well-studied through the use of animal models, producing a 
chronic condition that reproduces many aspects of the clinical syndrome of temporal lobe epilepsy. Other 
commonly acquired conditions resulting in epilepsy include head trauma, inflammatory disorders, 
cerebrovascular insults and hypoxia-ischemia. In this section, we will use SE as the model for elucidating 
mechanisms of impaired cognition and behavior.

2 Jasper's Basic Mechanisms of the Epilepsies
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When studied weeks or months following SE, rats are impaired in spatial memory tasks such as the Morris water 
maze 4,5 and the radial arm maze 6,7. The spatial deficits become apparent shortly following the SE, before 
spontaneous seizures occur.8 Deficits in spatial cognition following SE appear to be age dependent. Following SE 
in very young rats (< two weeks of age) usually do not show impairments in the water maze 9, whereas 
pubescent and older rats show similar patterns in the water maze as adult rats subjected to SE.

Paralleling this development of cognitive impairment, a number of morphological and physiological changes 
occur in brain networks as a result of SE. In the adult, neuronal loss becomes apparent in hippocampal fields 
CA1, CA3 and the dentate hilus 10,11 with the pattern of cell loss dependent upon the agent used to induce the 
initial SE 12,13. In addition to cell death, prolonged seizures in the adult brain lead to synaptic reorganization, 
with aberrant growth (sprouting) of granule cell axons (the so-called mossy fibers) in the supragranular zone of 
the fascia and infrapyramidale region of CA3 14,15. Sprouting and new synapse formation occur in other brain 
regions as well - notably the CA1 pyramidal neurons, where it has been shown that newly formed synapses 
produce an enhanced frequency of glutamatergic spontaneous synaptic currents 16. SE in rat pups produces no 
cell loss or sprouting in the hippocampus. However, neonatal SE does result in long-standing changes in long-
term potentiation (LTP) and depression (LTD) 17, alterations in sub-unit configuration of glutamate17 and 
GABA receptors 18 and increases in the primary subsynaptic scaffold, PSD-95 17.

Morphological and physiological alterations following SE are not limited to the hippocampus. The entorhinal 
cortex, another area deeply involved in cognitive processing, shows a layer-specific loss of neurons and 
development of aberrant recurrent circuits. Like the hippocampus, the entorhinal cortex shows altered activity 
after SE as well 19,20.

In addition to contributing to sporadic generation of seizures, these and other lasting changes in neural circuitry 
are likely to directly influence the ability of the affected structure to process information normally. For instance, 
the loss of interneurons during SE 21,22 lead to a loss of inhibition not only critical for seizure prevention, but 
also fundamental for synaptic integration, oscillatory activity and information processing in general. The 
relationship between SE-induced network reorganization and cognitive dysfunction is probably best illustrated 
by single unit recordings in freely moving rats.

A subset of neurons in the hippocampus called place cells elicit action potentials in frequencies that correspond 
to the animal’s location within its environment. Specifically, these hippocampal pyramidal neurons selectively 
discharge when the animal enters certain locations of the environment, called the cells’ firing fields (Figure 1). 
Field location, size and shape are specific to each cell and each environment and fields tend to cover the surface 
of the environment homogeneously when a large number of neurons are being recorded simultaneously. For a 
given environment, in normal rats, they remain unchanged, even between exposures separated by months 23,23–
27. Since there is a relationship between place cell activity and the ongoing spatial behavior of rats 28,29, it is 
believed that such signals provide the animal with a spatial representation in order to navigate efficiently within 
the environment. These cells provide a very useful surrogate of spatial memory. Adult rats that have experienced 
SE and have impaired learning in water maze have defective place cells 4,5. Place cells from the SE rats have less 
precise firing fields and less stable firing fields from session to session 4. (Figure 1)

One of the potential mechanisms by which the post-SE changes may affect the cognition and behavior is through 
alterations of brain oscillations. Seizure-induced changes at the molecular and structural level, notably through 
loss of interneurons, are extremely likely to affect the fine-tuning of rhythmic activity of large groups of 
cooperating neurons as measured by local field potentials. Oscillations in brain structures provide temporal 
windows that allow local computations, binding cooperating neuronal assemblies for the representation, 
processing, storage and retrieval of information. Theta rhythm (4–12 Hz) is critically involved in mnemonic 
function of the hippocampus 30,31. Information arriving in the hippocampus in the timing of theta oscillations 
is processed, whereas information arriving in the absence of normal theta activity is believed not to be encoded, 
or not encoded with the same degree of precision as when theta is present 31–33. Additionally, the phase of theta 
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is critical in learning and memory. Tetanic stimulation in CA1 produces LTP when administered at the peak of 
theta and LTD when delivered at the trough.34 Similarly, gamma oscillations (30–100 Hz) are critical in the 
processing or perceiving of sensory information 35,36, consciousness 37,38, storage of immediate memories 39–
41 and memory recall 42. Recent work has provided evidence that epileptic rats have alterations in hippocampal 
theta rhythm magnitude 8, providing insights into mechanisms of spatial cognitive defect following SE.

In the hippocampus, pyramidal place cells are not only characterized by their location specific firing, but also by 
their precise temporal firing relationship with hippocampal theta oscillations 5,41,43–45. When the firing field is 
entered by the rat, place cells will fire preferentially on the negative phase of the CA1 recorded theta cycle 
(Figure 2). As the rat crosses the field, the cells fire earlier on successive theta peaks, a phenomenon called phase 
precession 46,47. Because of this characteristic, two cells with partially overlapping fields will fire at a specific, but 
different phase of the ongoing theta cycle. Their relative firing interval will be constant and directly related to the 
distance separating their fields. As a result, the sequence of events experienced by the animal, as well as its 
timing, (the rat crossed field A x milliseconds before field B) is encoded: the time difference between AB is 
observed on a large time scale (the time it takes to get from field A to field B) and also in the order of tens of 
milliseconds. The firing sequences of cell assemblies observed in the running time are compressed in a time 
window short enough to induce LTP-like synaptic changes 48,49. Using these measurements, a time compression 
index can be defined, for all possible pairs of cells, as the ratio of two spike timing measures: i) The time 
necessary for the animal to go from one field to the other; and ii) The time lag between the spikes of the two 
corresponding place cells within one theta cycle 50. Rats subjected to SE have aberrant phase precession and 
impaired time compression of firing among pairs of neurons 5, indicating that SE results in impaired temporal 
coding of information (Figure 3).

Small errors in the timing of neuronal and oscillatory activity can amplify across complex networks and perhaps 
even be magnified when synthesized with corresponding cerebral cortical activity 51. It is likely that such errors 
are both prominent and perpetual in the chronic epilepsies, and perhaps even more detrimental in developing 
animals where oscillations drive circuit formation and stabilization.

Permanent Behavioral Deficits
In addition to cognitive abnormalities, chronic epilepsy can produce perpetual problems with behavior in both 
children and adults. Following SE, adult animals become irritable and aggressive in the handling test 9,52, 
hyperactive 9 and anxious 53. SE also results in impaired socialization; while the animals are more aggressive, 
irritable and difficult to handle by experimenters, they display increased passivity toward an “intruder animal” in 
the home cage intruder test 7,54. The mechanisms responsible for behavioral changes following SE have not been 
established. However, it is known that SE results in cell loss and synaptic reorganization throughout the 
behavior-related areas of the brain including the prefrontal cortex, hippocampus, amygdala and thalamus. While 
not yet characterized, aberrant signaling changes in these networks likely contribute to these behavioral 
abnormalities.

MECHANISMS OF DYANAMIC DEFICTS IN COGNITION AND 
BEHAVIOR
As opposed to permanent deficits in cognition and behavior which are usually attributed to the etiology of the 
epilepsy, dynamic deficits can also occur. These transient impairments are believed to be caused by the 
temporary disruption of neural activity patterns. In general, these dynamic cognitive impairments are associated 
with seizures, epileptiform abnormalities and the medication used to treat the seizures. While only seizures and 
interictal epileptiform activity will be discussed here, antiepileptic drug associated neurobehavioral adverse 
effects have been previously reviewed 55.
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Dynamic Deficits Secondary to Seizures
Spontaneous recurrent seizures, a key feature of epilepsy, seriously affect cognitive ability. In addition to the 
obvious inabilities during seizures, the post-ictal state usually corresponds to a period of drastically decreased 
cognitive ability. After the behavioral symptoms of lethargy and inattention subside, lingering cognitive deficits 
may persist for minutes to days depending on the type and severity of the seizure 56–58.

As an illustration, Lin et al. 59 trained adult rats extensively in the “spatial accuracy task,” a dry-land analog of 
the Morris water maze. The authors found a cumulative degradation in spatial performance over 11 days of 
flurothyl seizures (one per day). However, the deficits reversed after the seizures were stopped, such that 
performance returned to baseline. Intriguingly, the rate of learning to an asymptote, the rate of performance 
decline during one-per-day seizures, and the rate of relearning during the recovery period were all similar. These 
findings suggest that deficits following a small number of seizures are reversible after a period of time, likely 
paralleling the return to neurological homeostasis. Similarly, Boukhezra et al. 60 found that generalized seizures 
following asymptote levels of learning in the Morris water maze resulted in impaired performance with the 
duration of the cognitive deficits exceeding the length of the seizures. Interestingly, the animal’s neurological 
status was a factor in the duration of cognitive impairment following seizures; animals with a prior history of SE 
had a longer period of impairment following a seizure than animals without such a history.

Zhou et al. 61 assessed the effects of 10 flurothyl-induced seizures in adult rats on LTP and place cell function. 
Recurrent flurothyl seizures were associated with marked impairment in LTP and a reduction in the frequency 

Figure 1. Place cell recordings. A. Rat in recording cylinder. White cue card is placed on wall of cylinder to provide orientation for the 
rat. Environment remains stable from trial to trial. Rat runs about the cylinder chasing food pellets. B. Rat on linear track. Rat runs 
from one end to the other to obtain a food award. Firing field of a place cell is shown below the track. C. Place cells from rat running in 
cylinder. Firing field for the place cell on the top is at around 0500–0600 while the firing field in the lower figure is at 1200. Firing rate 
was coded in the sequence: yellow, orange, red, green, blue and purple, from lowest firing rate to highest. The firing rate was zero for 
yellow pixels. To the right of the firing fields are the complex action potentials recorded using tetrodes. Note different amplitude of the 
same action potential in each electrode.
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Figure 2. Place cell firing and its relationship with EEG. A. Firing rate maps of two cells recorded simultaneously in a rat engaged in 
a spatial task in a figure 8 maze. Firing activity of the same cells (each vertical bar corresponds to an action potential [AP]) and 
simultaneously recorded EEG (black: wideband; red: filtered in the theta band) during a single crossing of the central arm (from left to 
right). For each cell, as the rat crosses their field, the timing of APs within subsequent theta cycles shifts forward (phase precession). 
Because the rat enters the field of cell 1 before the field of cell 2, both cells will fire at a different phase on each theta cycle. Within each 
theta cycle, there is a linear relationship between the time difference of the action potentials of each cell and the distance separating the 
two fields. Therefore, the cell activation sequence is compressed in a single theta cycle. B. Phase/Distance plots for the cells represented 
above. Each dot corresponds to an action potential. To allow a representation of each cell in relationship to theta, each action potential 
is displayed twice over 360 degrees.

6 Jasper's Basic Mechanisms of the Epilepsies
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of the peak theta power. Compared to baseline recordings, place cell firing patterns following recurrent seizures 
were significantly less precise, had lower firing rates and were less stable. Impaired place cell firing was seen as 
early as after two seizures. Paralleling place cell firing patterns, water maze performance was impaired in animals 
that underwent a series of seizures. These results demonstrated that significant and longstanding alterations in 
hippocampal homeostasis occur with relatively brief excitatory events, although the duration of these post-ictal 
effects was not measured.

The most commonly provided explanation for the postictal phenomenon is that the prolonged and synchronous 
neural activity during seizures depletes neurotransmitters and available glucose, which understandably could 
prevent normal information processing 62–64. However, spontaneous seizures are followed by a drastic alteration 
of place cell firing 65. After seizures, a marked decrease in firing rate of action potentials from place cells occurs, 
whereas interneuron firing is unchanged. In addition, when place cell firing fields persisted or returned, they had 
aberrant firing fields with reduced coherence and information content. In addition to postictal suppression of 
firing patterns, seizures lead to the emergence of firing fields in previously silent cells, demonstrating a postictal 
remapping of the hippocampus. These findings demonstrate that postictal alterations in behavior are not due 
solely to reduced neuronal firing. Rather, the postictal period is characterized by robust and dynamic changes in 
cell-firing patterns resulting in the remapping of the hippocampal map.

Dynamic Deficits Secondary to Interictal Spikes
In addition to seizures, there is increasing evidence that interictal abnormalities can result in cognitive 
impairment, though much more short-lived than that of the postictal period. Epileptiform abnormalities, 
including interictal spikes (IIS) or spike-and-wave discharges, represent an aberrant discharge of a large number 
of neurons near the recording site. These ephemeral events can produce brief disturbances in neural processing, 
resulting in a phenomenon called transitory cognitive impairment 66. However, they rarely produce overt 
cognitive or behavioral disturbances.

Figure 3. Aberrant phase precession in a rat model of epilepsy. Compared to control (CTR) animals, rats with a past history of status 
epilepticus (SE) have an aberrant phase precession patterns.
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In a seminal study, Aarts et al. 67 noted that IIS can briefly disrupt neural processes within the brain region 
where they occur. The authors analyzed the effect of IIS on verbal or non-verbal short-term memory in patients 
of various epileptic conditions, with no overt clinical manifestations during these discharges, thus targeting the 
hidden (subclinical) manifestations of IIS. They found that left-hemisphere IIS resulted mainly in verbal task 
errors, whereas right-hemisphere IIS were associated with errors in the non-verbal task. EEG discharges 
interfered mainly when they occurred simultaneously with the presentation of the stimulus, corresponding with 
the encoding phase of the task. Shewmon and Erwin 68–71 further localized the effect, noting that occipital IIS 
could disrupt visual perception. A number of ensuing clinical studies confirmed demonstrated that IIS in the 
cortex can result in transitory cognitive impairment 67–73. One study even attempted to look at IIS in deep brain 
structures using depth electrodes in patients with temporal lobe and described general declines in working 
memory due to IIS 74.

To investigate the transient effects of IIS on cognition Kleen et al. 75 used a within-subject analysis to 
systematically analyze how IIS might independently affect multiple processes in the hippocampus, a structure 
critically important for learning and memory and highly prone to IIS in temporal lobe epilepsy. These 
researchers studied rats that developed chronic IIS following intrahippocampal pilocarpine in a hippocampal-
dependent operant behavior task, the delayed-match-to-sample. Hippocampal IIS that occurred during memory 
retrieval strongly impaired performance (Figure 4). However, IIS that occurred during memory encoding or 
memory maintenance did not affect performance in those trials. Hippocampal IIS also affected response latency, 
adding approximately 0.48 seconds to the time taken to respond. IIS were most harmful if they occurred when 
hippocampal function was critical, similar to human studies, showing that cortical spikes are most disruptive 
during active cortical functioning. It was suggested that the cumulative effects of spikes could therefore impact 
general cognitive functioning, although this general effect was not seen in this study, supporting the notion that 
dynamic disruptions in cognition may not be captured by general cognitive testing.

A few studies to date have shed light on the probable cause of IIS-induced transient cognitive disruption. There 
is a significant and sustained reduction of action potentials in the hippocampus for up to two seconds following 
a local IIS. Furthermore, when occurring in flurries, IIS can reduce action potential firing for up to six seconds 
76. The response to IIS is cell-dependent; IIS result in decreases in action potential firing after the IIS among 
interneurons, but not pyramidal (place) cells. In addition to affecting action potentials, the widespread inhibitory 
wave immediately after IIS can dramatically reduce the power of gamma oscillations and other oscillatory 
signals in the hippocampus 77. Since oscillations are intimately linked to ongoing learning and memory 
functions, this disruption in oscillations likely contributes to cognitive deficits 75,78.

Transient impairments in cognition are difficult to capture with standard cognitive tests, because of several 
conditions. First, in order to disrupt a particular process, the IIS must incorporate the neural circuits that are 
involved in that process, stressing the importance of matching the affected neural substrate with a cognitive test 
that assesses its intrinsic function. Second, the IIS must occur at a particular moment in cognitive processing 
such that the process is vulnerable to disruption. Third, the process must not be supported significantly by other 
interconnected structures which might buffer the information and reintroduce it to the affected area once the IIS 
effects have passed.

Despite these limitations, if the proper cognitive test is utilized and IIS are frequent enough, it is possible to show 
relations between overall IIS frequency and the degree of cognitive impairment. This accumulation of dynamic 
effects can thus resemble a chronic cognitive deficit. For example, patients with Landau-Kleffner syndrome 
gradually develop a high frequency of IIS at a young age, and the degree of their EEG abnormalities is closely 
related to the auditory agnosia and aphasia most patients eventually experience. These patients may or may not 
have seizures; thus the effect seems exclusively related to the EEG abnormalities. Furthermore, improvements in 
cognition tend to be accompanied by improvements in the EEG 79.

8 Jasper's Basic Mechanisms of the Epilepsies
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Figure 4. Influence of IIS on different memory processes. A. Montage of the Delayed-Match-to-Sample task, a useful paradigm for 
assessing the dynamic influence of IIS on memory. Rats were trained to press a randomly presented lever (e.g., the left lever in this 
example), then wait for a variable time interval near the opposite wall of the chamber. Subsequently, both levers were presented, and 
the rat needed to choose which lever he had pressed before. Each individual trial thereby involves memory encoding, maintenance, and 
retrieval for accurate performance. B. Thousands of trials among five rat trials were separated first by whether an IIS occurred during 
them, and then by which epoch the IIS occurred in (encoding, maintenance or retrieval). Accuracy is plotted against the length of the 
variable interval between lever presses (delay), with longer delays normally producing decreased accuracy. Colored envelopes of the 
modeled 95% confidence intervals indicate that IIS during memory retrieval drastically impair memory, while IIS during encoding or 
maintenance do not.
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HOW DYNAMIC DEFICITS MAY BECOME PERMANENT
If a single seizure episode or IIS only seems to affect transiently neuronal activity, there are conditions in which 
their impact may be more detrimental for cognition and behavior. This is the case for recurrent generalized 
seizures and also when seizures or IIS occur during critical periods such as sleep or development.

Recurrent seizures
One of the more popular models for studying recurrent seizures is kindling. Kindling is a dynamic process 
whereby repeated application of seizure-evoking stimulation produces neuronal changes that result in an 
enduring enhancement of susceptibility to seizure-evoking stimulation. Since kindling is a gradually acquired 
process, behavioral tests can be done during the kindling or after the animal has fully kindled. If done during the 
acquisition of kindling, the investigator can assess behavior before or following the kindling stimulation. If 
testing occurs after kindling, the investigator can manipulate the time of the testing to determine the duration of 
any post-kindling effect.

Investigators have examined the effect of kindling on spatial memory with the animal being studied after or 
during kindling using both the radial arm maze and water maze. The timing of the kindling stimulations 
determines type of deficit. If the kindling stimulation is given prior to the learning trial there is impaired 
performance 80–82 whereas kindling immediately after the learning trial impaired retention 83. Whether 
kindling has long-term effects on learning is not clear, with some authors finding impairment following 
hippocampal kindling 84,85 while other authors have found no long-standing effects 81. However, the effects of 
kindling on spatial memory are not confined solely to electrical kindling. With repetitive pentylenetetrazole-
induced seizures given every other day for 28 days, rats made more reference errors in the radial arm water maze 
86. Genetically, epilepsy-prone rats (GEPRs) subjected to 66 audiogenic stimulations showed impairment in both 
the water maze and T-maze when compared to littermates that were handled and placed in the sound chamber 
but were not stimulated 87.

The immature brain appears to be particularly prone to developing permanent deficits following early life 
seizures. Seizures during the first weeks of life result in deficits of spatial cognition in the Morris water maze 88–
93, impairment of auditory discrimination 94 and altered activity level in the open field 91. Despite the 
detrimental effects of early life seizures on cognitive function, recurrent seizures during the first two weeks of life 
do not result in cell loss 88,90,95. However, early life seizures can result in synaptic reorganization 88,89,96,97 and 
decreased neurogenesis 98. Recurrent seizures during development also result in a number of physiological 
changes including: a persistent decrease in GABA currents in the hippocampus 99 and neocortex 100,101, 
enhanced excitation in the neocortex 101, impairment in spike frequency adaptation 102, marked reductions in 
afterhyperpolarizing potentials following spike trains 102, LTP 91, alterations in theta power 92 and impaired 
place cell coherence and stability 92.

Rats with developmental seizures have also been found to have abnormal hippocampal single cell firing patterns 
when studied as adults. Following a series of 100 brief flurothyl-induced seizures during the first weeks of life 
(P15-P37) rats were found to have impairment in spatial cognition with poor performance in the water maze 
and radial arm maze and impaired hippocampal LTP 92. Similar to rats following SE, these rats had substantial 
deficits in action potential firing with impaired place cell precision and reduced place cell stability. These results 
show that recurrent seizures during early development are associated with significant impairment in spatial 
learning and that these deficits are paralleled by deficits in the hippocampal map.

Recurrent Interictal Spikes
In elegant animal studies of the striate cortex function in rabbits, IIS were elicited by either penicillin 103,104 or 
bicuculline 105,106 through focal epidural application. IIS were elicited for 6–12 hours following each drug 
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application which were given daily from P8–9 to up to P24–30. None of the rabbits had behavioral seizures. In 
single-unit recordings from the lateral geniculate nucleus, superior colliculus and occipital cortex ipsilateral to 
the hemisphere with IIS, there was an abnormal distribution of receptive field types, whereas normal recording 
were found from the contralateral hemisphere. This finding was age-dependent, in that rabbits with similarly 
induced IIS during adulthood had normal development of cells, highlighting an additional vulnerability of 
developmental periods to cumulative IIS effects over time.

IIS have also been elicited in young rats with flurothyl, an inhaled convulsant 107. Rat pups were given a low 
dose of flurothyl for four hours for 10 days during continuous EEG monitoring. Rats developed IIS without 
seizures while age-matched controls under similar testing conditions showed few IIS. When rats were tested as 
adults, there was impairment in reference memory in the probe test of the Morris water maze, reference memory 
impairment in the four-trial radial-arm water maze and impaired LTP. Early-life IIS also resulted in impaired 
new cell formation and decreased cell counts in the hippocampus, indicating a potential mechanism in which IIS 
during development can produce cumulative lasting effects in addition to any dynamic disruptions. It appears 
from these data that IIS, like seizures, during brain development have a cumulative effect on cognitive function.

While not yet fully studied, it is likely that IIS during sleep may contribute to both cognitive and behavioral 
problems. Sleep is important for consolidation and IIS when occurring frequently in conditions such as 
continuous spike-wave sleep will affect learning and memory 108. To mimic IIS, Shatskikh et al.109 implanted a 
stimulating microelectrode in the ventral hippocampal commissure and a recording microelectrode in the CA1 
region of the hippocampus of normal male rats. Spike patterns were induced using a series of electrical pulses to 
provoke discharges in the hippocampus which resembled naturally occurring IIS in epileptic rats. When the IIS 
were introduced while the rat was sleeping, performance in the Morris water maze was impaired compared to 
times when no IIS occurred during sleep. In this study, none of the rats had seizures indicating that IIS during 
sleep has adverse effects in a test of hippocampal memory.

Effect on Behavior
Kindling also affects behavior with amygdale kindled animals exhibiting heightened anxiety 110 and enhanced 
emotionality expressed by an elevated anxiety and defensive attitude toward other animals 111. Rats kindled in 
the amygdala and hippocampus explored less in the open field, are more resistant to capture from the open field, 
and engage in more open-arm activity in the elevated plus maze 112,113, classic behavioral signs of increased 
anxiety in rodent models. Perirhinal cortex kindling also increased anxiety-related behavior in both the elevated 
plus and open field mazes and disrupted spontaneous object recognition 114. Pentylenetetrazol-treated rats have 
also been shown to have high anxiety levels in the open-field exploratory maze test 86.

Amygdala kindling also alters social attraction between rats in the open field test with kindled rats showing a 
higher likelihood of remaining in close proximity to a partner rat 111. Partial kindling of the ventral perforant 
path in cats produced a lasting increase in defense response of cats to both rats and conspecific threat howls. In 
addition, there was a suppression of approach-attack behaviors directed toward rats 115. Pentylenetetrazol-
treated rats also displayed decreased offensive behaviors in the home cage intruder test 116. Genetically epilepsy-
prone rats (GEPRs) subjected to repetitive seizures were less active in the open field activity test, less aggressive 
in the home cage intruder test and more irritable and aggressive in the handling test 87. In a test that mimics 
depression, the forced swim test, animals receiving repetitive pentylenetetrazole injections were immobile 
significantly longer than control rats 86.

CONCLUSIONS
In extrapolating the animal data to individuals with epilepsy, it is helpful to keep in mind that there are two 
major processes, permanent and dynamic, that can influence cognitive and behavioral outcome. Permanent 
deficits are due primarily to the etiology of the epilepsy. Regardless of whether the etiology is innate or acquired, 
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the deficits seen are due to the underlying brain pathology causing the epilepsy. These deficits would occur 
regardless of the frequency of recurrent seizures. Treating the underlying condition, if possible, may improve the 
cognitive and behavioral outcome. Dynamic changes are caused by the seizures or interictal discharges. In the 
case of dynamic causes of cognitive and behavioral disturbances there is a window of opportunity for the 
clinician to intervene through reducing seizure number or suppressing interictal discharges. Failure to do so can 
convert dynamic changes into permanent ones. This is particularly the case when dealing with seizures and 
interictal discharges in the developing brain. The challenge for neuroscientists will be to develop safe and 
effective mechanistically-driven therapies to reduce or prevent the dynamic effects of seizures and interictal 
discharges.
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