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The field of epilepsy is broadening as the goal of therapy
expands from seizure control to minimizing the full range
of epilepsy’s negative medical and psychosocial conse-
quences. Accordingly, in addition to determining seizure
type and epilepsy syndrome and selecting appropriate
antiseizure therapies, clinicians are increasingly taking
the behavioral aspects of epilepsy into consideration in
their evaluation and treatment of patients.

In recent years, psychiatric disorders have perhaps
received the most attention among epilepsy-related behav-
ioral conditions. Behavioral Aspects of Epilepsy: Principles
and Practice builds on this widely recognized and studied
group of comorbidities to encompass the complementary
findings and insights of behavioral scientists from allied
fields such as neuropsychiatry, neuropsychology, psychol-
ogy, social science, and cognitive neuroscience.

This volume begins with the work of animal experi-
mentalists and neurophysiologists. Their topics include the
assessment of behavior in animal models of epilepsy, effects
of environmental and social factors on the expression of sei-
zures, animal models of mood disorders, cognitive and affec-

Xiii

tive associations of seizures in young and mature animals,
and neurophysiologic mechanisms underlying epilepsy and
related behaviors.

Subsequent chapters highlight clinical topics across
the age spectrum, including seizure-related behaviors,
neuropsychologic function, interictal behavioral disor-
ders, and effects of seizure therapies and epilepsy surgery
on mood and cognition. The final section explores other
disorders associated with epilepsy that have behavioral
features, such as nonepileptic events, autism, and atten-
tion deficit disorder.

The editors and contributors have organized the
topics in Behavioral Aspects of Epilepsy: Principles and
Practice to emphasize the importance and interrelatedness
of multiple perspectives from the laboratory to the clinic
in understanding the behavioral aspects of epilepsy and
translating research findings into clinical practice. We hope
this integrative approach will bring us closer to the day that
health care professionals can help their patients successfully
overcome all of the debilitating consequences of epilepsy,
thereby enabling them to achieve their full potential.

Steven C. Schachter
Gregory L. Holmes
Dorothée G.A. Kasteleijn-Nolst Trenité
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Stephen C. Heinrichs

models of seizure susceptibility

and reactivity have been identi-
fied as a pressing requirement for current and future
research on epilepsy (1). These initiatives are pay-
ing dividends, judging by the recent publication of a
behavioral assessment scale for seizure-prone rodents
in a leading manual of core techniques for the neuro-
scientist (2). Perhaps the greatest utility for research
related to assessment of seizure-related behaviors in
animals is the potential yield of noninvasive tools for
detecting subtle anomalies that precede and predict
ictogenesis and epileptogenesis. For instance, the neu-
robiological basis for seizures cannot yet be studied
ethically in human patients, and the examination of
postictal behaviors in epileptic patients is complicated
by preexisting secondary neuropathologies that arise as
a result of prior seizure activity. In one possible solu-
tion to this quandry, Stafstrom identifies behavioral
modeling in animals as a workable means of making
the critical distinction between factors involved in the
etiology of seizures as opposed to those arising as a con-
sequence of prior seizures (3). A concrete goal would
be to advance a particular behavioral test, or battery
of such tests, capable of discriminating among various

V n-depth characterization and
I refinement of animal behavioral

Behavior-Seizure
Correlates in Animal
Models of Epilepsy

types of seizure disorders in the absence of electroen-
cephalographic measures. For example, specific utility
of such a behavioral test battery has been achieved using
spatial, learning, locomotor, and social interaction tests
to assess the long-term behavioral and cognitive effects
of seizures on the developing brain (3).

A wealth of animal models is available for the
study of epilepsy. These models have proven utility
in advancing the understanding of basic mechanisms
underlying epileptogenesis and have been instrumen-
tal in the screening of novel antiepileptic drugs (4). A
review by Sarkisian (4) addresses criteria that should
be met in a valid animal model of human epilepsy
and provides an overview of current animal model
characteristics that are relevant to human epilepsy
symptoms. While most human disorders are without
any animal model, those models that are clinically
relevant have strengths and weaknesses. One weak-
ness of animal models is that behavioral manifesta-
tions of different animal models can differ and may
not at all resemble the behavior of an individual with
epilepsy (4). The goal of the present chapter is thus
to present, in abbreviated fashion, the latest advances
in assessment of behavior-seizure correlates in animal
models of epilepsy while integrating preclinical and
clinical perspectives.
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BEHAVIORAL ASSAYS RELEVANT FOR
RODENT SEIZURE MODELS

Reflexive and Motor Functions

In epilepsy research a principal aim is to ensure that
motor, sensory, or reflexive alterations do not explain
performance differences during behavioral or cognitive
testing (3). Assessment of early developmental sensorimo-
tor norms as well as juvenile/adult motor capabilities
relevant for seizure susceptibility is therefore critically
important. When the unborn organism is exposed to
potential pathogens during gestation, monitoring of these
same developmental endpoints in offspring can be termed
“behavioral teratology.” One advantage for the epilepsy
investigator of applying developmental measures in a pre-
disposition (genetic or otherwise) model of epilepsy is that
the postnatal period of time over which data are collected
represents the earliest phase of postpartum ontogeny in
seizure-prone animals.

Measurement of Developmental Norms. Developmental
test batteries have been used to examine morphological
and behavioral ontogeny in inbred and mutant mice or
following prenatal exposure to traumatic stimuli. For
example, reflexive surface righting, forelimb-grasping reflex,
and negative geotaxis assessments can be employed as
very nonspecific markers of neurologic dysfunction
impacting proprioception, visual acuity/muscle strength,
and goal-directed locomotion, respectively (5). For exam-
ple, seizure-susceptible EL mice exhibit delayed surface
righting (transitioning from supine to prone positions)
on postnatal days 3-7 and delayed negative geotaxis
(crawling against the force of gravity) on postnatal days
5-9 relative to non-seizure-susceptible control mice (35).
It is also important to note that testing procedures imple-
mented during this early postpartum period that disturb
maternal/pup interactions can have a lifelong and even
transgenerational impact on adult phenotype (6) and
should be instituted cautiously.

Locomotor and Circadian Rhythm Measures. Locomo-
tor activity is used to assess the neural bases of arousal
and circadian rhythm as a dependent measure with
considerable clinical validity. The study of locomotor
activity in rodents does not involve learning or condi-
tioning required for other behavioral tasks and is often
used as an initial screen when describing a behavioral
phenotype (7). Photobeam grid, observation checklist,
and radiotelemetry-dependent measures of activity can
determine spatial position very precisely, monitoring
the animal as it rests, runs, walk, rears, or performs
stereotyped behaviors. More than any other single
behavioral dependent measure described in the present
chapter, locomotor activity represents a single, seminal

output system in the rodent that is likely influenced by
a host of separate afferent and motivational systems.
An important implication of this statement is that long-
term, circadian locomotor measures are perhaps more
sensitive than any other single behavioral endpoint to
neurologic changes accompanying the various forms of
epilepsy. Moreover, animal models of neurologic disor-
ders and mental illness are increasingly reliant on such
simple and fundamental “endophenotypic” measures
in making substantive progress on questions of etiology
and pharmacotherapeutic efficacy.

Basic activity monitoring has high utility for distin-
guishing seizure-prone from control strains of mice. For
example, locomotor hyperactivity has been reported in
adult, seizure-susceptible EL mice. Moreover, evidence
suggests that epileptic seizures are modulated by the
circadian timing system as revealed by locomotor out-
put. For example, daily rhythms of spontaneous loco-
motor activity in rats were studied before and after an
episode of pilocarpine-induced convulsive status epi-
lepticus. Although both chronic epileptic and control
groups displayed near-24-hour activity patterns under
light-dark conditions, significant delays in phase tran-
sition were observed after spontaneous seizures had
developed. The phase delay was positively correlated
with seizure history and was likely the result of post-
ictal hyperactivity associated with seizures during the
normal rest period. In the absence of damage to brain
areas directly involved with the regulation of behavioral
rhythms, chronic seizure activity presumably alters the
timing of activity patterns through an endogenous, non-
light-sensitive mechanism. One additional experiment
used a kindled animal model of epilepsy to investigate
whether seizures could be a cause of the hyperactiv-
ity sometimes associated with brain hyperexcitability.
Twenty-four hours after a seizure, kindled rats indeed
displayed a greater level of exploratory behavior than
did the controls. These preclinical results are consis-
tent with the suggestion that the hyperactivity seen in
some children with epilepsy may also result from recent
seizure activity.

Lasting Impact of Past Experience

Human epilepsy and seizure management using anti-
epileptic drugs are often accompanied by some degree
of cognitive decline, typically expressed as learning or
memory deficits. Cognitive deficits have developmental
significance in diagnosing seizure susceptibility, are
relevant for seizure prognosis, and likely reveal much
about hippocampal brain mechanisms that underlie
seizure susceptibility (3). Similarly, certain anticonvul-
sant drugs are distinguished by their ability to suppress
seizure incidence or severity without exerting learning-
and memory-related side effects.
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Assessment of Learning/Memory Capacity. Rats bred
selectively for differences in amygdala excitability, mani-
fested by “fast” or “slow” kindling epileptogenesis, dis-
play several comorbid features related to learning and
memory performance. Regardless of whether the loca-
tion of the platform was fixed or varied over days, the
fast-kindling rats displayed inferior performance in the
Morris water maze test, suggesting both working and
reference memory impairments. This finding is consistent
with the report that rats with status epilepticus perform
significantly worse in the water maze than control rats
at all time points. Furthermore, when the position of the
platform was altered after the response was acquired,
fast-kindling rats were more persistent in emitting the
previously acquired response. The poor performance
of fast-kindling rats was also evident in both cued and
uncued tasks, indicating that their disturbed learning was
not simply a reflection of a spatial deficit. Moreover, fast-
kindling rats could be easily distracted by irrelevant cues,
suggesting that these animals suffered from an attentional
disturbance. These results suggest that the performance
disturbance in fast-kindling rats may reflect difficulties
in forming a conceptual framework under conditions
involving some degree of ambiguity, as well as greater
distractibility by irrelevant cues. Nonassociative memory
deficits are also characteristic of the seizure-susceptible
EL mouse (5). Clinical evidence for comorbidity of sei-
zure and learning disorders is consistent with findings in
animal models of epilepsy, since children with epilepsy,
as a group, have a greater risk for developing learning
problems as comorbid disorders.

Tests of Affiliative Behavior. ~ Alterations in sexual receptiv-
ity, both hypo- and hypersexuality, and aggression have been
reported in animal models of epilepsy. For example, inves-
tigation of mating behavior on the first night of proestrus,
corresponding to the height of female sexual receptivity in
rodents, revealed fewer mounts, intromissions, or ejaculations
from the untreated males that were caged with previously
epileptic females (8). Similarly, one notable characteristic
of seizure-prone rodents is the potential for enhanced intra-
and interspecies aggression. One set of experiments reported
abnormal behavior in rats with a chronic epileptiform syn-
drome induced by the injection of tetanus toxin bilaterally
into the hippocampus. The abnormal behavior included
hyperreactivity to a novel environment, intermittent aggres-
sion on handling, and abnormally passive response to a
strange rat introduced into the home cage. The intermit-
tent aggressive behaviors can be so extreme as to require
one group of investigators to employ chain-mail “raptor
gloves” for protection against biting injuries when handling
rats treated previously with an excitotoxin (2). Consistent
with these findings from the animal literature, behavioral
alterations associated with epilepsy in some patients include
changes in sexual behavior and aggressivity.

One critical form of social contact among mam-
mals with epilepsy is the interaction between mother and
offspring. In particular, familial distributions of epilepsy
reflect a higher risk for offspring of affected women,
compared to the risk for offspring of affected male par-
ents. There are also examples in the clinical literature of
significant associations between family stress and seizure
intensity in predicting behavior problems. One possible
mechanism for generational transmission of an adult
seizure phenotype is the quality of parenting provided to
developing offspring. In particular, the quality of maternal
behavior has been implicated as an environmental deter-
minant in rodent neurochemical and behavioral develop-
ment. For example, evaluation of parental investment in
seizure-susceptible EL mice using a novel apparatus for
passive observation of undisturbed mice revealed that EL
dams were slower than controls to initiate pup retrieval
and spent less time nursing/crouching over pups (5).
The results also suggested that EL mothers exhibit an
overabundance of motor activities that compete with
crouching/nursing and retrieval behaviors required for
viability of the litter (Figure 1-1). Maternal care appears
to be relevant for cognitive deficits and neuropathology
accompanying recurrent seizures in rodents, as these
indices of impairment are worsened by a prior history
of maternal deprivation.

Reactivity to Reinforcing and Aversive Stimuli

Interesting parallels arise between irregularities in eating
behavior, such as food aversion, and seizure-related neu-
rologic disorders, including autism and Rett syndrome.
There is an increased but variable risk of epilepsy in
autism, reflected by common factors including genetic
susceptibility, epileptiform electroencephalograms, and
behavioral symptoms such as cognitive impairment
and developmental delay. In support of the association
between clinical autism and food consumption, one study
of eating behaviors in children with and without autism,
using a questionnaire pertaining to food refusal and
acceptance patterns, indicated that children with autism
have significantly more feeding problems and eat a sig-
nificantly narrower range of foods than children without
autism. Similarly, a comprehensive study of nutrition and
eating behavior revealed that patients with Rett syndrome
exhibit lower body weights, more gastrointestinal symp-
toms interfering with eating, less self-feeding, and lower
texture tolerance for chewy and crunchy foods compared
with a developmental disability comparison group. While
autism and Rett syndrome do not reflect major diagnos-
tic categories among the spectrum of epilepsy disorders,
detection of comorbid anomalies in such a basic and
ubiquitous vegetative function as food intake regulation
provides an impetus for monitoring ingestive behaviors
in future epilepsy research.
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FIGURE 1-1

This panel of photos exhibits (top left) characteristics of the ictal phase of seizures in EL mice including Straub Tail, (right) the
handling-induced seizure susceptibility procedure used as a seizure trigger in EL mice, and (bottom left) an example of post-

partum biparental care in a home cage litter of EL pups.

Quantification of Appetite and Food Intake. Adult rodents
in the laboratory consume discrete meals regularly over
the course of the circadian cycle, and the meal size is pro-
portional to meal frequency. Food intake measures may
be a particularly attractive means of studying bioenergetic
substrates such as plasma glucose as potential covariates
for seizure-susceptibility. This is especially true since basic
aspects of feeding behavior, including carbohydrate intake,
are relevant for anticonvulsant efficacy of the ketogenic
diet. For example, seizure management techniques, such
as ketogenic diet exposure, that fundamentally alter brain
energy homeostasis (9) would likely alter glucose or sac-
charine taste thresholds or preference if these psychometric
measures of palatability were measured. Taken together,
these considerations suggest that there is some functional
overlap in brain systems regulating feeding behaviors, bio-
energetics, and seizure susceptibility.

A more practical means of obtaining a better under-
standing of potential causal relationships between energy
balance regulation on the one hand and seizure-related
disorders on the other would be to predict efficacy of
anticonvulsant drugs using measures of body weight
or food intake. For example, there is evidence that the
antiepileptic drug topiramate, designed originally as an
oral hypoglycemic and approved subsequently as an
anticonvulsant, is effective in producing weight loss suf-
ficient to treat binge eating disorder, bulimia nervosa,

and obesity. Topiramate is also reported to be effective
in seizure reduction among patients with refractory focal
epilepsy. Similarly, Rett syndrome patients show improve-
ment in seizure control on topiramate. Moreover, patients
receiving topiramate pharmacotherapy for a variety of
neurologic disorders experience anorexia, body weight
loss, and a reduction in body mass index (a coarse mea-
sure of adiposity). These intake and weight control char-
acteristics of topiramate efficacy may promote long-term
adherence to treatment among psychiatric patients. A
compelling possibility is that negative energy balance
manifesting a beneficial change in brain energy metabo-
lism is one of the direct mechanism by which drugs such
as topiramate exert seizure control.

Measures of Arousal and Emotionality. The finding of
increased anxiogenic-like behavior in animal models of
epilepsy appears to be highly reproducible. One represen-
tative study investigated the effects of amygdala kindling
in Wistar rats on behavior in the elevated plus maze test
of anxiety (10). It was found that kindling to stage five
seizures increased anxiogenic-like responses in the plus
maze for at least a week following the last seizure. Long-
term amygdala kindling in rats resulted in large and
reliable increases in affective behavior that model the
interictal emotionality often observed in patients with
temporal lobe epilepsy. The results suggest that neural
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changes underlying the genesis of interictal emotional-
ity may be related closely to those mediating epilepto-
genesis itself. Another study evaluated the exploratory
activity of an inbred rat strain derived from progenitors
that have been selected for audiogenic seizure suscep-
tibility. The exploratory activity of audiogenic seizure-
susceptible and -resistant rats was measured using the
open field and the elevated plus maze models of anxiety.
Susceptible animals displayed a reduced exploration in
both the open field (reduced total distance moved) and
the elevated plus maze (reduced number of enclosed-arm
entries). Therefore, available results indicate that seizure
predisposition or history confers caution and behavioral
restraint when faced with a novel environment. Not
surprisingly, hyperemotionality is thought to underlie
the majority of behavioral problems in some individu-
als with temporal lobe epilepsy and animal models of
temporal lobe epilepsy.

CONCLUSIONS

Several animal models of seizure disorders have contrib-
uted greatly to the understanding of physiology, neuro-
nal mechanisms, and behavioral changes associated with
human epilepsy (4). However, most human conditions
do not have well-characterized animal models, although
select characteristics of animal models are analogous to
diagnostic criteria for human epilepsy (1). One animal
model characteristic that is analogous to clinical symp-
toms of epilepsy is the appearance of observable behav-
ioral signs, which are often quite distinctive and exhibit
face validity. For example, automatisms are de novo
behaviors involving involuntary, repetitive, and meaning-
less movements of the face, limbs, and trunk that appear
in seizure-prone organisms and can be quantified by a
trained clinical observer or in animals using stereotypy
rating scales. Similarly, the frequent and robust appear-
ance of frank emotionality and disturbance of social
interactions in both rodent models of seizure disorders
and human epilepsy suggests that there are common,
cross-species functional consequences of the neurologic
hyperexcitability characteristic of epilepsy. Thus, the
thesis presented earlier in this chapter that behavioral
endpoints represent a kind of “meta-variable” with util-
ity for achieving a more general understanding of seizure
mechanisms, as opposed to an understanding based upon
idiosyncratic features of specific seizure induction models,
is supported by the available data.

Very few studies have quantified functional changes
just prior to seizure onset in the case of ictogenesis or
prior to the first lifetime seizure in the case of epileptogen-
esis, and this unexplored niche represents an opportunity
for future research in the area of behavioral phenotyp-
ing. For example, auras that precede focal seizures in a

clinical population have been given particular empha-
sis in order to localize the point of seizure origin in the
brain, but subjective aura reports have no animal model
counterpart. Long-term, automated behavioral depen-
dent measures could be devised to detect some deviation
in animal models of epilepsy that occurs at a preseizure
latency synchronized with the occurrence of auras in a
clinical population. For example, one study documented
a decrease in expression of glial and neuronal glutamate
transporters observed prior to the onset of epileptic sei-
zures in cortex and thalamus of GAERS rats—an animal
model of absence epilepsy. The findings suggest an impair-
ment in maturation of the glutamatergic thalamocorti-
cal network, which may contribute to the establishment
of epileptic circuitry. This hypothesis could perhaps be
tested noninvasively by probing the ability of GAERS rats
to perform behavioral functions, such as motor learning
or attentional tasks, for which thalamocortical glutamate
pathways are known to be critical. Finally, prodromes are
long-lasting changes of disposition in humans in the form
of anxiety, irritability, withdrawal, and other emotional
aberrations that indicate a forthcoming seizure. In dogs,
the most common prodromal sign described is motor rest-
lessness. Perhaps the results from a battery of behavioral
tests could be subjected to multiple regression analysis
in order to devise a prodromal fingerprint for impending
seizure occurrence in rodent models of epilepsy.

Available evidence suggests that anxiogenic-like
reactions observed using classical tests of anxiety may
be controlled by different neurobiological substrates
than control those that govern defensive/social behav-
iors. Thus, implementation of a single animal model
of anxiety as a means of assessing emotionality has
a higher risk of producing misleading results than a
phenotyping/characterization strategy, such as one
possible algorithm (Figure 1-2) that employs multi-
factorial and convergent exploratory and social end-
points. The epilepsy researcher is therefore encouraged
to employ as many convergent dependent measures of
a particular construct of interest as available time and
resources allow; adoption of a multifactorial approach
is an excellent way to avoid “pitfalls” alluded to at the
beginning of this chapter.

Even a concerted behavioral phenotyping effort
incorporating the present methodical approach may
reflect inherent limitations in sensitivity or precision of
available tools. For example, one clinically relevant dis-
tinction between simple (without loss of consciousness)
and complex (including loss of consciousness) partial
seizures may be entirely beyond the reach of the ani-
mal model endpoints. In animals, signs of confusion or
difficulties in recognizing familiar objects may be mis-
interpreted as signs of impaired consciousness. Rather
than attempting to identify animal characteristics that are
analogous to human target behaviors, the most fruitful
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Behavioral phenotyping/characterization algorithm. Four branches of one possible strategy for characterizing the learning/memory,
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application of behavioral characterization efforts in
seizure-prone animal models may well be provided by
a rational approach that is sensitive simultaneously to
the array of convergent behavioral dependent measures,
the neural/genetic mechanisms for seizure induction/
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Sexual sterilization can be recommended for
disabling degenerative diseases recognized to
be hereditary, and epilepsy.

American Neurological
Association report, 1936 (1)

Whereas deterministic arguments such as the rather
disturbing statement in the foregoing quotation link
inherited genes with neurologic disorders, mouse and
rat models of epilepsy serve as an excellent platform for
testing the complementary hypothesis that the ontog-
eny of seizure-related disorders is subject to revision
according to environmental forces to which genetically
susceptible mice are exposed. Idiopathic epilepsy is
most often expressed as a multifactorial disorder in
which more than one gene acts in concert with envi-
ronmental factors to mold the disease phenotype. The
hypothesis of plasticity in animal models of epilepsy
exposed to environmental and social manipulations
will thus be evaluated critically in the present chapter
while at the same time preclinical and clinical perspec-
tives are integrated.

Influence of Environment
and Social Factors in
Animal Models of

THE ROLE OF THE ENVIRONMENT IN
SEIZURE ONSET

The term environment can be defined as a complex of
surrounding circumstances, conditions, or influences in
which an organism lives, modifying and determining its
life or character. In animal models of epilepsy, environ-
ment is typically manipulated by altering the complexity
of the home cage, by adjusting nutrition, or by adding
or removing cagemates; an entire section of this chapter
on socialization is devoted to this final instance of envi-
ronmental change. For example, one series of studies has
established the efficacy of adjusting the diversity and com-
plexity of the home cage environment for altering subse-
quent seizure susceptibility (2). Seizure-prone rats were
first housed from weaning in housing environments either
without a companion in a standard shoebox cage (nonen-
riched) or in a group of 8-10 rats in a complex enclosure
(enriched). The enriched environment led to worsening
of seizure activity, assessed in terms of the proportion
of rats exhibiting spontaneous spike-wave discharges as
well as the duration of discharge (2). Moreover, exposure
to the enriched environment later in life, at 3 months of
age, also enhanced seizure activity, suggesting that the
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FIGURE 2-1

Seizure frequency in handled EL mice (control) as compared to EL mice exposed to a variety of environmental or social manipu-
lations. The environmental manipulations that all decreased seizure frequency were (1) providing hyperosmotic saline as the
only drinking fluid, (2) eliminating developmental contact with humans, (3) adulteration of the chow diet with fluoxetine, and
(4) enriching the postweaning home cage environment. The social manipulations that modulated seizure frequency biphasically
were (1) maternal cross-fostering and (2) supplemental paternal care. Values reflect percent of respective untreated control
groups; the latter are exhibited at 100% seizure frequency in order to compare results drawn from six separate studies from

our laboratory.

window of opportunity for environmental modulation
of seizure activity is quite broad. While it is not possible
to disentangle the social from the nonsocial components
of enrichment in these studies, the results nonetheless
provide evidence of the efficacy of daily living arrange-
ments in altering seizure-related pathology in a genetically
seizure-susceptible rat model (Figure 2-1).

Conditioned Effects of Seizure Occurrence

Mild periodic electrical stimulation to any one of sev-
eral brain sites leads to the development and progres-
sive intensification of elicited motor seizures. This
phenomenon, known as kindling, has been studied
widely, both as a model of epileptogenesis and as a
form of neuroplasticity, and there has been increasing
interest in kindling as a model of the interictal (i.e.,
between-seizures) changes in emotionality that accom-
pany certain forms of epilepsy. Despite the extensive
use of the kindling model, little consideration has been
given to the role played by the environmental cues
regularly associated with the delivery of the kindling
stimulations. However, it has been demonstrated that
cues associated with the standard kindling protocol

(e.g., the stimulation environment) produce condi-
tioned effects on both the motor seizures and interictal
behaviors, such as food avoidance, that are defensive in
nature. The phenomenon of kindling-induced condition-
ing highlights how arbitrary contextual cues can produce
a self-perpetuating set of seizure-related behaviors in
the absence of ongoing seizure activity. One alarming
possibility consistent with this finding is that increased
seizure susceptibility could be induced as a conditioned
response to the approach of a white-coated investiga-
tor, as first demonstrated by Pavlov using a salivation
response in dogs, if some subsequent action of the inves-
tigator leads reliably to seizure onset.

Another conditioned effect of seizures is the
increased likelihood of recurrent seizures arising as a
facilitative consequence of seizure history (3). The con-
ditioned nature of this plasticity is evident in that every
episode is to some extent an effect of preceding ones and
a cause of subsequent ones. Proposed mechanisms for
such seizure facilitation include loss in inhibitory neuro-
transmission via hippocampal pathology. Thus, the aims
of any laboratory study examining the efficacy of causal
environmental factors in seizure induction are perhaps
best served by minimizing the number of prior seizures
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in experimental animals or, alternatively, employing a
time-to-first-seizure-dependent measure to remove this
potential confound (4).

Adverse Consequences of
Human-Animal Interaction

In performing behavioral characterization work, the
testing apparatus, the experimental room, and the
experimenters themselves are significant environmen-
tal variables that can impact the functional dependent
measures. For instance, one complication of functional
dependent measures relates to the idiosyncratic behav-
ioral phenotype characteristic of a particular laboratory
(5). In an eye-opening set of studies, mouse exploratory
behaviors were found to differ significantly according to
the laboratory in which the test was performed in spite of
rigorous standardization of apparatus, test protocol, and
environmental variables (5). Validation and application
of a phenotyping battery for rodents can guard against
errors in interpretation produced by uncontrolled sources
of variance by providing multiple convergent measures
of behavior. Similarly, innovative automated-home-cage
approaches have been proposed for advancing mouse
phenomics into the information age.

Stimulation-Induced Seizures.  Perhaps the most convincing
demonstration that noninvasive laboratory interventions
are capable of modifying seizure phenotype is provided
by the phenomenon of audiogenic seizure induction in
nonsusceptible rodents (6). Rodents are typically exposed
to loud (120 dB), high-frequency (12 kHz) pure tones in
a closed environment for the purpose of inducing convul-
sions. Audiogenic seizures are induced in animal strains
that are susceptible to epilepsy, although seizure-resistant
strains of both rat and mouse can also be induced to seize
with sufficiently intense or prolonged auditory stimula-
tion. For instance, mice not susceptible to audiogenic sei-
zures on initial exposure to an acoustic stimulus (priming)
exhibit audiogenic seizures upon subsequent exposure to
the acoustic stimulus as a function of age at priming and
the prime-to-test interval in days. The ability of sensory
overstimulation to induce seizures appears to be a gen-
eral comparative phenomenon, since bangsenseless and
slam-dance epileptic mutant flies respond with earlier and
more pronounced postictal paralysis following mechani-
cal shock relative to wild-type flies, and this behavioral
feature can be attenuated by administration of antiepi-
leptic drugs.

Impact of Animal Handling by Human Investigators. The
term handling can be defined for the purposes of the
present chapter as any noninvasive manipulation that is
part of routine husbandry, including lifting an animal by
the tail, cage cleaning, or moving an animal’s cage. One
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comprehensive meta-analysis documented that handling
procedures induce multifaceted physiologic and endo-
crine stress responses regardless of the skill with which
they are performed (7). The consequences of handling
are judged to be noxious and substantial, based upon
the fact that the activation state induced in the rodent
can persist for hours. While functional measures of emo-
tionality are well suited to detecting affective responses
to routine handling procedures, such measures are only
infrequently collected. Thus, adverse consequences of
human/animal contact on dependent-measure variabil-
ity or animal welfare are a necessary evil of laboratory
animal science, unless rodents can be conditioned as juve-
niles to accept the touch of a human hand (7) or contact
can be minimized or eliminated.

The role of human/animal interactions in seizure
induction can be illustrated effectively in the case of
seizure-prone EL mice. Todorova and colleagues moni-
tored a group of EL mice for seven days using 24-hour
video surveillance and observed no evidence of sponta-
neous seizures or other behavioral abnormalities (3). In
contrast, at the conclusion of the surveillance period,
each mouse seized when picked up by the tail and moved
from the observation cage to a cage with fresh bed-
ding. These findings suggest that spontaneous seizures
do not occur in EL mice and instead that environmen-
tal stimulation is necessary for seizure induction. Simi-
larly, in GAD6S knockout mice, which lack the ability
to synthesize gamma-aminobutyric acid (GABA) and
exhibit deficiencies of this inhibitory neurotransmitter
in cortex, cerebellum, and hippocampus, seizures can be
induced by exposure to mild stressors such as brief con-
finement in a transparent acrylic plastic restraint tube
or removal of the home cage lid for routine handling.
Accordingly, a modified shoebox cage apparatus and a
no-handling husbandry procedure have obvious utility
both for examining the significance of human contact
during rodent development and for behavioral pheno-
typing of undisturbed seizure-prone mice (8). A simple
modified-cage husbandry and testing procedure allows
mice to be born, be reared, and mature without the
known short-term and permanent changes in behavior
and neurobiology resulting from human contact and/or
maternal separation.

The prediction that seizure-prone EL mice would
be hypersensitive to human handling is supported by
physiologic dependent measures. In particular, heart rate
is elevated significantly in young EL mice by a tail sus-
pension procedure involving exposure to an ordinarily
innocuous and routine stimulus that did not impact heart
rate in control mice 15 minutes following stressor onset.
These results suggest that genetic and environmental risk
factors establish a mechanism for overreaction to a tail
suspension stressor that is capable ultimately of inducing
seizure activity in mature EL mice (3). Indeed, the neural
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substrates for preictal tachycardia are currently being
investigated as potential trigger zones for seizure onset.
Together with the elevated core body temperature and
increased overall activity exhibited throughout testing
in EL mice relative to controls, it is clear that EL mice
are faced with significant allostatic demands in which
both physiologic and behavioral setpoints have been
adjusted away from the normal homeostatic range. In
this context, the tail suspension handling stressor can be
thought of as a releasing stimulus rather than an induc-
ing stimulus for seizure onset in EL mice (Figure 2-2).

The significant impact of human/animal contact on
the phenotype of the seizure-prone mouse just described
allows some clear recommendations regarding colony
maintenance and experimental procedures. Firstly, it
is important to know which personnel are handling
experimental animals and what manipulations are being
employed. If husbandry is performed by animal vivarium
staff using flat-bottom caging, then the procedure used
to transfer animals from cage to cage and the frequency
of this manipulation should be reported. Moreover, the
investigators may wish to specify for vivarium staff the
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mechanism of cage transfer because the commonly used
tail suspension procedure, for example, could well pro-
duce a sensitized response to this form of tactile stimula-
tion over time, as is the case with the seizure-prone EL
mouse (3). Finally, the distress of a systemic injection
procedure itself induces anxiogenic-like behavioral effects
in both kindled and control rats. Thus, it may be judi-
cious to limit unnecessary experimental procedures such
as handling for drug administration when other routes
of hands-free administration are available (e.g., per os
via adulteration of food or water). The most alarming
form of investigator-induced variance in experimental
outcome is one in which a latent change in results is
induced unbeknownst to the investigator by implementa-
tion of within-subjects procedures. For example, the per-
formance of wild-type mice on rotarod and emotionality
tests can be altered unintentionally when mice are used
previously for other experimental purposes. One way to
address this concern constructively is to perform a desired
sequence of tests using both within-subjects (same mice
tested sequentially) and between-subjects (different mice
tested at each time point) designs in an initial validation

Hypothalamo- Sympathetic
Pi tuitary Activation
Adrenocortical
Activation

FIGURE 2-2

Schematic diagram of rat brain activity during ictogenesis in which the rat detects a seizure trigger stimulus that drives brain
activation to a high level that is suprathreshold for seizure induction. Efferent responses to threat could include seizures and
seizure-related behaviors, hypophysiotropic release of adrenocorticotropin (ACTH), amygdalo-medullary increases in heart
rate, septo-hippocampal avoidance learning, and septo-amygdalar emotionality. Black dots reflect the distribution of
corticotropin-releasing factor (CRF) neurons; the thesis that stress neuropeptide systems in the brain are agents for devel-
opmental epileptogenesis is developed in more detail elsewhere (9). The present stress diathesis hypothesis is described

more thoroughly in a previously published review (8).
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experiment in order to shed light on potential latent car-
ryover effects.

THE ROLE OF SOCIAL INTERACTION IN
SEIZURE ONSET

The interactive influences of biology and environment
on seizure susceptibility in rodents as described in the
preceding section can certainly be exerted in an isolated
organism. However, a more naturalistic and necessarily
more complex view of risk, etiology, and maintenance
of seizures should consider the impact of conspecific
interactions of individual seizure-susceptible organisms
with other organisms in a social context. Indeed, the first
such interaction between mother and offspring in the
ontogeny of altricial rodent species represents a “criti-
cal period” for the patterning of adult characteristics,
including reactivity to stressors, brain neurobiology,
and the quality of parental care provided to the next
generation. Similarly, affiliative events such as mating,
pair bonding, and dominance hierarchy formation can
be viewed as critical adaptive skills for rodent species
living in a social context.

Preclinical evidence suggests an inverse relation-
ship between social interaction and seizure susceptibil-
ity. For example, seizure-susceptible EL. dams exhibit
social withdrawal and neglect in caring for offspring,
and an increase in the quality of dam-pup social interac-
tion by cross-fostering attenuates seizure susceptibility
(8). Similarly, juvenile recognition, an innate form of
short-term social working memory, is also reported to be
deficient in seizure-susceptible EL mice of both genders.
Consistent with these findings from the animal litera-
ture, changes in sexuality and aggressivity associated
with human epilepsy provide evidence of strained inter-
personal relations. A second rationale for suspecting
that an inverse relationship exists between social status
and seizure outcome is the ability of stressor exposure to
modulate these states in opposing directions. In organ-
isms with a predisposition for epilepsy, early-life stress
and traumatic events are associated with an increase in
occurrence of seizures. Both the development of the dis-
order and the repeated occurrence of seizures are facili-
tated by environmental stressors (9). The co-occurrence
of social deficits, seizure susceptibility, and altered stress
reactivity implicates the proconvulsive neuromodulator
corticotropin-releasing factor (CRF), which acts as an
anxiogenic agent in brain to suppress social interac-
tion (Figure 2-2). In addition, CRF receptor antagonists
exert complementary prosocial and seizure-protective
actions. Thus, available evidence suggests that normal
social interaction is impaired in seizure-prone organ-
isms and that centrally mediated stress-coping responses
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may modulate the severity of these psychosocial and
neurologic deficits.

Nongenomic Maternal Transmission

One critical form of social contact among mammals with
epilepsy is the interaction between mother and offspring.
In particular, population studies of epilepsy demonstrate
a higher risk of epilepsy in offspring of affected women,
as compared to the risk for offspring of affected men.
One possible mechanism for the so-called nongenomic
transmission (i.e., heritability not determined by genes
alone) of an adult seizure-prone/hyperactive phenotype is
the quality of parenting provided to developing offspring.
In particular, the quality of maternal behavior has been
implicated as an environmental determinant in rodent
neurochemical and behavioral development. For example,
offspring of mothers that exhibit relatively less vigorous
maternal behavior mature with a high-emotionality, stress-
hyperreactive phenotype, whereas the opposite result is
produced in offspring reared by more vigilant mothers.
Cross-fostering of offspring results in mature adults with
maternal and anxiety-related behavioral characteristics
of the foster mother, essentially trumping the relevant
characteristics of the biological mother.

Considering the significance of mother-infant inter-
actions in molding the behavioral phenotype of offspring,
one testable hypothesis is that seizure-susceptible EL mice
would suffer adult hyperexcitability as a result of dif-
ferential maternal behavior provided by EL mothers. In
support of this hypothesis, EL dams exhibit deficits in
maternal behavior, including longer latencies to retrieve
pups and decreased time spent crouching/nursing, when
compared to control dams. It is hypothesized that the
deficits may result from the locomotor hyperactivity of
the EL dam, because locomotor activity competes with
motivated maternal behaviors such as crouching or nurs-
ing and pup retrieval. Studies also reveal a striking disso-
ciation in EL dams between two components of maternal
behavior: nursing on the one hand and pro-nurturant
behaviors on the other. EL dams spend less time nursing
and crouching over pups than control mothers, yet they
dedicate sufficient effort to build nests of quality equal to
those of control dams. Maternal behavior of EL females
is apparently not a coherent constellation of component
behaviors that all rise or fall together, as could be pre-
dicted from some studies. Note that the relative decline in
nursing by EL dams predicts high infant mortality, which
is confirmed by the fact that only about 25% of EL dams
in a breeding colony raise their litters successfully to the
age of weaning.

A link between seizures/epilepsy and maternal
behavior has been established in research using species
other than the mouse. For instance, one study performed
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using rats induced seizures, together with postseizure
multifocal neurotoxicity, by administration of lithium/
pilocarpine 2 months prior to assessment of reproductive
and maternal capacity. Exposure to these convulsants
completely abolished maternal behavior, judged using
crouching, retrieval, and nest quality measures, with-
out altering reproductive capacity or litter size. Clinical
studies have also examined the extent to which maternal
behaviors could impact children with epilepsy. Investiga-
tors interested in the psychosocial support systems of
families affected by childhood epilepsy studied intellectual
competence of children with epilepsy aged 7-13 years in
a problem-solving task using an observational technique
that measured the degree of maternal involvement. The
results indicated that maternal support for a child’s suc-
cess in a task and the degree of self-reliance produced in
the child both significantly improved problem-solving
performance. Taken together, these studies are consistent
with the notion that the quality of maternal behavior
is positively correlated with offspring adjustment and
viability in seizure-prone organisms.

Conspecific Interactions

Behavioral and seizure phenotypes of seizure-susceptible
mice should also be altered following exposure to mean-
ingful and enduring changes in the nonparental social
environment. In one experiment, the normal group hous-
ing condition that exists in the litter prior to the age of
weaning was perpetuated in mice housed in groups of
three per cage but was interrupted at the time of weaning
in the case of single housing, a manipulation that could
also be termed “isolation” housing. The consequence of
an approximately 10-day period of post-weaning indi-
vidual housing was detected using a locomotor activity
measure in which group-housed, but not single-housed,
seizure-susceptible EL mice exhibited significant decreases
in activity during the final portion of the nocturnal phase
of the circadian cycle relative to controls (8). Thus, altera-
tion in postweaning social grouping condition alters
behavioral phenotype in seizure-prone EL mice. Social
enrichment can also be considered a risk factor for
seizure susceptibility, to the extent that such enrichment
is accompanied by persistent increases in motor activity.
Indeed, social enrichment has been reported to augment
seizure severity in a genetically susceptible rat model of
absence epilepsy (2).

The degree to which rodents express an innate affin-
ity to interact with members of their own species has
been studied using the social interaction test as an animal
model of emotionality. The degree of socialization is char-
acteristic of a particular animal strain/species and can be
modulated up and down by exposure to anxiolytic and
anxiogenic drugs, respectively. A recent study tested the
hypothesis that seizure-prone EL adults would exhibit

diminished social investigation of juvenile and adult con-
specifics relative to controls investigating conspecifics of
their own strain. The hypothesis was supported when
control mice spent significantly more time in social inves-
tigation than mice of the EL strain. Although it is not
yet clear whether this decline in investigation among EL
mice results from blunted affiliative motivation on the one
hand or to incompatible locomotor hyperactivity effects on
the other, this result is consistent with the maternal dam/
pup finding that EL mice spend less time interacting with
conspecifics than do non-seizure-susceptible controls. In
additional to serving as a marker for seizure susceptibil-
ity in genetic models of epilepsy, diminished sociability
could lead to deficits in social working memory and poor
parental investment.

CONCLUSIONS

Findings reviewed in the foregoing sections support
a diathesis-stress hypothesis (3) in which genetically
seizure-susceptible rodents exhibit a multifaceted
hyperreactivity to environmental and social stimuli.
According to this conceptual model, seizures arise
in organisms subject to both innate vulnerability and
exposure to a noxious environmental event(s). In
the EL mouse model of epilepsy, a variety of stress-
protective and augmenting treatments are indeed
reported to modulate seizure susceptibility (Figure 2-
1). Consistent with this notion, stress is often noted by
patients as a precipitating factor in seizure induction.
One retrospective study investigated the influence of a
forced evacuation on the seizure frequency of patients
with epilepsy, compared with patients of the same age
and type of epilepsy living outside the evacuation area
at the time of a threatening flood. Of 30 evacuees,
eight exhibited an increase and one a decrease in sei-
zure frequency during or shortly after the evacuation
period, compared with one and zero control patients,
respectively. Consistent with these findings, 62% of
400 patients of a tertiary-care epilepsy center cited at
least one seizure precipitant. In order of frequency,
stress (30%), sleep deprivation (18%), sleep (14%),
fever or illness (14%), and fatigue (13%) were noted by
at least 10% of patients. These data support the hypoth-
esis that there is a reliably reported relation between
a stressful life event and seizure frequency. Implicit in
this argument is the suggestion that stressful stimuli are
potent stimulants for affective regulatory activation in
the brain, a conclusion that is certainly supported by
the present results (Figure 2-2). The affective character
of seizure triggers is noted metaphorically by Bowman,
who states that “like old volcanoes, the simmering emo-
tions lay partially dormant until painful life context and
immediate precipitants jolt them to life” (10).



2 e

The present results guide the rational design of
animal colony husbandry procedures for investigators
working with epilepsy models. First, prohibition of
human tail suspension handling for the purpose of pro-
viding weekly cage change husbandry effectively extends
for up to 60 days the time to first seizure in dam-reared
EL mice (Figure 2-1). This is consistent with the known
sensitivity of EL mice to tail suspension handling, which
acts to increase seizure frequency and shorten seizure
latency over the lifetime (3). Second, biparental rearing
resulted in expression of the handling-induced seizure
phenotype in EL mice that was latent in mice raised by
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Robert M. Post

he classic animal models of depres-

sion or mania typically involve an

environmental precipitant followed

‘ by a subacute period of abnormal

behavior. For example, learned helplessness or depressive-

like behavior in animals can be induced by a series of

avoidable, mild, foot-shock stressors in which the result-

ing behavioral abnormalities last for a brief period of time

and then return to normal. Similarly, in the defeat stress

model of depression, a naive rodent is subject to attack

by a resident rodent that viciously protects its territory,

resulting in short periods of depressive-like behavior in
the naive animal (1).

Conversely, in animal models of mania using psycho-
motor stimulants, an injection of cocaine or amphetamine
results in brief periods of increased activity in animals and
hypomanic-like activity in humans. Interestingly, a repeti-
tion of some stressors will induce increased reactivity (stress
sensitization) and cross-sensitization to psychomotor stim-
ulants, resulting in increased degrees of motor activation
compared with naive animals that have been injected (2).

In this chapter, we focus on different aspects of the
affective disorders, specifically their tendency to recur
and progress. Some forms of seizure disorders, par-
ticularly complex partial seizures involving the medial
temporal lobe structures, can also show this tendency
for faster recurrence and progression to pharmacoresis-
tance and intractability. In this regard, amygdala-kindled

Animal Models of Mood
Disorders: Kindling as a
Model of Affective Illness
Progression

seizures have been widely considered as a useful model
for some aspects of complex partial seizure induction and
progression. We take advantage of these characteristics of
the animal model of amygdala-kindled seizures to exam-
ine some of the potential mechanisms underlying affective
illness progression that may be useful in considering the
differential pathophysiologies of both the recurrent affec-
tive disorders and complex partial seizures, as well as the
potential development of loss of efficacy (tolerance) to
previously effective pharmacological interventions (3).
It therefore becomes crucial to emphasize that
amygdala-kindled seizures are a nonhomologous model of
mood disorder recurrence, because many of the important
criteria of a traditionally valid animal model of mood disor-
ders are not met (4). Amygdala-kindled seizures do not model
mood disorders in their behavioral characteristics or inducing
factors, nor do they precisely parallel the pharmacothera-
peutic measures that suppress or prevent them. Given this
lack of direct homology, one must infer that the neurobio-
logical substrates underlying amygdala-kindled seizures and
the recurrent affective disorders are also dissimilar (5).
With such major disjunctions from a valid or typical
homologous animal model of mood disorder, one might
immediately question the potential relevance of such an
animal model of seizure progression to that of affective
illness progression. The models are useful in the following
areas: (1) the progressive development to full-blown episodes;
(2) regular recurrence; (3) the emergence of spontaneity; and
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(4) the tendency to develop tolerance to previously effec-
tive medications. In these aspects of episode progression,
some indirect predictive validity, particularly concerning
the principles involved in such a progression, may be use-
ful in conceptualizing clinically therapeutic maneuvers.
The predictive validity of the amygdala-kindling model
is only indirect, because there is not a direct extrapola-
tion of the effects of the specific medications themselves
that are therapeutically effective in both amygdala-kindled
seizures and affective episodes (even though they may both
involve anticonvulsant drugs).

AMYGDALA-KINDLED SEIZURE
PROGRESSION AND PARALLELS WITH
AFFECTIVE ILLNESS RECURRENCE
AND PROGRESSION

Amygdala-Kindled Seizures

In animals, repeated once-daily stimulation of the amygdala
with intensities below the amygdala afterdischarge (AD)
threshold will eventually lower that threshold and result in
the presence of amygdala ADs. With repeated stimulations,
these ADs progressively become longer, more complex, and
more widely distributed throughout a variety of brain struc-
tures, first unilaterally and then bilaterally in limbic struc-
tures and cortex. In association with this AD progression
is the development of increasing behavioral seizure stages
in rodents, beginning with behavioral arrest (stage 1), then
chewing and head-nodding (stage 2), followed by unilateral
forepaw clonus (stage 3), and finally bilateral seizures with
rearing and falling (stages 4 and 5) (6, 7).

Following a sufficient number of these stimulation-
induced seizures, full-blown seizures begin to appear spon-
taneously; that is, in the absence of exogenous stimulation
through the amygdala electrode. Thus, three major phases
or stages of amygdala-kindled seizure progression are evi-
dent. Phase I is amygdala-kindled seizure development and
progression from no effect to full-blown seizures. Phase I is
the mid phase, or repeated expression of completed amyg-
dala-kindled seizures after each amygdala-kindled stimu-
lation. Phase III, the late stage of spontaneity, involves
seizures in the absence of stimulation.

What is most intriguing about these three separate
phases of amygdala-kindled evolution is that they each
have a different pharmacoresponsivity. As illustrated in
Figure 3-1, some medications, such as the high-potency
benzodiazepines, valproate, and levetiracetam, all appear
to be effective in the prevention of both the phase I devel-
opment and phase II completed phases of kindling. In
contrast, carbamazepine, phenytoin, and lamotrigine are
examples of drugs that are ineffective in preventing the
development of amygdala-kindled seizures but are highly
effective in preventing the full-blown or completed phase

of amygdala-kindled seizures. Conversely, other drugs
are effective in preventing the development of amygdala-
kindled seizures but do not suppress those that are fully
developed, such as the glutamate N-methyl-D-aspartate
(NMDA) receptor antagonists.

Pinel (8) and others have demonstrated that the late
(phase III) spontaneous seizures also have a differential
pharmacoresponsivity compared with the earlier phases.
In this regard, phenytoin is not effective in preventing
amygdala-kindled seizure development and is of ambiguous
potency and utility in the mid phase but is highly effective
in preventing spontaneous seizures. Conversely, diazepam
prevents the first two phases but is without effect on spon-
taneous seizures. Thus, the behaviorally similar seizures
of phases II and III show a marked double dissociation in
responsivity and further suggest that the underlying neu-
robiological substrates are also quite different.

Affective Episode Recurrence and Progression

Kraepelin (9) made some of the initial observations that
have now been widely replicated using a variety of mod-
ern methodologies. He observed that successive affective
episodes tend to recur on average after a shorter interval
between recurrences, and they progress from being triggered
by psychosocial stressors to occurring more autonomously
(in the absence of obvious environmental precipitants). The
tendency for episodes to recur with increased frequency and
shorter well intervals, as mirrored in the amygdala-kindling
process, we have termed episode sensitization.

Stress sensitization involves two components. The first
component is similar to the initial (phase I) developmental
stage of kindling, in which psychosocial stressors may be
inadequate to produce clinical manifestations of affective
illness but, with increasing stressor recurrence, may be suf-
ficient to induce brief and then full-blown episodes. A sec-
ond component of stress sensitization is related to the late
(phase II) stage of kindling: autonomy, in which precipitated
episodes can then begin to occur more spontaneously. In
contrast to some interpretations in the literature, stress sen-
sitization therefore involves increased reactivity to a stressor
over time, resulting in more full-blown episodes. However,
the animal or human may continue to be highly reactive to
some environmental stressors during the spontaneous phase,
even though stressors are no longer necessary for the induc-
tion of affective episodes. Thus, the prediction is not that
late-phase episodes are nonreactive to stressors but just the
opposite—that is, stressors are not required (10).

Pharmacoresponsivity as a Function of
Phase of Illness Evolution

Thus, both animals subject to amygdala-kindled seizures
and many patients with recurrent affective disorders
progress through the three general phases of seizure
or episode progression. Based on the pharmacological
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FIGURE 3-1

Pharmacologic responsivity as a function of stage of kindling. Top: Schematic illustration of the evolution of kindled seizures.
Initial stimulations (development) are associated with progressively increasing afterdischarge (AD) duration (not shown) and
behavioral seizure stage. Subsequent stimulations (completed) produce reliable generalized motor seizures. Spontaneous seizures
emerge after sufficient numbers of triggered seizures have been generated (usually >100). Bottom: Amygdala-kindled seizures
show differences in pharmacological responsivity as a function of kindled stage (++, very effective; =+, partially effective; 0, not
effective). The double dissociation in response to diazepam and phenytoin in the early versus the late phases of amygdala kin-
dling, as described by Pinel, is particularly striking. ECS, electroconvulsive seizures; NMDAR, N-methyl-D-aspartate receptor.

disjunctions outlined in Figure 3-1 for kindled seizure
evolution, one may ask whether such dissociations in
therapeutic effectiveness also occur in different phases
of affective disorder evolution. Currently, only a modi-
cum of data directly support such differences in efficacy
as a function of stage of illness progression, but the
consideration of these differences may be important
for clinical pharmacotherapeutics.

To date, all of the clinically effective interventions
for affective illness were developed for acute treatment
of affective episodes (mania or depression) and then were
continued for prophylaxis (prevention of recurrence). As
one begins to consider the possibility of primary preven-
tion (i.e., intervention in the illness prior to its full-blown
emergence in those at high risk), one needs to be aware
that the same drugs that are effective against full-blown
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episodes and capable of preventing them in that phase
may not successfully prevent the initial or developmental
phases of the illness, as was found for lamotrigine and
carbamazepine in the kindling model.

Similarly, there is considerable indirect support for
the observation that many of the drugs that are effective
earlier in the illness are no longer effective in the late
or more spontaneous phases. Although it is difficult to
directly extrapolate to the late or spontaneous phases
of the illness in the recurrent affective disorders, those
patients with a high number of episode recurrences or
a pattern of rapid cycling (four or more episodes per
year) tend to be more resistant to most psychophar-
macological interventions. These medications include
nonanticonvulsant drugs such as lithium and some of
the typical and atypical antipsychotics, and perhaps the
unimodal antidepressants. Also included on the list of
medications that appear to be less effective in those
with a greater number of episodes or more rapid cycling
include carbamazepine, lamotrigine, and perhaps val-
proate (3).

It is important to make the point again that in com-
parison with a nonhomologous model, we are not making
the assumption that the same drugs that are effective in
different stages of amygdala-kindled seizures will be the
same drugs that show parallel responsivity in the different
stages of affective illness evolution. We are only using the
clearly revealed general principle of differential pharma-
coresponsivity as a stage of illness evolution (Figure 3-1)
to examine whether this proposition is maintained or
not for individual agents used in the treatment of the
affective disorders. This distinction is most clearly seen
with lithium carbonate and the traditional unimodal
antidepressants, which are largely not effective against
amygdala-kindled seizures but, in bipolar disorder, show
a change from relative effectiveness early in the illness to
relative ineffectiveness in the late or rapid-cycling phases.
Also demonstrating this point are the data that a potent
anticonvulsant drug such as levetiracetam, which is effec-
tive in phases I and II of amygdala-kindling evolution, has
not yet been demonstrated in a controlled study to have
efficacy in any stage of bipolar illness (11).

Contingent Tolerance and Cyclic Phenomena

Carbamazepine, lamotrigine, the benzodiazepines, and,
to a slightly lesser extent, valproate are all associated
with a progressive loss of anticonvulsant efficacy when
administered immediately prior to an amygdala-kindled
stimulation (12, 13). Some animals treated with the
same dose of drug rapidly progress to full-blown non-
responsivity, whereas other animals show intermittent
and recurrent periods of responsivity and nonresponsiv-
ity, often in a cyclic fashion that eventually proceeds to
complete tolerance.

ANIMAL MODELS

This progression represents a unique form of phar-
macodynamic tolerance that we have called “contingent
tolerance” because it is based on the drug’s administra-
tion prior to each amygdala-kindled stimulation (12).
Interestingly, if the drug is administered immediately
after each amygdala-kindled seizure has occurred, and
animals thus receive the same amount of drug on a
daily basis, they do not become tolerant. The toler-
ance is therefore contingent on the drug’s presence at
sufficient levels at the time of the intended seizure. It is
not the mere repeated presence of the drug in the body
that is being adapted to and is associated with toler-
ance development, but its presence during the kindling
stimulation.

Tolerance Reversal. Accordingly, if an animal has com-
pletely lost responsivity to a given anticonvulsant via
contingent tolerance, a period of daily amygdala-kindled
stimulations in the drug-free condition, or even the
experience of full-blown seizures occurring with the
drug administered immediately after the seizures have
occurred, will result in tolerance reversal and a transient
regaining of effectiveness.

We believe this medication-free and seizure-induced
tolerance reversal is related to the reinduction of endog-
enous anticonvulsant substances that were not induced
when seizures had occurred in the tolerant state. These
endogenous adaptations were likely prevented from
occurring by the presence of the drug, even when a full-
blown seizure in the tolerant condition was elicited.

Pathological versus Adaptive Changes in Gene
Expression. Each amygdala-kindled seizure elicits a wide
variety of changes in gene expression, which can be assessed
by alterations in mRNA or by subsequent changes in pro-
tein levels. Many of these adaptations can be divided into
two categories (Figure 3-2). One category includes those
adaptations that are putatively part of the primary patho-
physiology of kindling and are related to increased excit-
ability and seizure susceptibility, represented by increases in
corticotropin releasing hormone (CRH), glutamate recep-
tor upregulation, or gamma-aminobutyric acid (GABA)
receptor inhibition. Conversely, other changes appear to
represent endogenous anticonvulsant adaptations such
as those represented by increases in the peptide thyrotro-
pin-releasing hormone (TRH), or upregulation of GABA
receptors or their subunits.

This model has obvious important clinical impli-
cations in distinguishing between neurochemical altera-
tions associated with seizures and affective disorders that
are part of the primary pathophysiological process from
those that are secondary and endogenous mechanisms
that have potential antiepisode effects. This distinction
is vital because one would presumably want to enhance
the abnormalities associated with the positive adaptations
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FIGURE 3-2

Competing pathological and adaptive endogenous responses to kindled seizures. This figure is a schematic illustration of potential
transcription factor, neurotransmitter, and peptidergic alterations that follow repeated kindled seizures. Putative mechanisms
related to the lasting primary pathological drive (i.e., kindled seizure evolution) are illustrated (top), as are those thought to
be related to the more transient secondary compensatory responses (i.e., anticonvulsant effects) (bottom). The horizontal line
represents time. Sequential transient increases (above the line) or decreases (below the line) in second messengers, immediate
early genes, and neurotrophic factors are followed by longer-lasting alterations in peptides, neurotransmitters, and receptors or
their mRNAs. Given the unfolding of these competing mechanisms in the evolution of seizures and their remission, the question
arises as to whether parallel opposing processes also occur in the course of secondary and primary affective disorders or other
psychiatric disorders. Such endogenous adaptive changes may be exploited in the design of new treatment strategies. CRH,
corticotropin-releasing hormone; GABA, gamma-aminobutyric acid; Ca, calcium; cAMP, cyclic adenosine monophosphate; fras,

fos-related antigens; TRH, thyrotropin-releasing hormone.

and suppress the abnormalities that are part of the pri-
mary pathophysiological processes in both the affective
and the seizure disorders (14).

This conceptual view suggests the availability of
an entirely new potential range of therapeutic tools
in attempting to enhance some of the abnormalities
already present in these illnesses, while suppressing
others. These tools include not only ones in the phar-
macological realm, but perhaps also in the physiologic
realm, in which increases or decreases in brain activity
in a certain region may represent either pathological
or adaptive mechanisms. For example, in an abnormal
area of hyperactivity in the brain that represents a
positive or secondary adaptation, one might want to
enhance this change further with targeted treatments
such as high-frequency stimulation with repetitive
transcranial magnetic stimulation (rTMS). Conversely,
suppressing this hyperactive area (with low-frequency
rTMS) would theoretically be appropriate if such a
change were part of the primary pathophysiology of
the illness process.

Tolerance Associated with Failure of Some Episode-induced
Endogenous Adaptations. We discovered that selected
anticonvulsant adaptations failed to occur in tolerant
compared with nontolerant animals, which could help
explain a loss of anticonvulsant responsivity (Table 3-1).
For example, during contingent tolerance to the anticon-
vulsant effects of carbamazepine, we found that the nor-
mal seizure-induced increases in TRH mRNA or in the
alpha-4 subunit of the GABA , receptor selectively failed to
occur. This endogenous anticonvulsant hypothesis has been
partially validated by studies in which TRH was adminis-
tered bilaterally into the hippocampus in tolerant animals,
who then showed better responsivity to the anticonvulsant
effects of carbamazepine (15). Similarly, in tolerant animals,
the failure of the alpha-4 subunit of the GABA, recep-
tor to be upregulated by seizures may make the rat more
susceptible to seizures and less drug responsive.

When seizures are then induced in the absence of
carbamazepine, these positive adaptations are again gener-
ated and are likely to be associated with renewed anticon-
vulsant efficacy. We believe this phenomenon of transient
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ANIMAL MODELS

TABLE 3-1

Selective Failure of Some Kindled Seizure-induced Neurochemical Changes in
Carbamazepine Contingent Tolerance

SEIZURE-INDUCED ADAPTATIONS
(IN NONTOLERANT? ANIMALS)

IN CBZ-TOLERANT ANIMALS,
SEIZURE-INDUCED ADAPTATIONS ARE

1 c-fos mRNA
1 Diazepam receptors

1 GABA, receptors [3H] musimol
1 alpha-4 subunit
1 beta-1 and-3 subunits

1 TBPS binding

t Glucocorticoid R mRNA
1 Mineralocorticoid R mRNA

1 BDNF mRNA

t TRH mRNA
1 CRF mRNA
1 CRF-BP mRNA
T NPY-mRNA

1 enkephalin mRNA
| dynorphin mRNA

1 beta 1 and 3 subunits

PRESENT ABSENT
1 c-fos
1 Diazepam-R
1 GABA,-R

1 alpha-4 subunit

1 TBPS

t Glucocorticoid R
1 Mineralocorticoid R

1 NT3 mRNA 1 BDNF

1 TRH
1 CRF

t CRE-BP

(1 NPY)

(1 enkephalin)
| dynorphin

aTreated with CBZ after each daily amygdala kindling stimulation; nontolerant animals were matched for amount
of drug and number of seizures seen in tolerant animals. CBZ, carbamazepine; DZp, diazepam; GABA, gamma-
aminobutyric acid; TBPS, [(35)S]tert-butylbicyclophosphorothionate; BDNF, brain-derived neurotrophic factor; NT3,
neurotrophin-3; TRH, thyrotropin-releasing hormone; CRH, corticotropin-releasing hormone; CRH-BP, CRH binding
protein; NPY, neuropeptide Y; (), partial loss; R, receptor.

tolerance reversal by seizures that are elicited in the absence
of medication may be related to observations by Engel and
Rocha (16) and others: that treatment-refractory patients
who discontinue their medications prior to considering
epilepsy surgery, experience a number of seizures in the
unmedicated condition, and are subsequently found not
to be good surgical candidates may show reresponsivity to
their previously ineffective anticonvulsants. This prediction
would be made only if a tolerance phenomenon had been
involved in the eventual development of drug refractoriness,
and it would not be pertinent to those patients who never
had a period of good response to that drug.

These observations of both tolerance and cyclic
phenomena in between seizure occurrence and suppres-
sion during drug treatment in the kindling model may be
pertinent to similar periodic episode emergence that can
occur during the long-term prophylaxis of the recurrent
affective disorders (17).

Tolerance Development in the Course of Treatment of
the Recurrent Affective Disorders. In recurrent uni-
polar depression, tolerance can occur in the long-term

preventive effects of the tricyclic antidepressants, the
monoamine oxidase inhibitors, or the newer second-
generation antidepressants. In these cases, patients show
an initial excellent preventive response for a period
of years and then begin to show progressively more fre-
quent or severe episode breakthroughs (18).

The same tolerance phenomenon can occur with
most of the mood stabilizing drugs for the prevention
of manic and depressive episodes. These drugs include
carbamazepine, valproate, lamotrigine, and the nonanti-
convulsant lithium. We postulate that parallel phenomena
occur, similar to that observed in the contingent toler-
ance model of anticonvulsants used in the prevention of
amygdala-kindled seizures, and that there is a dissipation
of the full range of episode-induced positive endogenous
adaptations during tolerance. At the same time, there
continues to be a progression of the primary pathophysi-
ological alterations driving episode recurrence, and the
convergence of these two processes could lead to gradual
loss of drug effectiveness (Figure 3-3).

In this regard, there is considerable evidence that TRH
possesses endogenous antidepressant and antianxiety effects
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FIGURE 3-3

Hypothetical schema of the role of endogenous regulatory factors in the generation and progression of illness cyclicity. After
an illness episode (A), adaptive compensatory mechanisms are induced (large triangle) that, together with drug treatment (B,
bottom shaded line), suppress the illness (initial treatment response; box). The endogenous compensatory adaptations dis-
sipate with time (i.e., the time-off seizure effect), and episodes of illness reemerge. Although this reelicits illness-related com-
pensatory mechanisms, the concurrent drug treatment prevents some of the illness-induced adaptive responses from occurring
(smaller triangles). As tolerance proceeds (associated with the loss of adaptive mechanisms), illness reemergence occurs more
rapidly. Thus, the drug is becoming less effective in the face of less robust compensatory adaptive mechanisms. The primary
pathology is also progressively reemerging, driven by additional stimulations and episodes (i.e., the kindled memory trace of
the primary pathological mechanisms). Since this cyclic process is presumably driven by the ratio of primary pathological to
secondary compensatory responses at the level of changes in gene expression, we postulate that such fluctuations arising out

of illness- and treatment-related variables could account for the wide variations in individual patterns of illness cyclicity.

in patients with affective disorders as well as in normaliz-
ing both hyper- and hypoactivity in animal models. There
is also evidence that TRH is hypersecreted during some
affective episodes, as revealed by increases of TRH in
cerebrospinal fluid (CSF) or by the downregulation of the
thyroid-stimulating hormone (TSH) response to TRH dur-
ing endocrine testing (19).

Thus, we postulate that TRH is an example of a
positive endogenous psychotropic compound and that
its failure to be induced by affective disorder episodes
could be typical of a range of positive adaptations that
fail to occur during tolerance development. Similarly,
if a patient became tolerant to carbamazepine, and it
was removed from the treatment paradigm, episodes of
affective illness may again be capable of inducing TRH,
which could be associated with a transient renewal of
psychotropic prophylaxis. This effect has not been sys-
tematically studied in patients, although several case
vignettes have been reported that are consistent with
these observations.

The observations from the amygdala-kindled sei-
zure model of cyclicity (14) and tolerance (3) have direct
clinical implications for therapeutics in both the seizure

and affective disorders. The model suggests the poten-
tial utility of switching to medications with different
mechanisms of action that do not show cross-tolerance
in the model, a potentially useful approach to the loss
of clinical anticonvulsant responsivity in the epilepsies.
However, the mechanisms underlying tolerance devel-
opment in the seizure disorders may not be the same
ones pertinent to tolerance in the affective disorders,
and a specific assessment of drugs that do and do not
show cross-tolerance in both the clinical epilepsies and
the affective disorders needs to be directly assessed and
verified.

Cross-Tolerance Phenomena. Cross-tolerance, or lack
thereof, demonstrated in the contingent tolerance para-
digm of amygdala-kindled seizures may be a good starting
place for considering the same phenomena in the clinical
seizure disorders (20) (Table 3-2). Similarly, manipula-
tions that are associated with slowing the development
of tolerance in the amygdala-kindled seizure model may
be worth considering in the clinical affective disorders.
We have found a variety of manipulations that appear
to slow tolerance development in the kindling model,
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TABLE 3-2
Cross-Tolerance Patterns in Contingent Anticonvulsant Effects on Amygdala Kindled Seizures

DRuUG; TOLERANCE FROM CROSS-TOLERANCE TO

No CrOSS-TOLERANCE TO

PK11195
CBZ-10,11-epoxide

Carbamazepine (CBZ)

Lamotrigine (LTG) e Carbamazepine

Levetiracetam (LEV) ¢ Carbamazepine*

Valproate (?via | alpha-4 subunit of GABA, R)

Clonazepam
Diazepam
Phenytoin
Levetiracetam*

Valproate
MK8014
Gabapenting

aThese drugs slow the development of tolerance to LTG.

*Unidirectional cross-tolerance from LEV to CBZ; not CBZ to LEV.

including using consistently higher drug doses or two
previously marginally effective drugs in combination
(Table 3-3). Each of these propositions requires specific
testing in the clinical arena, however, to demonstrate its
potential applicability and utility.

Contingent Inefficacy. One variation of the contingent
tolerance phenomenon is that if a drug is administered
before (but not after) each amygdala-kindled stimulation
during the early phase of kindling development (when it
is ineffective), the drug may no longer be effective in the
fully developed stage of kindled seizures when it would

TABLE 3-3
Ways of Preventing or Slowing Tolerance to
Anticonvulsant Effects on Once Daily Amygdala
Kindled Seizures in Rodents

Higher doses (VPA)
Steady, nonescalating

More effective drugs
(VPA > CBZ, LTG)

doses
Drug combinations Alternating high and
(CBZ + VPA) low dose (LTG)

Early rather than late
initiation of treatment

Decreasing stimulation
intensity

For LTG, adding MK801
or Gabapentin

Potential Ways of Reversing Tolerance

Add drugs with different mechanisms of action (i.e., without
cross-tolerance).

Discontinue now-ineffective drug; seizures occur in
medication-free state and med-free episodes; responsiveness is
re-achieved.

otherwise be highly effective. We have observed this
phenomenon with both lamotrigine and carbamazepine
pretreatment during kindling development (12, 21). The
ineffective pretreatment with these drugs subsequently
precludes their efficacy once the full-blown phase of com-
pleted seizures has occurred.

It is important to note that it is not the presence of
the drug in the animal during kindling development that
accounts for the drug’s inefficacy, because the administra-
tion of these drugs after each amygdala-kindled seizure
during development still results in normal anticonvul-
sant efficacy in completed kindled seizures. It is the treat-
ment immediately prior to the kindling stimulation that
is crucial. These observations raise a number of clinical
concerns for the epilepsies and affective disorders. For
example, it is theoretically possible based on the model
that pretreatment with phenytoin—which has been most
widely studied in the potential prevention of posttrau-
matic epilepsy and was found to be ineffective—would
also interfere with its effectiveness in suppressing com-
pletely developed posttraumatic seizures.

Such attempts at primary prophylaxis have not yet
been systematically attempted in the affective disorders,
but the contingent inefficacy observations raise the cau-
tion that administering a drug that is ineffective in this
early developmental prevention could also interfere with
its overall efficacy when it is known to work in suppressing
and preventing full-blown affective episodes. This theoreti-
cal possibility makes it even more important to discern
which drugs are effective in the early developmental stages
and which ones may not be, so that they can be appropri-
ately used in these early phases of illness evolution.

Similarly, in posttraumatic seizures, it may be worth
reexamining drugs that are effective during amygdala-
kindling development for their potential efficacy in
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clinical seizure prevention following head trauma, rather
than using drugs such as carbamazepine, phenytoin, and
lamotrigine that are ineffective in the early developmental
phases (at least in the amygdala-kindling model). Thus,
assessing the usefulness of valproate and levetiracetam in
the prevention of posttraumatic epilepsy would appear
worthy of further consideration.

CONCLUSIONS

There are obviously a number of caveats in the application
of a nonhomologous model, such as amygdala-kindled sei-
zures, to the recurrent mood disorders. There are marked
limitations in the ability to extrapolate from one to another
in most realms. However, we hope we have illustrated that
a variety of the principles involved in seizure progression
that are revealed in the kindling model may also be per-
tinent for clinical consideration in the affective disorders
and their therapeutics, even if the specific manipulations
differ in the two illnesses.

The potential division of illness-related abnormali-
ties into those that are pathological and those that are
adaptive may be of considerable clinical importance in
conceptualizing new approaches to therapeutics, as well
as in the prevention or reversal of tolerance phenomena.
Loss of responsiveness to many of the long-term pro-
phylactic treatments in the affective disorders is more
common than previously recognized, and the contingent
tolerance model may be helpful in conceptualizing some
of the processes involved and ways of circumventing them.
This is of particular importance because a variety of recent
observations have indicated that minor breakthrough
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Pavel Mares

here is general agreement about

the fact that the immature brain is

more prone to generation of epi-

‘ leptic seizures than the adult brain.

In contrast, there has been a long-lasting discussion on
the possible consequences of seizures in immature brain.
Attention has focused primarily on morphological dam-
age. The initial observation that the immature brain was
resistant to seizure-induced morphological damage has
been progressively overruled by data demonstrating age-
and model-specific brain damage even if seizures are elic-
ited at early stages of development (1-8). Less attention
has been given to functional consequences of early-life
seizures; there are only a few laboratories working in
this field. Experimental studies were begun by Wasterlain
(9, 10), and then this topic was systematically studied
in Holmes’ laboratory (11). At present not only Holmes’
but three other laboratories are regularly publishing data
in this field (Stafstrom, Kubova, Huang), and there are
isolated papers from other laboratories. All these studies
have been performed in rats; two strains are mainly used:
Wistar and Sprague-Dawley. It is rather difficult to com-
pare published results because different models are used,
seizures are elicited at different postnatal ages (from the
day of birth—postnatal day 0, or PDO—to PD45); severe
status epilepticus (SE) or single or recurrent seizures are
induced; and the age when the animals are tested also

Cognitive and Affective
Effects of Seizures:
Immature Developing

differs (from PD15 to PD180; mostly in adulthood).
The only point common to many papers is the Morris
water maze (MWM), but in various modifications as to
the number of exposures, as a method to detect possible
deficits in learning; other methods (open field, eight
arm maze, elevated plus maze, handling test) are used
far less commonly.

MOTOR PERFORMANCE

The necessary prerequisite for behavioral testing in the
aforementioned tests is sufficient motor performance.
Delayed development of reflexes was described by Waster-
lain (9, 10) after long-lasting flurothyl-induced seizures at
PD4 as well as after repeated electroshocks during the first
10 postnatal days. Phasic changes of motor abilities dif-
fered according to the age when SE was elicited, as dem-
onstrated by Kubovi et al. (12). Rotorod performance of
adult rats was found to be impaired in some studies—after
recurrent bicuculline seizures at PD5-7 (13), after lithium-
pilocarpine (LiPILO) SE at P12 (12), but not after recur-
rent pentylenetetrazol (PTZ)-induced seizures at PD10-14
(14) or after LiPILO SE at P14 (15). Locomotor activity
was increased in adult rats exposed to repeated PILO SE at
PD7-9 (16, 17), to LiPILO SE at the age of 25 days (12),
after kainic acid (KA) at PD22-26 (11), at PD30 (18) and
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at PD35 (19, 20), but not after KA at PD1, 7, 14 or 24
(21) and after 55 seizures induced repeatedly by flurothyl
at P0-12 (22). Transient changes were demonstrated in
studies checking motor activity repeatedly: LiPILO SE at
PD12 (12), repeated PTZ at PD16-20 (23). Swimming
speed in the MWM was not found to be a factor in the
spatial impairment observed (24).

COGNITIVE CHANGES

Consequences of Status Epilepticus

Continuous Hippocampal Stimulation. This model,
originally elaborated by Lothman, was used only in one
study (25). Long-lasting continuous hippocampal stimu-
lation was performed at PD20, 30, or 60. The rats were
tested in the MWM at PD 80. There were no changes in
animals stimulated at the age of 20 or 30 days; impair-
ment was found only in the PD60 group.

Kainic Acid. The data for the KA model are at variance.
Whereas Holmes et al. (11) described slower learning and
worse results in the probe test in the MWM (in which,
after the rat masters the MWM, the platform is removed
and time spent in the quadrant where the platform was
originally localized is compared to time spent in other
quadrants) in adult rats exposed to KA at PD22-26,
Stafstrom et al. (18) did not find any difference in the
MWM test in adult rats exposed to KA at PDS or PD10;
the only difference in animals given KA at PD20 or PD30
was poorer results in the probe test. Rats exposed to KA
at the age of 60 days were slow in learning and failed in
the probe test. Similar results were described by Koh et al.
(26) for animals exposed to KA at PD15. In contrast,
Sayin et al. (21) found differences in latencies to find a
platform in the MWM in adult rats exposed to KA at PD7
or PD24 and failure in probe test also in animals injected
with KA at PD1. These authors also demonstrated poor
performance of adult rats given KA at PD1, PD7, PD14,
or PD24 in the radial arm maze and shorter time spent in
the open arms of the elevated plus maze. The eight-arm
radial maze was used also by Lynch et al. (27): Adult rats
injected with KA at PD1, PD7, or PD14 were able to learn,
though much more slowly than controls, but animals with
KA-induced SE at PD24 or PD7S rarely reached criterion.
As far as other tests are concerned, de Feo et al. (28) dem-
onstrated that rats exposed to KA at PD10 or PD25 were
significantly worse than controls in an active avoidance
test at PD435. Adult rats after KA SE at PD22-26 exhibited
worse performance in the T-maze (11). Administration
of a subconvulsive dose of KA at PD12 resulted in an
impaired nonassociative learning: PD25 rats exposed to
open field for the second time did not exhibit (in contrast
to controls) signs of habituation (29).

Discrepancies are also found in results obtained with
repeated administration of KA. Tandon et al. (30) did
not find any difference between controls and rats given
KA repeatedly at PD12, 16, 20, and 24, and Sarkisian et
al. (31) described no difference between MWM perfor-
mance before and after KA injected repeatedly at PD22,
24, and 26. Koh et al. (26) described worse performance
in the MWM in rats given KA repeatedly at PD15 and
45 than in animals exposed at PD45 only, suggesting
that repeated seizures early in life “prime” the brain for
injury with a second insult—the so-called “second hit
hypothesis.”

A study of Liu and Holmes (19) demonstrated that
intracerebroventricular infusion of basic fibroblast growth
factor during KA-induced seizures in 35-day-old rats pre-
vented behavioral effects in the MWM, open field, and
handling tests observed after these seizures in control adult
rats. Animals with KA SE at PD35 treated with gabapentin
up to PD75 and tested in the MWM at PD80-PD87 did
not differ from nontreated KA SE rats (32).

Pilocarpine. There are two modifications of this type of
status: SE induced by a high dose of pilocarpine (PILO),
and by 5-10 times lower dose in rats pretreated with
lithium chloride (LiPILO). There are no marked differ-
ences in the pattern of SE induced in these two ways.

Liu et al. (33) found that adult rats exposed to PILO
at PD20 performed worse in the MWM than controls
but better than animals with SE at PD45. Data from
the LiPILO model demonstrated no (34) or only minor
(35) worsening of performance of adult rats with SE at
PD12. If SE was elicited at the more advanced develop-
mental stage—PD14 (15), PD16 or PD20 (34), or PD25
(35, 36)—performance of adult rats in the MWM was
worse than that of control animals. Serious impairment of
MWM performance was demonstrated also in rats under-
going LiPILO SE at PD20 and tested at PD22, PD25,
or PD50 (37). Adult rats with a history of LiPILO SE
between PD18 and 21 exhibited impairment of reference
memory in the eight-arm radial maze (38).

Auditory testing of adult rats demonstrated a dif-
ference between animals with SE at PD20 and at PD435.
The former group exhibited only moderate impairment
in location discrimination, whereas rats exposed to PILO
at PD45 had marked deficit in location as well as sound-
silence discrimination (39).

Repeated elicitation of PILO SE at PD7, 8, and
9 resulted in marked deficits in adult rats; they were
impaired in the Skinner box and exhibited longer laten-
cies in the step-down test (16, 17).

There are also studies of possible ways to influence
the consequences of severe epileptic activity in developing
rats. Paraldehyde was used to interrupt seizures in studies
by Kubovd et al. (12, 35). If two different doses were used
in PD12, animals with the lower dose tended to perform
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worse in the MWM; this difference was significant in rats
with SE induced at PD25.

Malnutrition in the very first postnatal days neither
worsened nor improved MWM performancce of adult
rats with a history of LiPILO SE at PD21 (40). Akman
et al. (41) reported similar results, causing food depriva-
tion by isolating pups from dams for 12 hours daily from
PD2 to PD19 and LiPILO SE at P20. At variance with
Akman’s data were the results of Lai et al. (42), in which
shorter isolation (daily from PD2 to PD9) and LiPILO
SE at PD10 led to worse learning in the MWM at adult-
hood. The administration of metyrapone (an inhibitor of
corticosterone synthesis) immediately after SE reversed
this detrimental effect.

If the LiPILO SE was elicited at PD20 and these rats
were exposed to an enriched environment for 4 hours
daily since PD21, they performed in the MWM better
than SE controls in spite of a similar extent of neuronal
damage (37, 43).

Performance in the MWM was positively influenced
by choline supplementation administered with a normal
diet to pregnant female rats. Their offspring were trained
in the MWM at PD29-32, then PILO SE was elicited at
PD34 and the rats were retrained in the MWM at PD41-
44. Rat pups of choline-supplemented dams exhibited at
PD41 the same latency as at PD32, whereas control SE
rats had to learn from the beginning (44).

Aminophylline pretreatment just before elicitation
of LiPILO SE at PD12 (45) or at PD14 (46) resulted in
much worse performance of adult rats in the MWM.

The combination of LiPILO SE at PD11 with sub-
sequent flurothyl seizures (25 seizures at PD12-16)
resulted in worsening of learning in the MWM at the
age of 30 days (47). This combination was modified in
another study from Holmes’ laboratory: LiPILO SE was
induced at PD20, MWM training started at PD25, and
when asymptotic performance was reached, single fluro-
thyl seizures were elicited. Animals were exposed to the
MWM at different intervals (from 15 to 360 minutes)
after seizures; SE rats needed longer time for recovery
than controls exposed to flurothyl seizures only (48).

Corticotropin-releasing hormone is able to induce
seizures when administered to infant rats (49). These
animals exhibit progressive worsening of performance in
the MWM if tested at the age of 3, 6, and 10 months, as
well as an impairment of short-term memory in the object
recognition test (50).

Consequences of Single Seizures

Hypoxia-Induced Seizures. Nearly all 10-day-old rats
exposed to hypoxia exhibited epileptiform EEG activity,
but 60 days later they did not differ from control siblings
in the MWM, open field, and handling tests (51).

EFFECTS OF SEIZURES: IMMATURE ANIMALS

Focal Ischemia-induced Seizures. Focal ischemia elic-
ited by local application of endothelin-1 in the dorsal
hippocampus induced acute seizures in both PD12 and
PD25 rats. When tested as adults in the MWM, only the
younger group exhibited significantly longer latencies
than controls (52).

Tetanotoxin-induced Seizures. Rats with tetanotoxin
applied into hippocampus at PD10 exhibited changes in
the MWM at PD57-PD61: They learned the maze, but
latencies to reach the platform were always longer than
those of controls (53).

N-methyl-D-aspartate (NMDA). Stafstrom and Sasaki-
Adams (54) elicited seizures by systemic administration
of NMDA in 100 PD12 to PD20 rats; after 30 minutes,
seizures were arrested with ketamine. Slower learning in
the MWM was observed in all these animals during adult-
hood, but there was no difference in the probe trial.

Consequences of Repeated Seizures

Flurothyl. Rats were exposed at PD6 to flurothyl for
30 min; during this period all animals exhibited repeated
seizures. A control group was exposed to flurothyl only
for a short time sufficient to elicit a single seizure. Adult
rats from the group with repeated seizures exhibited
impaired learning in the the MWM (55). Repeated short
flurothyl-induced seizures were first studied by Holmes
et al. (24); 25 seizures during neonatal period resulted
in impaired learning in the MWM. Three studies with
45 to 55 short flurothyl seizures during the first 9 or 12
postnatal days (22, 56, 57) found impaired learning in
the MWM studied at different ages (from PD20 to PD82).
Even 15 short flurothyl seizures elicited at PD15-19 were
sufficient to worsen performance of adult rats in the
MWM and impair auditory location discrimination, but
not auditory quality discrimination (58).

Chronic administration of topiramate after repeated
flurothyl seizures at PD10-14 (59) improved performance
of PD48-52 rats in the MWM. The combination of repeated
flurothyl seizures at PD0—4 with LiPILO SE at PD20 led to
poor learning of adult rats in the MWM; chronic topira-
mate administration starting at PD5 improved this learn-
ing, especially at the first day of training (60).

PTZ. Daily administration of PTZ (fractionated doses
up to elicitation of SE) at PD10-14 led to impairment
of learning in the MWM. At the age of 35 days worse
learning was observed at all four training days, whereas
if MWM was trained at the age of 60 days, there was a
difference only during the first day (14). If these animals
were fed with fish oil (but not with corn oil) from PD3
to PD21, they performed better (61).
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Bicuculline. Bicuculline administered daily at PD5-7
resulted in moderate impairment of performance in the
MWM in adulthood; impairment was more severe in rats
injected with kainic acid at PD53 and worse in a group
with combined bicuculline and KA administration (42).

AGGRESSIVITY

All published data demonstrated increased aggression in rats
undergoing SE in the fourth postnatal week and later.

Increased aggression toward the experimenter was
observed in adult rats exposed to KA-induced SE at PD30
or PD60 (18) as well as in animals exposed to PILO SE at
PD35 (19) or PD45 (33). Rats with LiPILO SE at PD25
treated with the oxygen radical scavenger PBN exhibited
extreme aggressivity not only toward the experimenter
but also to other rats in the cage, such that they were
kept in isolation. Such high levels of aggressivity were
not observed in rats with LiPILO SE and PBN at PD12
(Kubovi et al., in preparation).

ANXIETY

Results are contradictory. Three studies demonstrated
decreased anxiety, but the fourth one speaks in favor of
increased anxiety.

Behavior of rats in the elevated plus maze was exam-
ined in three studies. A decrease in entries into arms was
found in both laboratories, but dos Santos et al. (16)
described a longer time spent in open arms in rats exposed
repeatedly to PILO SE at PD7-9, whereas Kubova et al.
(35) observed longer time spent in closed arms and an
increase of risk assessment in rats with LiPILO SE at
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he ultimate challenge to clinicians
and scientists is to provide thera-
pies that prevent any adverse effects
‘ associated with epileptic seizures.
The first step in this quest is to understand the patho-
physiological basis of such adverse effects. While the
human condition clearly differs from that occurring in
animals, human studies are often difficult to interpret
because of the large number of variables associated
with human epilepsy. Neuropsychologic outcome in
individuals with epilepsy may be influenced by such
factors as etiology; age of onset; duration of the disor-
der; seizure type, frequency, and severity; concomitant
disorders; genetic background; and treatment. Animal
studies allow investigators control over most of these
variables. Indeed, a large number of investigators have
utilized animal models, leading to many fundamental
insights into seizure-induced changes in the brain.

As suggested by clinical studies, it is now recognized
that the effects of seizures are influenced by the maturity
of the neuronal circuitry; the effects of seizures in the
immature brain with developing and plastic neuronal
connections are quite different from those in the adult
brain with relatively fixed neuronal circuits. Indeed,
animal studies have demonstrated that the pathophysi-
ological consequences of both status epilepticus (SE)
and recurrent seizures in the developing brain differ

Cognitive and Behavioral
Effects of Seizures:
Adult Animals

considerably from those of the mature brain (1). In this
chapter the effects of seizures on cognitive and affective
function in the mature brain will be reviewed. Pavel
Mares$ (Chapter 4) reviews the topic in the immature
brain.

ANIMAL MODELS

There are a large number of animal models employed in
epilepsy research (2). A majority of the animal models have
been used to induce a single seizure, usually prolonged
(status epilepticus) or recurrent repetitive seizures. Che-
moconvulsants and electrical stimulation have been most
widely used in adult rodents, although recently a larger
number of genetic models have been employed (3). Genetic
models often are complex, with the animals having other
structural, functional, or developmental issues (4). In addi-
tion, there may be considerable differences among strains
in regards to seizure susceptibility and outcome (5).

Because of costs and convenience, most investigators
have used rodent models. While these models provide
considerable insight into pathophysiological mechanisms,
they are limited in regards to the human condition. Subtle
cognitive and behavioral changes are difficult to measure,
and higher cortical function such as language and abstract
thinking cannot be studied in rodents.
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Another issue with animal studies is that they do
not mimic epileptic syndromes well. For example, there
are no animal models of disorders such as juvenile myo-
clonic epilepsy or Lennox-Gastaut syndrome. Likewise,
complex electroencephalographic (EEG) patterns seen
in humans cannot be mimicked in rodents. Neverthe-
less, the biological mechanisms responsible for seizures
in humans and animals are similar, and rodent models
have the potential to delineate mechanisms of behavioral
changes associated with seizures, which, it is hoped, will
lead to new therapeutic strategies.

Epilepsy is characterized by recurrent, unprovoked
seizures. Some patients with epilepsy will have their onset
of epilepsy with a bout of SE, defined as ongoing seizure
activity lasting more than 30 minutes, or will have an epi-
sode of SE during the course of their illness. The cognitive
and behavioral deficits occurring after SE may be quite
different from those associated with chronic epilepsy. For
that reason, in this chapter we consider the cognitive and
behavioral deficits seen with SE and recurrent seizures
separately.

EFFECTS OF STATUS EPILEPTICUS ON
SPATIAL LEARNING AND MEMORY

Although a variety of tests can be used to assess
learning and memory (6,7), one of the most popular is
the Morris water maze (MWM), a measure of visual-spatial
memory (8). In the water maze the animal uses visual
clues to learn the location of a platform submerged
below the water line in a tank of water. The primary
outcome measure is the time it takes the rat to find
the platform. Although rats swim well, they would
prefer to be out of the water, so the water maze uses
negative reinforcement.

As used in our laboratory, test animals are placed
in a 2-meter-diameter tank filled with water. Four points
on the rim of the pool are designated north (N), south
(S), east (E), and west (W), thus dividing the pool into
four quadrants (NW, NE, SE, SW). An 8 X 8-centimeter
acrylic plastic platform, onto which the rat can escape,
is positioned in the center of one of the quadrants,
1 centimeter below the water surface.

On day 1, each rat is placed in the pool for
60 seconds without the platform present; this free swim
enables the rat to become habituated to the training
environment. On days 2-5 rats are trained for 24 trials
(six trials a day) to locate and escape onto the sub-
merged platform. For each rat, the quadrant in which
the platform is located remains constant, but the point
of immersion into the pool is varied among N, E, S, and
W in a quasi-random order for the 24 trials so that the
rat is not able to predict the platform location from the
point at which it is placed into the pool. The latency

from immersion into the pool to escape onto the plat-
form is recorded for each trial, and the observer also
manually records the route taken by the rat to reach
the platform. On mounting the platform, the rats are
given a 30-second rest period, after which the next
trial is started. If the rat does not find the platform in
120 seconds, it is manually placed on the platform for
a 30-second rest. At the start of each trial, the rat is
held facing the perimeter and dropped into the pool to
ensure immersion.

One day after completion of the last latency trial
(Day 6), the platform is removed and animals are placed
in the water maze in the quadrant opposite to where
the platform had previously been located. The path
and time spent in the quadrant where the platform had
been previously placed is recorded. In this part of the
water maze, known as the probe test, normal animals
typically spend more time in the quadrant where the
platform had been previously located than in the other
quadrants.

The MWM is a test of hippocampal-dependent
spatial memory, which parallels episodic memory in
humans. Although intact hippocampus function plays
a major role in the test, lesions in other brain regions,
including neocortex, retrosplenial cortex, striatum, basal
forebrain, and cerebellum, can alter water maze perfor-
mance (9). The testing procedure used during the four
days of locating the hidden platform provides a measure
of both working memory and reference memory. The
animal uses working memory to know which areas of the
tank have been visited while trying to find the platform,
and it uses reference memory to know where the platform
was previously placed. The probe test is a measure of the
strength of reference memory.

There are many variations of the water maze used,
including size of the tank and escape platform, number
of trials per session, and duration of trials. The test
procedure may vary depending on the type of memory
studied. For example, to study working memory, the
platform is changed every two trials so that the rat’s
performance is based solely on what is learned on the
previous trial. The outcome measure is the length of
time required to find the platform during the second
trial (10). The MWM is a favorite test of many labora-
tories because food or water deprivation is not neces-
sary. In addition, rats can learn to do the test shortly
after weaning (11).

Many studies have examined the effect of seizures on
water maze performance. In the adult rat, spatial learning
is impaired following status epilepticus induced by kainic
acid (12,13), pilocarpine (14-18), sarin (19), or electrical
stimulation (20-22).

The radial arm maze is also widely used to test spa-
tial memory in rodents. Unlike the water maze, the radial
arm maze requires food deprivation to ensure motivation
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to search for food. In the radial arm maze using eight
arms, the rat typically learns to go to four baited arms
and not enter four unbaited arms. The test provides a
measure of working errors (i.e., returning to a previously
entered arm) and reference errors (entering an unbaited
arm). Outcome measures include the number of trials
to achieve a criterion performance, such as consump-
tion of all bait without any errors (reentering an arm or
going down an unbaited arm), or number of reference
and working memory errors.

As with the water maze, the radial arm maze pro-
tocol can be varied to address specific hypotheses. The
number of arms used can vary, as can the ratio of baited to
nonbaited arms. The radial arm maze can also be placed
in a tank of water with the animal required to learn which
arm has the escape platform (23).

In the adult rat, status epilepticus results in long-
term deficits in learning and memory (12, 14, 15, 22,
24-26). When studied weeks or months following SE,
rats have longer latencies to the escape platform and
spend less time in the target quadrant than non-SE rats
(25). Both reference and working memory are impaired
in these studies. The increased latency to the escape
platform was not related to motor deficits or swimming
speed. Rats subjected to SE and then tested after they
developed spontaneous seizures had impaired function
in the 8-arm radial maze (27). SE induced by electrical
stimulation of the amygdala results in neuronal loss
of the amygdala, the hippocampus, and surrounding
cortical areas, along with mossy fiber sprouting in the
dentate gyrus.

BEHAVIORAL DISORDERS FOLLOWING
STATUS EPILEPTICUS

Changes in Anxiety

A variety of tests are available to measure anxiety
in rodents. Anxiety levels are measured by exposing
animals to an unfamiliar, aversive environment (28).
The elevated plus maze consists of two elevated, open
(brightly lit) arms perpendicular to two enclosed dark
arms. In this test there are two forces driving behavior.
Elevating the platform off the ground is frightening to
the rodent. Rodents prefer dark, enclosed spaces rather
than open, lit areas. At the same time, rodents are curi-
ous and like exploring. The elevated plus maze is an
unconditioned spontaneous behavioral conflict test that
measures the conflict between exploration of a novel
environment and avoidance of a brightly lit, open area
(29). The shorter the amount of time the animal spends
in the open arms relative to total time, the greater the
animal’s anxiety.

Status epilepticus caused by pilocarpine or kainic
acid results in increased anxiety in adult rats (30). On

EFFECTS OF SEIZURES: ADULT ANIMALS

the other hand, SE induced by pentylenetetrazole (PTZ)
does not result in increased anxiety (31).

Changes in Socialization

Tests of socialization include the home cage intruder
test. Another animal of similar age, size, and gender is
placed in the cage of the experimental animal. Aggres-
sive, passive, and other interactive and noninteractive
behaviors are recorded (32-34). A variation of the
home cage intruder test is the social recognition task.
In this test the experimental rat is exposed to another
rat, usually a juvenile rat. It is expected that the two
animals will explore each other actively on the initial
encounter but that this exploration will decrease with
repeated exposures. Outcome measures include time
spent sniffing, grooming, and so forth. Following SE,
animals are significantly more aggressive, irritable, and
difficult to handle by experimenters; however, these
animals often display increased passivity toward the in-
truder animal (32). Abnormalities in the home cage
intruder tests have been documented after pilocarpine-
induced nonconvulsive SE (35) and kainic acid-induced
SE (36).

Changes in Response to Discomfort

The handling test is a measure of emotional response
to graded amounts of discomfort, elicited by non-
stressful handling (rubbing the fur along the grain),
stressful handling (rubbing the fur against the grain),
and graded tail pinch with a hemostat. Responses are
graded on an ordinal scale from 1 to 4. Immature rats
undergoing kainic acid—induced SE and tested as adults
were notably more aggressive on the handling test (36).
Following SE, adult animals become more irritable and
aggressive in the handling test (12, 37) and become
more hyperactive (12).

Mechanisms of SE-Induced Cognitive and
Affective Disorders

The mechanisms of SE-induced cognitive and affective
disorders remain unclear. A number of morphological
and physiological changes occur as a result of SE. In the
adult animal, status epilepticus causes neuronal loss in
hippocampal fields CA1 and CA3 and in the dentate
hilus (38, 39), with the pattern of cell loss dependent
upon the agent used to induce the seizures (40, 41). 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
infrapyramidal region of CA3 (42, 43). Sprouting and
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new synapse formation occur in other brain regions—
notably the CA1 pyramidal neurons, where it has been
shown that newly formed synapses produce an enhanced
frequency of glutamatergic spontaneous synaptic
currents (44).

The relationship between cell loss, sprouting, and
behavioral and cognitive dysfunction remains unclear.
A relationship between cell loss and memory deficits
following SE has been reported (26). Aggressive behav-
ior in male rats subjected to lithium-pilocarpine status
epilepticus was closely related to cell loss (45, 46).

Physiologic Effects of SE

To directly address the physiologic effects of SE, we
recorded the activity of single hippocampal neurons in
freely moving rats subjected to SE and compared this
activity to that in control rats. Neurons in the hip-
pocampus called place cells encode the animal’s loca-
tion within its environment. When a rat is exploring
a given environment, hippocampal pyramidal neurons
discharge when the animal enters certain locations of
the environment, called the cells’ firing field. Field
location, size, and shape are specific to each cell and
each environment, and fields cover the surface of the
environment homogeneously. For a given environment,
in normal rats, they remain unchanged, even between
exposures separated by months (47-50). Since there
is a relationship between place cells activity and the
ongoing spatial behavior of rats (51, 52), it is believed
that such signals provide the animal with a spatial rep-
resentation in order to navigate efficiently within the
environment. These cells provide a very useful single-
cell measure of spatial memory.

We found that adult rats that experienced SE show
deficient performance in two variants of a complex
spatial task (the Morris swimming task) and, in parallel,
have defective place cells, as expected from the spatial
mapping theory. The place cells from the SE rats were
defective in two ways: (1) Their firing fields were less
orderly than those of normal rats, and (2) their firing
fields were less stable than those of normal rats. Each
of these defects provides a reasonable explanation of
why water maze performance is deficient in SE rats and
suggests that the cognitive impairment seen in our rats
cannot be attributed to cell loss alone. However, the
mechanisms responsible for the aberrant firing patterns
remain unclear.

In summary, the majority of studies in the rat have
shown deficits in behavior and memory following the SE.
While there are some variations in the findings, the SE mod-
els appear to mimic the clinical situation well and serve as
a useful tool in further understanding the pathophysiology
of cognitive and behavioral deficits.

REPETITIVE SEIZURES

Somewhat surprisingly, there have been fewer studies
examining the effects of recurrent seizures on cognitive
and behavioral effects than following SE. As will be seen,
in general the effects of recurrent seizures on cognition
and behavior are less severe than those following SE.

Although there have been a variety of agents to
induce recurrent seizures, kindling has been studied most
extensively. Kindling is the process whereby repeated
application of seizure-evoking stimulation produces neu-
ronal changes that result in an enduring enhancement of
susceptibility to seizure-evoking stimulation. Electrical
kindling is most commonly used, although a variety of
chemical agents have also been used. Recurrent gener-
alized seizures can also result in a kindling effect. For
example, repeated exposures to the volatile agent fluro-
thyl (bis-2, 2, 2-trifluoroethyl ether), a potent and rapidly
acting central nervous stimulant, produces seizures within
minutes of exposure (53). With repeated exposures to
flurothyl, rats have reduced latencies to seizure onset and
longer duration of the seizures (54).

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 each stimulation. If testing
occurs after kindling, the investigator can manipulate
the time of the testing to determine the duration of any
postkindling effect.

Investigators have examined the effect of kindling
on spatial memory with the animal being studied after
or during kindling. Both the radial arm maze (55-57)
and water maze (58-61) have been used. Leung and col-
leagues reported that hippocampal kindling produces
deficits in working memory when the animals are tested
later in the radial arm maze or water maze after the kin-
dling (56, 57, 62). However, McNamara and cowork-
ers (63, 64) reported that following full kindling in the
perforant path, septum, or amygdala, spatial learning
in the water maze was unimpaired when the animals
were tested several days after the last seizure. Likewise,
perirhinal cortex kindling had no effect on water maze
performance (65). These results in the perirhinal cortex
contrast with the selective disruption of spatial memory
produced by dorsal hippocampal kindling. The site selec-
tivity of the behavioral disruptions produced by kin-
dling indicates that such effects are probably mediated by
changes particular to the site of seizure initiation rather
than to changes in the characteristic circuitry activated
by limbic seizure generalization.

Rats partially kindled in the hippocampus after learn-
ing the radial arm maze showed deficits in retention (66).
Lopes da Silva and coworkers (55) found that kindling of
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the hippocampus produced persistent deficits in reference
memory and transient decreases in working memory when
the rats were studied during the kindling phase. Robinson
et al. (67) compared the transient and persistent effects of
kindling the perforant path on acquisition in the radial
arm task, finding learning impairment only in rats kindled
30-45 minutes prior to each learning trial. Animals that
were fully kindled and then had a stimulation-free period
prior to the testing had no deficits. Gilbert and coworkers
[68] used two procedures to assess the spatial learning and
memory of rats in the Morris water maze task subsequent
to hippocampal kindling. Kindling was performed either
before water maze testing or after the water maze task was
learned. Generalized seizures elicited prior to water maze
testing impaired acquisition of the task, whereas either
partial or generalized seizures administered following kin-
dling impaired retention. Even a few localized hippocam-
pal stimulations delivered prior to the task can disrupt
spatial cognition (69).

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 (70). 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 (71).
Neonatal rats subjected to recurrent flurothyl-induced
seizures also have impaired spatial memory when tested
in the water maze (72, 73).

It is likely that the effects of kindling on cognition
are dependent on the underlying condition. For example,
Thara epileptic rats (IER/F substrain) have neuropatho-
logic abnormalities and develop generalized convulsive
seizures when they reach the age of approximately 5
months. Okaichi et al. (74) tested nine IER/F rats that had
not yet experienced seizures and older IER/F rats that had
repeatedly experienced seizures with identical tasks. Both
groups showed behaviors that were different from those
of control rats in the water maze. Because young IER/F
rats without prior seizures also showed severe learning
impairments, the results suggested that recurrent seizures
had no discernible effect on spatial learning and memory.
Genetically programmed microdysgenesis in the hippo-
campus was suspected as a cause of the severe learning
deficits of IER/Fs, rather than the seizures themselves.

It appears from the literature that kindling disrupts
learning and memory, particularly when the kindling
stimulations are administered shortly before training ses-
sions. While hippocampal kindling can result in long-term
impairment of spatial memory, nonhippocampal kindling
effects on hippocampal function are substantially less
prominent.

Amygdala-kindled animals also exhibit heightened
anxiety (75). Kindling of the amygdaloid complex in rats
results in an enhanced emotionality, frequently expressed
by an elevated anxiety and defensive attitude toward other
animals (76). Kalynchuk and coworkers (77) kindled the
hippocampus, amydala, or caudate nucleus. Rats were
then tested in the open field, in the elevated plus maze,
and for resistance to capture. Rats kindled in the amyg-
dala and hippocampus were less active in the open field,
were more resistant to capture from the open field, and
engaged in more open-arm activity in the elevated plus
maze. The authors suggested that the reduced activity
in the open field and the increased activity in the open
arm in the elevated plus maze were signs of increased
anxiety. Perirhinal cortex kindling also increased anxiety-
related behavior in both the elevated plus and open field
mazes and disrupted spontaneous object recognition (78).
Pentylenetetrazole-treated rats have also been shown to
have a higher anxiety levels in the open-field exploratory
maze test (70).

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
(76). 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 (79). Pentylenetetrazole-treated rats also dis-
played decreased offensive behaviors in the home cage
intruder test (80). 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 aggres-
sive in the handling test (71). In a test that mimics depression
(the forced swim test), animals receiving repetitive pentyl-
enetetrazole injections were immobile significantly longer
than control rats (70).

In summary, most studies have demonstrated that rats
subjected to recurrent seizures show deficits in learning,
memory, and behavior. As such, these animals provide a
useful model of postseizure dysfunction, which may serve
as a screen for potential treatments for these cognitive,
emotional, and neuropathological deficits that resemble
those symptoms observed in human epilepsy. However,
as in humans, there is considerable variation in outcome
following repetitive seizures. Genetic background of the
animals, as in humans, appears quite important.

MECHANISMS OF SE-INDUCED COGNITIVE
AND AFFECTIVE DISORDERS

Kindling has been shown to produce sprouting of the
mossy fiber axons of the dentate granule cells of the
hippocampus (43), cell loss (81-83), enhanced function
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of N-methyl-D-aspartate receptors (84-86), reduction
in intracellular calcium binding (86), and a myriad of
synaptic changes (87, 88). In addition, recurrent fluro-
thyl seizures in immature rats are associated with mossy
fiber sprouting in CA3 (89). Which of these changes are
associated with the cognitive and behavioral effects seen
in rats following kindling or repetitive seizures is not yet
known.

CONCLUDING REMARKS

There is now a substantial literature demonstrating
that both SE and recurrent seizures result in cognitive
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impairment and behavioral changes. These cognitive and
behavioral changes mimic many of the problems faced
by patients with seizures. The challenge for investigators
now is to determine which of the seizure-induced changes
in the brain lead to these adverse outcomes. Understand-
ing the pathophysiology of these changes should lead to
the development of novel therapeutics.

Acknowledgments

Supported by the Western Massachusetts Epilepsy Aware-
ness Fund, Friends of Shannon McDermott, the Sara
fund, and grants from NINDS (Grants: NS27984 and
NS544295).

24. Kelsey JE, Sanderson KL, Frye CA. Perforant path stimulation in rats produces seizures,
loss of hippocampal neurons, and a deficit in spatial mapping which are reduced by prior
MK-801. Behav Brain Res 2000; 107:59-69.

25. Liu X, Muller RU, Huang LT, Kubie JL, et al. Seizure-induced changes in place cell
physiology: relationship to spatial memory. ] Neurosci 2003; 23:11505-11515.

26. Letty S, Lerner-Natoli M, Rondouin G. Differential impairments of spatial memory and
social behavior in two models of limbic epilepsy. Epilepsia 1995; 36:973-982.

27. Leite JP,Nakamura EM, Lemos T, Masur ], et al. Learning impairment in chronic epileptic rats
following pilocarpine-induced status epilepticus. Braz | Med Biol Res 1990; 23:681-683.

28. Belzung C, Griebel G. Measuring normal and pathological anxiety-like behaviour in mice:
a review. Behav Brain Res 2001; 125:141-149.

29. Crawley JN. Behavioral phenotyping of transgenic and knockout mice: experimental
design and evaluation of general health, sensory functions, motor abilities, and specific
behavioral tests. Brain Res 1999; 835:18-26.

30. Dos SJ, Jr., Longo BM, Blanco MM, Menezes de Oliveira MG, et al. Behavioral changes
resulting from the administration of cycloheximide in the pilocarpine model of epilepsy.
Brain Res 20055 1066:37-48.

31. Erdogan F, Golgeli A, Kucuk A, Arman F, et al. Effects of pentylenetetrazole-induced
status epilepticus on behavior, emotional memory and learning in immature rats. Epilepsy
Behav 20055 6:537-542.

32. Mellanby J, Strawbridge P, Collingridge GI, George G, et al. Behavioural correlates of an
experimental hippocampal epileptiform syndrome in rats. | Neurol Neurosurg Psychiatry
1981; 44:1084-1093.

33. Thurmond JB. Technique for producing and measuring territorial aggression using labora-
tory mice. Physiol Behav 1975; 14:879-881.

34. Kaliste-Korhonen E, Eskola S. Fighting in NIH/S male mice: consequences for behaviour
in resident-intruder tests and physiological parameters. Lab Anim 2000; 34:189-198.

35. Krsek P, Mikulecka A, Druga R, Kubova H, et al. Long-term behavioral and mor-
phological consequences of nonconvulsive status epilepticus in rats. Epilepsy Bebav
2004; 5:180-191.

36. Holmes GL, Thompson JL, Marchi T, Feldman DS. Behavioral effects of kainic acid
administration on the immature brain. Epilepsia 1988; 29:721-730.

37. Mikati MA, Holmes GL, Chronopoulos A, Hyde P, et al. Phenobarbital modifies seizure-
related brain injury in the developing brain. Ann Neurol 1994; 36:425-433.

38. Olney JW, Fuller T, De Gubareff T. Acute dendrotoxic changes in the hippocampus of
kainate treated rats. Brain Res 1979; 176:91-100.

39. Ben-Ari Y. Limbic seizure and brain damage produced by kainic acid: mechanisms and
relevance to human temporal lobe epilepsy. Neuroscience 1985; 14:375-403.

40. Nadler JV. Kainic acid as a tool for the study of temporal lobe epilepsy. Life Sci 1981;
29:2031-2042.

41. Ben-Ari Y. Cell death and synaptic reorganizations produced by seizures. Epilepsia 2001;
42 Suppl 3:5-7.

42. Represa A, Tremblay E, Ben-Ari Y. Kainate binding sites in the hippocampal mossy fibers:
localization and plasticity. Neuroscience 19875 20:739-748.

43. Sutula T, Xiao-Xian H, Cavazos J, Scott G. Synaptic reorganization in the hippocampus
induced by abnormal functional activity. Science 1988; 239:1147-1150.

44. Esclapez M, Hirsch ], Ben-Ari Y, Bernard C. Newly formed excitatory pathways provide
a substrate for hyperexcitablity in experimental temporal lobe epilepsy. ] Comp Neur
1999; 408:449-460.

45. Desjardins D, Parker G, Cook LL, Persinger MA. Agonistic behavior in groups of limbic
epileptic male rats: pattern of brain damage and moderating effects from normal rats.
Brain Res 2001; 905:26-33.

46. Desjardins D, Persinger MA. Association between intermale social aggression and cellular
density within the central amygdaloid nucleus in rats with lithium/pilocarpine-induced
seizures. Percept Mot Skills 1995; 81:635-641.

47. Muller RU, Kubie JL, Ranck JB, Jr. Spatial firing patterns of hippocampal complex-spike
cells in a fixed environment. | Neurosci 1987; 7:1935-1950.



48.

49.

50.

51,

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

5 o

Muller RU, Kubie JL. The effects of changes in the environment on the spatial firing
patterns of hippocampal complex-spike cells. ] Newurosci 1987; 7:1951-1968.
Thompson LT, Best PJ. Place cells and silent cells in the hippocampus of freely-behaving
rats. | Neurosci 1989; 9:2382-2390.

Thompson LT, Best PJ. Long-term stability of the place-field activity of single units recorded
from the dorsal hippocampus of freely behaving rats. Brain Res 19905 509:299-308.
Lenck-Santini PP, Muller RU, Save E, Poucet B. Relationships between place cell firing
fields and navigational decisions by rats. | Neurosci 2002; 22:9035-9047.
Lenck-Santini PP, Save E, Poucet B. Evidence for a relationship between place-cell spatial
firing and spatial memory performance. Hippocampus 2001; 11:377-390.

Zhao Q, Holmes GL. Repetitive seizures in the immature brain. In: Pitkdnen A,
Schwartzkroin PA, Moshé S, eds. Models of Seizures and Epilepsy. San Diego: Elsevier
Academic. 2006:341-350.

Liu Z, Yang Y, Silveira DC, Sarkisian MR, et al. Consequences of recurrent seizures
during early brain development. Neuroscience 1999; 92:1443-1454.

Lopes da Silva FH, Gorter JA, Wadman W]J. Kindling of the hippocampus induces spatial
memory deficits in the rat. Neurosci Lett 1986; 63:115-120.

Leung LS, Boon KA, Kaibara T, Innis NK. Radial maze performance following hippo-
campal kindling. Behav Brain Res 1990; 40:119-129.

Leung LS, Shen B. Hippocampal CA1 evoked response and radial 8-arm maze perfor-
mance after hippocampal kindling. Brain Res 1991; 555:353-357.

Gilbert TH, Hannesson DK, Corcoran ME. Hippocampal kindled seizures impair spatial
cognition in the Morris water maze. Epilepsy Res 2000; 38:115-125.

Holmes GL, Chronopoulos A, Stafstrom CE, Mikati MA, et al. Effects of kindling on
subsequent learning, memory, behavior, and seizure susceptibility. Brain Res Dev Brain
Res 1993; 73(1):71-77.

Hannesson DK, Howland ], Pollock M, Mohapel P, et al. Dorsal hippocampal kin-
dling produces a selective and enduring disruption of hippocampally mediated behavior.
J Neurosci 2001; 21:4443-4450.

Hannesson DK, Mohapel P, Corcoran ME. Dorsal hippocampal kindling selectively
impairs spatial learning/short-term memory. Hippocampus 2001; 11:275-286.

Leung LS, Shen B. Hippocampal partial kindling decreased hippocampal GABA receptor
efficacy and wet dog shakes in rats. Behav Brain Res 2006; 173:274-281.

McNamara RK, Kirkby RD, dePace GE, Corcoran ME. Limbic seizures, but not
kindling, reversibly impair place learning in the Morris water maze. Behav Brain
Res 1992; 50:167-175.

McNamara RK, Kirkby RD, DePape GE, Skelton RW, et al. Differential effects of kindling
and kindled seizures on place learning in the Morris water maze. Hippocampus 1993;
3:149-152.

Hannesson DK, Howland JG, Pollock M, Mohapel P, et al. Anterior perirhinal cortex
kindling produces long-lasting effects on anxiety and object recognition memory. Eur |
Neurosci 200535 21:1081-1090.

Leung LS, Brzozowski D, Shen B. Partial hippocampal kindling affects retention but not
acquisition and place but not cue tasks on the radial arm maze. Behav Neurosci 1996;
110:1017-1024.

Robinson GB, McNeill HA, Reed GD. Comparison of the short- and long-lasting effects of
perforant path kindling on radial maze learning. Behav Neurosci 1993; 107:988-995.
Gilbert TH, McNamara RK, Corcoran ME. Kindling of hippocampal field CA1 impairs spa-
tial learning and retention in the Morris water maze. Behav Brain Res 1996; 82:57-66.

EFFECTS OF SEIZURES:

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

82.

83.

84.

85.

86.

87.
88.

89.

ADULT ANIMALS 41

Hannesson DK, Wallace AE, Pollock M, Corley S, et al. The relation between extent
of dorsal hippocampal kindling and delayed-match-to-place performance in the Morris
water maze. Epilepsy Res 2004; 58:145-154.

Mortazavi F, Ericson M, Story D, Hulce VD, et al. Spatial learning deficits and emotional
impairments in pentylenetetrazole-kindled rats. Epilepsy Behav 2005; 7:629-638.
Holmes GL, Thompson JL, Marchi TA, Gabriel PS, et al. Effects of seizures on learn-
ing, memory, and behavior in the genetically epilepsy-prone rat. Ann Neurol 1990;
27:24-32.

Holmes GL, Gairsa JL, Chevassus-Au-Louis N, Ben-Ari Y. Consequences of neonatal sei-
zures in the rat: morphological and behavioral effects. Ann Neurol 1998; 44:845-857.
Huang L, Cilio MR, Silveira DC, McCabe BK, et al. Long-term effects of neonatal seizures:
a behavioral, electrophysiological, and histological study. Brain Res Dev Brain Res 1999;
118:99-107.

Okaichi Y, Amano S, Thara N, Hayase Y, et al. Open-field behaviors and water-maze
learning in the F substrain of Ihara epileptic rats. Epilepsia 2006; 47:55-63.

Adamec RE, McKay D. Amygdala kindling, anxiety, and corticotrophin releasing factor
(CRE). Physiol Behav 1993; 54:423-431.

Haimovici A, Wang Y, Cohen E, Mintz M. Social attraction between rats in open field:
long-term consequences of kindled seizures. Brain Res 20015 922:125-134.

Kalynchuk LE, Pinel JP, Treit D. Long-term kindling and interictal emotionality in rats:
effect of stimulation site. Brain Res 1998; 779:149-157.

Hannesson DK, Howland ]G, Pollock M, Mohapel P, et al. Anterior perirhinal cortex
kindling produces long-lasting effects on anxiety and object recognition memory. Eur |
Neurosci 200535 21:1081-1090.

Adamec RE. Partial kindling of the ventral hippocampus: identification of changes in
limbic physiology which accompany changes in feline aggression and defense. Physiol
Behav 19915 49:443-453.

Franke H, Kittner H. Morphological alterations of neurons and astrocytes and changes in
emotional behavior in pentylenetetrazol-kindled rats. Pharmacol Biochem Behav 2001;
70:291-303.

Cavazos JE, Sutula TP. Progressive neuronal loss induced by kindling: a possible mechanism for
mossy fiber synaptic reorganization and hippocampal sclerosis. Brain Res 1990; 527:1-6.
Cavazos JE, Golarai G, Sutula TP. Mossy fiber synaptic reorganization induced by
kindling: time course of development, progression, and permanence. | Neurosci 1991;
11:2795-2803.

Cavazos JE, Das I, Sutula TP. Neuronal loss induced in limbic pathways by kindling:
evidence for induction of hippocampal sclerosis by repeated brief seizures. | Neurosci
1994; 14:3106-3121.

McNamara JO. Cellular and molecular basis of epilepsy. | Neurosci 1994; 14:3413-3425.
Mody I, Stanton PK, Heinemann U. Activation of N-methyl-D-aspartate receptors paral-
lels changes in cellular and synaptic properties of dentate gyrus granule cells after kindling.
J Neurophysiol 1988; 59:1033-1054.

Mody I, Reynolds JN, Salter MW, Carlen PL, et al. Kindling-induced epilepsy alters cal-
cium currents in granule cells of rat hippocampal slices. Brain Res 1990; 531:88-94.
Mody 1. Synaptic plasticity in kindling. Adv Neurol 1999; 79:631-643.

Morimoto K, Fahnestock M, Racine R]. Kindling and status epilepticus models of epi-
lepsy: rewiring the brain. Prog Neurobiol 2004; 73:1-60.

Holmes GL, Sarkisian M, Ben-Ari Y, Chevassus-Au-Louis N. Mossy fiber sprouting after
recurrent seizures during early development in rats. | Comp Neurol 1999; 404:537-353.






o

Harlan E. Shannon

' omplaints of impaired memory
and/or cognition are not uncom-
mon in patients with epilepsy (1).
Many factors may contribute to
these complaints, including the underlying pathophysi-
ology of the disease state. However, antiepileptic drug
AED) therapy has the potential to contribute to cogni-
tive impairments. For example, it is well established
clinically that drugs that enhance gamma-aminobutyric
acid (GABA)-mediated (GABAergic) inhibitory neuro-
transmission, such as barbiturates and benzodiazepines,
can have marked negative effects on cognitive processes
in normal volunteers (2). Since AEDs are the major ther-
apeutic modality for control of seizures, being able to
assess the potential impact of AEDs on cognitive pro-
cesses is of particular importance. A growing body of
literature has focused on evaluating the potential effects
of AEDs on cognition in normal volunteers and patients
with epilepsy (1-3). However, being able to assess the
potential adverse effects of AEDs on cognition in animals
would be of great benefit, not only in helping to delineate
the effects of AEDs and possibly optimize current therapy,
but also in the discovery of the next generation of AEDs
with greater efficacy and no negative, and potentially
positive, impact on cognition.
Cognition is not a unitary concept. Rather, cogni-
tion may be divided into multiple domains, including

—_

Cognitive Effects of
Antiepileptic Drugs

attention, working memory, and learning. A negative
impact on any cognitive domain could give rise to a cog-
nitive deficit that could very strongly impact quality of
life. However, the extent to which AEDs impact any one
domain, or whether different mechanistic classes impact
different domains to different extents, is unclear. We (4—6)
therefore undertook a series of experiments to evaluate the
potential for a broad series of AEDs (Table 6-1) (7) to affect
the cognitive domains of attention, working memory, and
learning in rats.

The term attention refers to the selective aspects
of perception which function so that at any particular
moment an organism focuses on certain features of the
environment to the relative exclusion of other features.
An organism must, presumably, first “attend” to a stimu-
lus before the stimulus can be cognitively processed, and
it is therefore potentially the most basic of all cogni-
tive processes. Attention tasks can be subdivided into
vigilance (or sustained-attention), selective-attention, and
divided-attention tasks, which are aimed at measuring the
subject’s ability to focus on one task for a sustained period
of time, to resist distraction by irrelevant stimuli, and to
perform more than one task at a time, respectively. Tasks
used to evaluate attention in humans include variations of
the continuous performance test, the Brief Test of Atten-
tion, and digit symbol substitution tests. In animals, an
often-used attention test is the five-choice serial reaction
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TABLE 6-1
Minimal Effective Doses of AEDs for Cognitive vs. Anticonvulsant Effects
WORKING COMPLEX
MEMORY LEARNING LocomMoTOR THRESHOLD 6-Hz
ATTENTION (SPATIAL (REPEATED ACTIVITY ELECTROSHOCK  ELECTROSHOCK
DruG (5-CSRT) ALTERNATION)  ACQUISITION) CHANGE? TEST? TEST?
MED, mG/kG  MED, MG/kG MED, MG/KG ED50, MmG/kG ED50, MG/KG MED, MG/KG
Phenobarbital 56 30 56 30 5.6 5.8
Triazolam 1.0 0.1 nd nd nd nd
Chlordiazepoxide 17.5 nd 17.8 >30 5.7 0.78
Tiagabine nt 30 >30 nt 1.4 0.32
Valproate >300 300 >300 >300 90 121
Gabapentin >300 >300 nd 100 10.5 327b
Carbamazepine 56 30 56 30 5.5 12.5b
Phenytoin >30 >30 30 >30 3.4 33b
Topiramate >100 100 >100 >30 1.4 >30
Lamotrigine >100 >100 100 30 1.7 30b
Levetiracetam >200 >200 200 300 >300 6.0
Ethosuximide nd 300 nd >560 >560 179
Comparison of minimal effective doses for disrupting attention, working memory, and learning in rats with the minimal effective doses
for decreasing locomotor activity in mice and the EDs, doses in the threshold electroshock (TES) and the 6-Hz electroshock tests in mice.
aFrom Shannon et al. (7).
bMaximum effect between 50 and 100%.
nd, not determined.

time (SCSRT) task developed and popularized by Robbins
and coworkers (8). In this task, a stimulus is briefly pre-
sented at one of five locations, and a response at that
location results in the presentation of a reinforcer. The
SCSRT task thus primarily assesses sustained attention.

Working memory is a theoretical concept that refers
to a set of cognitive processes that provide temporary
maintenance and manipulation of the information neces-
sary for complex cognitive tasks (9). Tasks used to evalu-
ate working memory in humans include various forms of
the N-back test, digit span, and the Corsi test. In animals,
working memory has often been operationally defined as
the maintenance of information in memory and making
a subsequent response based on, but in the absence of,
that information or event. One approach to assessing
working memory is a delayed spatial alternation task,
in which an animal is required to respond alternately
on left and right levers in order to obtain a reinforcer.
Thus, in order to respond correctly during the current
trial, an animal must remember where it had responded
during the just preceding trial. By varying the interval
between trials, time-dependent memory processes can
be evaluated. Thus, spatial alternation behavior primar-
ily assesses the time-related maintenance component of
working memory.

Intact attention and working memory are neces-
sary for higher cognitive processes such as learning. In

humans, learning is often assessed by having subjects
master lists of words, as in the Selective Reminding Test.
Requiring an animal to master a sequence of behaviors,
such as a sequence of lever press responses, is analo-
gous to mastering a list of words in a particular order.
In a repeated acquisition of response sequences task,
animals are required to learn a sequence of behavioral
responses (lever presses) that is constant during a given
experimental session but is varied between experimen-
tal sessions (10). This general procedure has permitted
the investigation of steady states of “rule” learning
across experimental sessions and has been an impor-
tant behavioral baseline for determining the effects of
drugs on learning.

In order to assess the effects of AEDs on these
cognitive domains of attention, working memory,
and learning, we determined dose-response curves in
each task for AEDs from multiple mechanistic classes,
including the older AEDs phenobarbital, valproate, and
carbamazepine and the newer AEDs lamotrigine, topi-
ramate, gabapentin, levetiracetam, and tiagabine. For
purposes of comparison, dose-response curves were
also determined for the anticonvulsant benzodiaz-
epines chlordiazepoxide or triazolam, as well as the
muscarinic cholinergic receptor antagonist scopol-
amine, which are well known to disrupt cognition in
both humans and rats.
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ATTENTION: 5-CHOICE SERIAL
REACTION TIME

Under baseline conditions, stimuli were presented for
0.5 seconds duration with equal probability above each
of five response levers (5). The percentage of trials with
an error of omission, a typical measure of a lapse of
attention, was typically approximately 15-20%. Includ-
ing only those trials during which an animal did respond,
the percentage of correct responses was approximately
85-90%, and the percentage of incorrect responses was
approximately 10-15%. The GABA-related AEDs phe-
nobarbital, triazolam, and chlordiazepoxide significantly
disrupted attention in that they produced dose-related
increases in errors of omission. In fact, after a dose of 100
mg/kg of phenobarbital, the animals failed to respond
on any trial, resulting in 100% omissions (Figure 6-1,
upper left, and Table 6-1). In contrast, the GABA-related
AEDs tiagabine and gabapentin did not increase errors
of omission. The sodium channel blocker carbamaze-
pine increased errors of omission, whereas the sodium
channel blockers phenytoin, topiramate, and lamotrigine

(Figure 6-1, lower left) were without significant effect
on performance. Similarly, levetiracetam had no effect
on attention. The disruptions produced by phenobar-
bital, triazolam, chlordiazepoxide, and carbamazepine
were similar in magnitude to those produced by sco-
polamine. These results demonstrated that the positive
allosteric modulators of GABA receptors phenobarbital,
triazolam, and chlordiazepoxide produced marked dis-
ruption of attention, but other GABA-related AEDs as
well as sodium channel blockers (with the exception of
carbamazepine) and levetiracetam had little or no effect
on attention in nonepileptic rats.

WORKING MEMORY: SPATIAL
ALTERNATION BEHAVIOR

In this task, animals were required to respond alternately
on the left and right levers with a retention interval delay
between trials, during which the chamber was dark, which
varied from 2 to 32 seconds (4). Averaged across all reten-
tion intervals, the percentage of correct responses was
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FIGURE 6-1

Comparison of the effects of varying doses of phenobarbital and lamotrigine on attention, working memory, and learning in
nonepileptic rats. Each point represents the mean of six different animals. Vertical lines represent = SEM and are absent when
less than the size of the point. *, p < .05 versus vehicle, Dunnett’s t-test. %, Animals failed to respond sulfficiently after 100
mg/kg of phenobarbital to calculate a reliable value for percent correct.
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typically 85-90%; however, performance was typically
nearly 100% correct at the shorter (2—4-second) delays
and decreased to approximately 75% after the 32-second
delay. Dose-response curves could be constructed by tak-
ing the overall average percent correct responding for the
session for all delays. The GABA-related AEDs pheno-
barbital (Figure 6-1, upper middle) and triazolam signifi-
cantly disrupted working memory in that they decreased
the overall percentage of correct responding. As with the
attention task, a dose of 100 mg/kg of phenobarbital
markedly decreased the number of trials during which
the animals made a response, precluding calculation of
the overall percent correct at this dose. In contrast, the
GABA-related AEDs tiagabine, valproate, and gabapentin
were without significant effect on working memory in this
task. The sodium channel blockers carbamazepine and
topiramate produced modest but significant decreases
in percent correct performance, whereas phenytoin
was without effect on percent correct but decreased the
number of trials on which the animals responded, and
lamotrigine (Figure 6-1, lower middle) was without any
significant effect on either measure. Levetiracetam was
also without effect on working memory in this task. The
disruption produced by phenobarbital and triazolam
were, again, comparable in magnitude to that produced
by scopolamine, indicating that direct positive allosteric
modulators of GABA neurotransmission, but not other
mechanistic classes of AEDs, can produce significant dis-
ruption of working memory.

COMPLEX LEARNING: REPEATED
ACQUISITION OF RESPONSE SEQUENCES

Under the repeated acquisition task, rats exhibited stable
learning curves across days, thus providing a stable base-
line against which to assess the effects of AEDs. Learn-
ing curves were determined by dividing each session into
five 15-trial bins, for a total of 75 trials each session.
The percent correct responding increased from approxi-
mately 20% to greater than 80% correct across the five
bins. The total number of correct sequences during a
30-minute test session was typically approximately 50. If
an AED disrupted the animals’ ability to learn, then the
total number of correct sequences was decreased. The
GABA-related AEDs phenobarbital (Figure 6-1, upper
right) and chlordiazepoxide significantly disrupted per-
formance by producing dose-related decreases in the total
number of correct sequences. Phenobarbital and chlordi-
azepoxide also shifted the learning curve to the right and
increased errors. In contrast, tiagabine and valproate were
without significant effect on any of the measures. The
sodium channel blockers carbamazepine and phenytoin
decreased responding at higher doses, whereas lamotrigine

(Figure 6-1, lower right) produced a modest, but nonsig-
nificant, decrease in the total number of correct sequences
and increased errors, while topiramate was without sig-
nificant effect. In addition, levetiracetam also shifted the
learning curve to the right and increased errors. The dis-
ruptions produced by phenobarbital, chlordiazepoxide,
and levetiracetam were similar in magnitude to the effects
of scopolamine, and the effects of lamotrigine were quali-
tatively similar to, but smaller in magnitude than, those
of scopolamine. The results of this study indicated that
direct positive allosteric modulators of GABA receptors
as well as sodium channel blockers produce the most
consistent impairment of learning.

DISCUSSION

Cognitive function in individuals with epilepsy can be
influenced by the underlying pathophysiology, the fre-
quency and severity of seizures, and the potential detri-
mental effects of AEDs, among other factors. Of these,
the potential effects of AEDs are perhaps the most critical
because they are the major therapeutic modality for the
control of seizures. We therefore sought to determine
the effects of AEDs on the cognitive domains of atten-
tion, working memory, and learning. These studies have
been conducted in nonepileptic rats to ascertain better
the effects of the AEDs on cognition without the added
complexities of the disease state or occurrence of seizures.
However, the behavioral and cognitive effects of AEDs
are likely to differ between epileptic and nonepileptic sub-
jects as well as with the specifics of the pathophysiology,
seizure frequency, and seizure type. Moreover, the studies
reviewed here evaluated only the acute effects of the drugs
and did not attempt to ascertain the effects of the drugs
upon chronic administration. Studies on the cognitive
effects of AEDs in epileptic subjects and after chronic
administration are needed. Moreover, studies to date have
evaluated only a limited number of cognitive domains,
and additional studies on other cognitive domains, par-
ticularly executive function, are also needed.

Among the AEDs evaluated in these studies, the
barbiturate and benzodiazepine direct positive alloste-
ric modulators of GABA, receptors produced the most
robust and consistent disruption of cognition across the
domains studied (Table 6-1). Phenobarbital and triazolam
or chlordiazepoxide typically produced effects that were
similar in magnitude to the effects of the muscarinic cho-
linergic receptor antagonist scopolamine. In contrast, the
GABA-uptake blocker tiagabine, which increases brain
levels of GABA, was largely without effect. Together, these
results suggest that the benzodiazepine-sensitive GABA ,
receptors may be involved in producing cognitive deficits
but are not necessarily involved in the anticonvulsant effects
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of GABA , receptor stimulation. Thus, it may be possible
to develop drugs that act directly at non-benzodiazepine-
sensitive GABA, receptors that are anticonvulsant but
have little or no negative impact on cognition.

Opverall, the impact of most other AEDs was not large
in magnitude and typically occurred at doses several-fold
above the EDs values in anticonvulsant tests (Table 6-1).
A limitation in this interpretation is that the anticonvulsant
data are in mice, whereas the cognitive data are in rats.
However, the mouse models are the typical models used
in evaluating AEDs, and dose ranges are usually, but not
always, similar in mice and rats. Also, efficacious dose
ranges of AEDs can differ for different seizure types. Thus,
the separations between doses that are anticonvulsant and
those that impact cognition were different for the different
seizure types (Table 6-1) and could also differ with acute
versus chronic administration. Be that as it may, the present
findings are similar to those in human volunteers, where
the effects of AEDs on cognition are generally not large in
magnitude, even with chronic dosing (3, 11).

Among the three cognitive domains studied, atten-
tion appeared to be the least impacted by the drugs tested.
Other than the GABA , receptor positive allosteric modu-
lators, only carbamazepine had a modest, but significant
effect on attention over the dose-ranges tested (Table 6-1).
Attention is one of the most basic cognitive processes.
Thus, our findings suggest that to the extent that AEDs
disrupt cognition, that disruption is unlikely to be due
primarily to a negative impact on attention. However,
choice reaction time tasks assess primarily vigilance,
or sustained attention, rather than selective or divided
attention. The extent to which AEDs may impact selec-
tive or divided attention would be an important topic
for future studies.

Working memory and learning were impacted by
more AEDs than attention was (Table 6-1). Working
memory was significantly impacted not only by phe-
nobarbital, triazolam, and carbamazepine but also by
tiagabine, valproate, topiramate, and ethosuximide.
Learning was significantly impacted not only by pheno-
barbital, chlordiazepoxide, and carbamazepine but also
by phenytoin, lamotrigine, and levetiracetam. However,
in general, the effects of AEDs that were not GABA
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harmacological therapy for intrac-

table partial-onset epilepsy is aimed

/ to symptomatically relieve seizure

‘ frequency and severity. Over the

past 30 years, almost 30,000 compounds have been
screened using two animal models of acute evoked con-
vulsions for clinical trial development. Thus, it should
not be surprising that this strategy has provided clini-
cians with excellent anticonvulsants, but that these com-
pounds appear to be less effective against other seizure
types, and ineffective in altering the development and
natural history of the epilepsies. The development of
therapies that alter the natural history of this condition
has been hampered by our lack of understanding of the
fundamental mechanisms of epileptogenesis, the patho-
physiological process underlying the development of epi-
lepsy. Understanding the mechanisms of epileptogenesis
might lead to better experimental models for discovery
of compounds that are disease modifying, altering the
natural history of symptomatic partial-onset epilepsy.
This chapter critically summarizes potential mechanisms
for epileptogenesis, including synaptic reorganization in
the hippocampal circuitry, aiming to characterize these
mechanisms within the perspective of the most common
pharmacologically intractable form of partial-onset
epilepsy: mesial temporal lobe epilepsy. As synaptic
reorganization of hippocampal structures appears to

The Role of Sprouting
and Plasticity in
Epileptogenesis and

progressively enhance limbic hyperexcitability, it might
also contribute toward pharmacological intractability
in partial-onset epilepsy.

MESIAL TEMPORAL LOBE EPILEPSY

Mesial temporal lobe epilepsy (MTLE) is the most com-
mon epilepsy syndrome with pharmacologically intrac-
table partial-onset seizures. This epileptic syndrome has
a high association with a remote history of febrile sei-
zures, particularly complex or prolonged febrile seizures,
but has also been observed to be associated with other
acute neurologic insults such as an episode of partial-
onset status epilepticus, closed head injury, brain tumors,
and stroke. However, many patients with MTLE have no
obvious brain insult other than the cumulative effect of
repeated brief partial-onset seizures. Typically, when there
is a history of a prior neurologic injury, there is a latent
period between the initial insult and the onset of MTLE
that can span at least several weeks, but more commonly
several years. Severe prolonged insults such as prolonged
febrile convulsions and generalized convulsive status epi-
lepticus appear to have a shorter latency to the onset of
spontaneous partial-onset seizures, compared with other
less severe precipitating events such as simple febrile sei-
zures. The latent period between the precipitating event
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and the onset of epilepsy is one of the hallmarks of the
pathophysiological process underlying the progression of
epileptogenesis in MTLE.

Most of our understanding of the pathophysiology
of MTLE derives from studies of brain tissue obtained
surgically from patients with intractable and unilat-
eral MTLE; typically, the tissue is examined after 20 or
more years from the onset of their epilepsy. The majority
of these highly selected patients dramatically improve
after an anterior temporal lobectomy, which includes resec-
tion of the hippocampus, amygdala, and adjacent temporal
neocortex (1). Thus, it has been presumed that the mecha-
nisms underlying the development and intractability of
MTLE must lie within the resected tissue.

Neurophysiologic studies have shown that most
patients with intractable MTLE have seizure onset
within the hippocampal formation (1), which has led to
the study of hippocampal slices from the resected hip-
pocampus obtained during resective surgery in these epi-
leptic patients. The neurophysiologic studies demonstrate
evidence of cellular hyperexcitability in granule cells and
hippocampal pyramidal neuron, but only under certain
conditions that impair inhibitory mechanisms (2). In addi-
tion, investigators found a general correlation between
the degree of cellular hyperexcitability of granule cells
under these conditions and the degree of synaptic reor-
ganization of the mossy fiber pathway, a form of mor-
phological plasticity observed in patients with MTLE and
in experimental models of MTLE. This study suggests
that the neurophysiologic abnormalities can be associ-
ated with neuropathological alterations in patients with
MTLE. However, causative relationships between these
phenomena cannot be established with this approach,
which examines only the late stage of these phenomena
many years after the onset of partial seizures.

Studies of the resected tissue from patients with
intractable MTLE have shown several neuropathologi-
cal abnormalities, including (1) a pattern of hippocampal
neuronal loss known as mesial hippocampal sclerosis,
(2) sprouting and reorganization of the mossy fibers in
the dentate gyrus (DG), (3) hippocampal gliosis, and
(4) dispersion of granule cells with ectopic locations.
These neuropathological abnormalities might be conse-
quences of repeated seizures or the result of the initial
precipitating brain insult that led to repeated seizures.
However, each of them might be a potential mechanism
that contributes toward the pathophysiological process of
epileptogenesis that resulted in pharmacologically intrac-
table MTLE. Understanding the relative contribution of
these neuropathological abnormalities in epileptogenesis
has been considerably improved by multiple experimen-
tal models of MTLE, where the relationships between
these phenomena and other potential mechanisms can
be systematically tested.

MECHANISMS

EXPERIMENTAL MODELS OF MTLE

Several strategies are used to study the process of epi-
leptogenesis in experimental models of MTLE. One
strategy utilizes chemoconvulsants to produce an acute
excitotoxic insult that results in status epilepticus, which
later results in the development of spontaneous brief
seizures. This strategy demonstrates a latency of sev-
eral days between the insult and the development of
seizures, but it is unclear how representative it is of the
majority of patients with intractable MTLE who have
no identifiable insult earlier in life. Two frequently used
models that employ this approach are the kainic acid
and pilocarpine models of MTLE. Rats that have expe-
rienced convulsive status epilepticus induced with these
chemo-convulsants exhibit neuropathological and neu-
rophysiologic abnormalities similar to those observed
in intractable MTLE. Adult rats that have experienced
kainic acid-induced status epilepticus demonstrate
prominent neuronal damage and gliosis in hippocampal
pyramidal neurons and the hilar polymorphic neurons of
the DG. After hippocampal neuronal loss, these regions
demonstrate morphological plasticity, with sprouting of
the mossy fiber pathway into the inner molecular layer
of the DG. Synaptic reorganization induced by seizures
has been studied extensively in the mossy fiber pathway
because of the ease of detecting changes in the laminar
pattern of this pathway using Timm histochemistry or
dynorphin-A immunocytochemistry (3). Most studies in
experimental models of MTLE have shown sprouting
in the mossy fiber pathway into the inner molecular
layer of the DG and sprouting of the distal mossy fiber
projection to the CA3 region.

Another strategy utilizes repeated exposure to sei-
zures, using chemo-convulsants or electrical stimulation
of limbic pathways (i.e., kindling) to produce frequent
small insults that lead only to brief repeated seizures. In
general, these chronic models of MTLE exhibit consid-
erably less injury compared with the acute models that
require an initial episode of status epilepticus. Further-
more, the neuropathological and neurophysiologic abnor-
malities evoked in the chronic models are less severe than
those evoked in the acute models. Although the chronic
models more appropriately mimic the seizure burden and
frequency of patients with intractable MTLE, they also
lead to apparently less frequent late spontaneous seizures
than the kainic acid or pilocarpine model of MTLE.

Sprouting and synaptic reorganization have been
investigated only in hippocampal pathways; however,
neuronal loss has been demonstrated in multiple limbic
areas. Experimental models that evoke a more limited
degree of hippocampal injury, such as electrical kin-
dling, demonstrate a lesser degree of synaptic reorga-
nization, compared with the acute models of status
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FIGURE 7-1

Mechanisms of epileptogenesis. The schematic diagram describes the relationships between pathophysiological phenomena and
brain location during epileptogenesis in mesial temporal lobe epilepsy. Partial-onset seizures might initially originate in neocor-
tical areas, but after the establishment of intractability, there is a vicious circle of interrelated pathophysiological phenomena
within the hippocampal circuitry that self-sustains intractable seizures with propagation to neocortical structures.

epilepticus (4). An advantage of the acute models of
MTLE is that the time course of progression of the
neuropathological and neurophysiologic abnormali-
ties can be studied in relation to the development of
spontaneous partial-onset seizures. Following an acute
excitotoxic insult, several of these neuropathological
phenomena develop during the latency period for several
days, before the emergence of cellular hyperexcitability
and the onset of spontaneous seizures (5). During the
latency period, there are transitory functional impair-
ments of inhibitory control that recover during the
chronic state; whereas other neuropathological abnor-
malities are permanent. It has been hypothesized that
the permanent neuropathological alterations might
underlie the mechanisms of epileptogenesis in intrac-
table MTLE that lead to late intractable spontaneous
seizures (Figure 7-1); in particular, several investigators
have shown that the progressive development of synap-
tic reorganization parallels the increased cellular excit-
ability in the DG (6) preceding spontaneous seizures.
This type of synaptic reorganization of the mossy fiber
has been observed in essentially all acute and chronic
adult models of MTLE and in pathological specimens
of humans with MTLE. Thus, synaptic reorganization
of hippocampal structures is a potential mechanism
explaining hippocampal hyperexcitability in patients
with intractable MTLE.

SPROUTING AND SYNAPTIC
REORGANIZATION OF THE MOSSY FIBERS

Mossy fiber sprouting can be examined using Timm his-
tochemistry, which depicts the projection pattern of the
mossy fibers in the hippocampus by means of the high
zinc content of their synaptic terminals. In normal rats
and humans there are few Timm granules in the inner
molecular layer of the dentate gyrus. However, after many
repeated seizures or status epilepticus, a dense band of
Timm granules is present in the inner molecular layer
(Figure 7-2). Granule cell axons—the mossy fibers—
reorganize and sprout axons into the inner molecular
layer to form new synaptic terminals with the dendrites
of interneurons, but primarily on spines and dendrites of
granule cells. Timm histochemistry has been used at the
light and ultrastructural levels to assess the time course of
development and permanence of the reorganized projec-
tion pattern. Small amounts of mossy fiber sprouting into
the inner molecular layer can be recognized as early as
5 days; sprouting peaks at 3 weeks and has been observed
to last as long as 18 months (1). After an excitotoxic
insult, neuronal degeneration in the hilus can be recog-
nized as early as 6 hours, and at 24 hours terminal degen-
eration in the inner molecular layer can be detected prior
to the development of mossy fiber sprouting. Neuronal
loss of the hilar polymorphic neurons is considered to be
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FIGURE 7-2

Mossy fiber sprouting. These are three photomicrographs from histological sections of the dentate gyrus (DG) stained with
Timm histochemistry. Dark punctate granules depict the projection pattern of mossy fiber terminals that originate from granule
cell axons. (A) The DG from a normal rat shows dense staining in the hilus (area within the U-shape of the DG) and in the
CA3 region, with an absence of dark punctate granules in the molecular layer of the DG (arrow). (B) The DG from a rat that
experienced status epilepticus induced with kainic acid demonstrates prominent staining in the molecular layer. (C) Human
DG obtained surgically during a standard anterior temporal lobectomy for the treatment of pharmacologically intractable mesial
temporal lobe epilepsy. Note that the molecular layer of the DG has prominent staining, demonstrating mossy fiber sprouting

into that region. See color section following page 266.

the mechanism that triggers mossy fiber sprouting into
the inner molecular region of the DG. Ultrastructural
experiments with acute lesions of pathways projecting
to the molecular layer of the DG have taught us that the
synaptic densities in the molecular layer are restored by
21 days after the lesion (7). In the kainic acid and pilocar-
pine models, most of the newly formed synaptic terminals
in the inner molecular layer of the DG are on granule cell
spines, creating primarily a recurrent excitatory collateral
circuit. It has been estimated that a sprouted granule cell
develops about 500 newly formed synaptic contacts with
granule cells and fewer than 25 contacts on interneurons
(8). The chronic model of repeated kindling seizures to
limbic structures was also used to demonstrate that the
early stages of mossy fiber sprouting consist of the devel-
opment of punctate granules that formed “strings” in the
inner molecular layer before spreading to the rest of the
layer (1). These strings were subsequently identified as
collections of synaptic contacts on interneurons including
basket cells (9). Thus, it is likely that mossy fiber sprout-
ing, early on, is a homeostatic compensatory mechanism to
restore inhibitory control by providing feedback synaptic
connections on basket cell interneurons. However, as the
repeated seizures continue, the terminal degeneration in
the inner molecular layer may become overwhelming
from the death of hilar polymorphic neurons, and the
newly formed synaptic contacts develop primarily on
granule cell spines, dendrites, and soma.
Seizure-induced plasticity of the mossy fibers is not
limited to the formation of aberrant recurrent collaterals
into the inner molecular layer of the DG. Other altera-
tions of the normal terminal field of the mossy fibers
include (1) increased branching within the hilus of the DG,
(2) development of abnormal connectivity between the
two blades of the DG, (3) increased connectivity to gran-
ule cells and hilar region along the septotemporal axis of

the hippocampus, and (4) formation of aberrant recurrent
collaterals into the stratum oriens of CA3, where the
pyramidal neurons extend their basal dendrites.

To summarize, the latency to the development
of morphological plasticity matches the time course
of development of spontaneous seizures in acute and
chronic experimental models of MTLE. Neuronal loss
and terminal degeneration precede the development of
mossy fiber sprouting into the inner molecular layer in
acute models of MTLE, and in addition, there is a direct
correlation between degree of neuronal cell loss, mossy
fiber sprouting into the inner molecular layer, and granule
cell hyperexcitability. However, the physiological conse-
quences of hilar polymorphic neuronal loss and mossy
fiber sprouting remain a controversial subject.

SYNAPTIC REORGANIZATION BEYOND
THE MOSSY FIBERS

In humans and experimental models of MTLE, CA1
pyramidal neurons also demonstrate persistent cellular
hyperexcitability and a pattern of neuronal loss that is
similar to the epileptic DG. Examination of the time
course to formation of sprouted CA1 recurrent collaterals
in acute models of MTLE suggests that seizure-induced
CA1 hyperexcitability is due to the formation of recur-
rent excitatory collaterals in the CA1 region (10). Pro-
longed excitatory postsynaptic potential (EPSP) bursts
observed in bicuculline-treated hippocampal slices from
kainic acid-treated rats showed an all-or-none behavior
(11). The all-or-none behavior cannot be explained by
changes in the intrinsic properties of CA1 pyramidal
neurons because the EPSP bursts would then be graded.
Thus, the prolonged EPSP bursts are mediated by synaptic
transmission reflecting a network-driven hyperexcitability,
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suggesting a role for synaptic reorganization and sprout-
ing in the CA1. However, the prolonged EPSP bursts
were only seen in 28% of the isolated CA1 transverse
slices spontaneously (11). Although this may be due
to a sampling error, one possibility is that the critical
recurrent CA1 collaterals are cut away from the hip-
pocampal slice because of the variability in the plane
of cutting slices. Subsequently, Smith and Dudek (10),
using isolated CA1 transverse slices, demonstrated that
glutamate microapplication to the CA1 pyramidal cell
layer increased excitatory postsynaptic current frequency
only in slices of kainic acid-treated rats but not in con-
trol slices. These results support the hypothesis that
the increased recurrent excitatory connections between
CA1 pyramidal cells after kainic acid-induced status
epilepticus are functional connections that increase the
excitatory drive of the hippocampal circuitry.

Hyperexcitability in CA1 neurons has been pro-
posed to result from sprouting of recurrent CA1 axon col-
laterals; however, all of these results were demonstrated
in hippocampal slice preparations, which have limited
depiction of the axonal projection perpendicular to the
plane of the hippocampal slice and do not articulate the
complexity of the anatomical topography of the CA1l
projection to the subiculum. A recent study examined
the possibility that the distal axonal projection of the
epileptic CA1 pyramidal neurons reorganizes outside of
its normal laminar boundaries within the subiculum and
CA1 hippocampal region (Figure 7-3) (12). Sprouting of
the CA1 projection to its primary output, the subiculum,
might provide a mechanism for the enhanced and per-
sistent cellular hyperexcitability in this region that has
been observed using a variety of techniques. The major
finding of this study was synaptic reorganization in the
terminal field (distal axonal branches) of the CA1 axo-
nal projection to the subiculum, demonstrated in five
animal models of MTLE. Tracing experiments showed
that the retrograde labeling extended 42-67% beyond the
normal lamellar organization to include lamellae above
and below the injection site. This is a demonstration of
substantial plasticity of the CA1 projection to the subicu-
lum along the septo-temporal axis of the hippocampus,
allowing for increased transverse connectivity among hip-
pocampal lamellae above and below the normal circuitry.
The reorganized circuitry might allow epileptic activity in
a hippocampal lamella to recruit and synchronize activ-
ity in additional hippocampal lamellae, amplifying the
epileptic response and playing a role in the persistent
hyperexcitability observed in intractable partial-onset
epilepsy (Figure 7-4).

Synaptic reorganization of the CA1 axons projecting
to the subiculum might have a major role in explaining the
persistent cellular hyperexcitability in the epileptic hippo-
campal circuitry. In the pilocarpine and kainic acid models
of MTLE, there is some degree of neuronal degeneration
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FIGURE 7-3

Synaptic reorganization in the CA1 projection to subiculum.
There is prominent reorganization of the lamellar projection
of the CA1 axonal pathway to the subiculum in several ani-
mal models of mesial temporal lobe epilepsy using retrograde
tracers. In control rats, the extent of CA1 retrograde labeling
from an injection site is limited to a couple of lamellae above
and below the injection site in subiculum. In contrast, in
epileptic rats, the retrograde labeling extends beyond several
CA1 lamellae above and below the normal projection. This is
direct evidence that axonal terminals from neurons in those
layers extend their axons into the area of injection. Modified,
with permission, from Cavazos et al. (4).

in the subiculum that is less than that in CA1 or the hilus
of the DG. In a study using the pilocarpine model, there
was only 30% neuronal loss in the subiculum, whereas
more than 60% of CA1 pyramidal and hilar polymorphic
neurons degenerated (13). This selective vulnerability has
also been observed in patients with MTLE (14). The prin-
cipal neurons in the subiculum are electrophysiologically
characterized by their firing properties: regular spiking
or bursting action potentials. Neuronal loss results in a
change in the relative ratio of bursting pyramidal neu-
rons in the subiculum. After induction of status epilep-
ticus with pilocarpine, there is a prominent increase in
the number of bursting neurons in the subiculum, from
40% in normal rats to 82% (135), perhaps due to selective
vulnerability of the nonbursting pyramidal neurons in the
subiculum. Nevertheless, the presence of increased num-
bers of intrinsically bursting neurons in the output gate of
the hippocampus may allow the reorganized subiculum to
play a potentially critical role in modulating the transition
between interictal and ictal events.
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FIGURE 7-4

Synaptic reorganization in CA1 projection to the subiculum results in translamellar hyperexcitability in the hippocampal forma-
tion. The schematic drawings illustrate normal hippocampal circuitry and abnormal circuitry during the latent state and after
development of spontaneous seizures in the kainic acid model of mesial temporal lobe epilepsy. The red neurons and axons
are excitatory neurons; the blue neurons are inhibitory interneurons. (A) In the normal hippocampus, activation of the CA1l
pyramidal neurons in a lamella results in limited activation of subicular neurons shown also in red, and the CA1 interneurons
inhibit CA1 pyramidal neurons from lamellae above and below the activated lamella (shown as a blue block over those lamel-
lae). (B) During the latent state, inhibitory mechanisms are functionally impaired, with slow improvement in the inhibitory tone
(perhaps, in part, due to synaptic reorganization of inhibitory pathways). There is a mild degree of disinhibition in lamellae above
and below the activated lamella (shown as smaller blue block in those lamellae). Furthermore, mild disinhibition results in a
greater degree of activation in subiculum (shown as a greater number of activated subiculum sections). (C) Once spontaneous
seizures develop in epilepsy models, there is prominent synaptic reorganization of the CA1 pyramidal axons, making synaptic
contacts with additional CA1 pyramidal neurons and subicular neurons in sections (lamellae) above and below their normal
projection pattern. The resulting increased recurrent excitatory connectivity between principal neurons in the hippocampus and

within hippocampal lamellae results in translamellar sprouting. See color section following page 266.

TRANSLAMELLAR HYPEREXCITABILITY

The observation of synaptic reorganization in the CA1
projection to subiculum with an increased lamellar ratio
might be better understood in the context of the lamel-
lar hypothesis of hippocampal organization. The lamellar
hypothesis proposes that the hippocampal formation con-
sists of a stack of hippocampal slices that are functionally
connected unidirectionally along the rostrocaudal axis. In
this manner, the entorhinal cortex projects to the DG via
the perforant pathway. The granule cells of the DG then
project to the CA3 pyramidal region via the mossy fiber
pathway. The CA3 region projects to the CA1 pyramidal
region through the Schaffer collaterals and the CA1 region
projects to the subiculum. Principal neurons of the subicu-
lum then project back to the entorhinal cortex, completing
the loop within the hippocampal formation. The myelinated
fibers of these synaptic pathways project in the rostrocaudal

axis following the alveolar surface of the hippocampus. In
essence, the function of the structure is organized primarily
topographically into hippocampal slices or lamellae, and
interconnections with lamellae above or below have no
significance with respect to its primary function. However,
there is some divergence of the projections within lamellae.
For example, experiments have shown that injection of 10%
of the ventrodorsal axis of the entorhinal cortex projected
to about 25% of the DG (16). Furthermore, some types of
hilar polymorphic neurons give rise to highly dense projec-
tions to the DG for almost two-thirds of the entire ventro-
dorsal axis. Even though the presence, density, and extent of
these associational interconnections seem to invalidate the
lamellar hypothesis, detailed functional studies are lacking.
Some of the hilar polymorphic neurons could be activating
local inhibitory circuits tuning out lamellae above or below
the activated lamella (17). Nevertheless, the projections in
the hippocampal formation clearly follow a topographical
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organization that is reorganized in experimental models of
MTLE, providing additional pathways for further activation
of hippocampal circuitry that do not normally receive these
projections. The functional consequences of these alterations
are not completely understood, but might contribute to the
state of hypersynchrony and hyperexcitability observed in
epilepsy.

A revision of the lamellar hypothesis using extracel-
lular field potentials in vivo showed that it still “remains
a useful concept for understanding of hippocampal con-
nectivity.” Andersen et al. (18) showed that the ampli-
tude of the compound action potential was largest in a
slightly oblique transverse band across the CA1 toward
the subiculum, with decreasing activation in the lamellae
above and below the activated lamella despite the larger
dorsoventral extent of the neuroanatomical projection.
Recent experiments (17, 19) have also shown that the
larger extent of dorsoventral projections actually serves
to inhibit the surrounding lamellae to limit the spread of
activation. In the DG, the excitatory associational projec-
tions play a major role in activating inhibitory hilar circuits
in lamellae away from the source of the associational projec-
tion. This pattern of organization strengthens the lamellar
hypothesis by fine-tuning the activation to the “on lamella”
while there is an increase in inhibition in the “off lamella”
(Figure 7-4). Furthermore, Zappone and Sloviter (17) sug-
gest that hilar neuronal loss in epilepsy models leads to
translamellar disinhibition in the DG. Although the func-
tional consequences of remodeling of the CA1 projection
to the subiculum are not known, it is possible that the
enhanced excitatory spread of CA1 axonal collaterals that
make contact with spine profiles would enhance transla-
mellar hyperexcitability in the subiculum (Figure 7-4), the
output gate of the hippocampal formation. Early during
the process of epileptogenesis it is likely that the primary
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effect of translamellar sprouting is to restore inhibitory
tone. However, as the number of potential targets for the
sprouted fibers decreases, translamellar sprouting results
in primarily recurrent excitatory collaterals with cellular
hyperexcitability. There are many unanswered questions
deserving further investigation.

CONCLUSIONS

Synaptic reorganization of hippocampal pathways induced
by excitotoxicity or repeated seizures is not limited to the
mossy fiber pathway. Increased connectivity of the epileptic
hippocampal network allows for increased synchrony and
faster propagation of epileptic discharges within the struc-
ture. Synaptic reorganization of mossy fiber projections of
the DG has been shown to play a significant role under-
lying persistent cellular hyperexcitability in the epileptic
circuitry of the hippocampal formation. As the subiculum
is the output gate of the hippocampus, its critical location
in the limbic pathways, the presence of intrinsically burst-
ing neurons, and the increased lamellar interconnectivity
in epilepsy models may also explain the persistent cellular
hypersynchrony and hyperexcitability in the limbic system
observed in humans with intractable MTLE. Although syn-
aptic reorganization of limbic pathways is not a necessary
precondition for the occurrence of partial-onset seizures,
it might be the cellular mechanism underlying the phar-
macological intractability of human MTLE.
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he amygdala, a collection of nuclei

located in the temporal lobe, is a key

structure of the limbic system with

well-defined roles in both emotion
and epilepsy. Normal learning and memory, motivation
and reward, and the regulation of mood and affective
states are all dependent on amygdala activity (1).
However, the amygdala is also a common locus of
abnormal synchronous neuronal hyperexcitability in
temporal lobe (complex partial) epilepsy. Amygdala
dysfunction is also implicated in some psychiatric con-
ditions such as anxiety and mood disorders, and people
with temporal lobe epilepsy may experience psychiatric
symptoms.

In a very general sense, the amygdala functions by
sampling sensory input and directing behavioral output
based on the emotional salience of the input. Behavioral
output contingent on reward or punishment requires suf-
ficient affective input to direct the most advantageous
course of action. To be adaptive, the neural processing in
the amygdala must be extremely rapid, not relying on highly
processed, detailed sensory information to guide behavior.
Thus, neuroanatomical and neurophysiologic mechanisms
have evolved that provide a rapid “all-or-none” type of
response to environmental danger. This functional orga-
nization of the amygdala may predispose this nucleus to
abnormal neuronal excitability. In its most severe form,

Regulation of Neuronal
Excitability in the
Amygdala and Disturbances
in Emotional Behavior

neuronal hyperexcitability is expressed as seizure activity.
In this chapter, we discuss the relationship between emo-
tion and epilepsy in terms of the cellular and molecular
mechanisms of neuronal excitability in the amygdala.
Whereas extreme excessive activity results in epileptic
seizures, subseizure levels of neuronal hyperexcitability
may underlie the abnormal biological processes that con-
tribute to emotional dysfunction. That is, the seemingly
unrelated functional roles of the amygdala in epilepsy and
emotion may share a common set of biological underpin-
nings. The synapses and circuits that normally operate
to coordinate adaptive emotional responses may become
overly sensitized, resulting in an epilepsy-like state of
hyperexcitability associated with emotional disorders
(2, 3). Conversely, during the interictal period, patients
with temporal lobe epilepsy may experience altered
mood states because of heightened neural activity in
the amygdala.

In this chapter, we begin with a brief description of
the biology of the amygdala before discussing the role
of the amygdala in producing normal emotional expe-
rience, focusing on the critical role of the amygdala in
fear learning. We also describe some changes in amygdala
neurons that follow experimental induction of epilepsy
in animals (i.e., kindling), and also address cellular and
molecular mechanisms of excitability (transmitter recep-
tors and ion channels) in the amygdala. These mechanisms

59



60

II e

can contribute to changes in excitability that may be
associated with disturbed emotional behavior occurring
between seizures, and to psychiatric symptoms in people
without epilepsy.

ANATOMY AND PHYSIOLOGY
OF AMYGDALA NEURONS

The amygdaloid complex is composed of thirteen nuclei,
which are divided into three groups that are highly inter-
connected: the basolateral complex, the cortical nuclei,
and the centromedial nuclei. The basolateral complex of
the amygdala consists of the basolateral amygdala (BLA)
and lateral amygdala (LA) nuclei. The LA is the primary
target of sensory input from the thalamus and cortex
to the amygdala. The central amygdala (CeA) functions
as the main output nucleus of the amygdala. From the
CeA, information is projected to many areas of the brain,
including the hypothalamic-pituitary axis (HPA), the bed
nucleus of the stria terminalis (BNST), and the reticular
formation. Because of these connections, the amygdala
has the ability to control the HPA and consequent stress-
related emotional reactions.

The morphology and physiology of the basolateral
complex has been investigated in detail; see Sah et al.
(4) for a thorough review. There are two main cell types
found in the basolateral nuclei: pyramidal neurons and
smaller stellate neurons. Pyramidal neurons have sev-
eral dendrites originating from the soma that give rise to
spiny dendritic trees and are recognized physiologically
by action potential accommodation (i.e., cessation of fir-
ing) in the continued presence of a depolarizing stimulus.
Efferent pathways from the basolateral complex consist
of axons of pyramidal neurons, which release glutamate
onto their synaptic targets. In contrast stellate cells are
spine-sparse, or aspiny, and can be recognized physiologi-
cally by the absence of action potential accommodation
during depolarization. Stellate cells in the basolateral
complex are GABAergic interneurons, making local
circuit connections within the basolateral complex and
among other amygdala nuclei.

Afferent input to the basolateral complex arises
from sensory relay nuclei of the thalamus, as well as
sensory and association cortices. Thalamic and cortical
inputs are glutamatergic, and ionotropic glutamate (iGlu)
receptors are expressed on the somata and dendrites of
both pyramidal and stellate neurons in the basolateral
complex; however, they are differentially distributed.
Pyramidal neurons express both N-methyl-D-aspartate
(NMDA) and non-NMDA subtypes of glutamate
receptors; whereas stellate interneurons have non-
NMDA receptors but very few or no NMDA recep-
tors. There is also substantive monoamine input from
the brainstem that supplies the amygdala with serotonin
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(5-hydroxytryptamine, or 5-HT), norepinephrine (NE),
and dopamine (DA). The rich aminergic input is impor-
tant in regulating neuronal excitability and, thus, in con-
trolling amygdala-dependent behavior.

THE ROLE OF THE AMYGDALA IN
EMOTIONAL BEHAVIOR

Studies in humans have revealed the functional role of
the amygdala in human emotion, especially fear (1, 5). In
humans, electrical stimulation of the amygdala produces
subjective feelings of fear, apprehension, and rage. Func-
tional magnetic resonance imaging (fMRI) studies show
that the amygdala is activated during the acquisition of
learned (conditioned) fear, and that amygdala activation
is greater when viewing masked fearful faces than when
viewing masked happy faces, even when subjects are not
consciously aware of the facial expressions. This suggests
that substantial subcortical input reaches the amygdala
and is processed quickly to control behavior. Damage
to the amygdala or areas of the temporal lobe including
the amygdala produce deficits in fear conditioning. In
humans, amygdala lesions are associated with deficien-
cies in emotional processing, including dysfunctional
fear learning and impaired recognition of emotional facial
expression. Nonhuman primate studies further support a
critical role of the amygdala in emotional behavior. In mon-
keys, bilateral destruction of the temporal lobes produces
a state of emotional dysfunction, including significant
changes in social behavior and the absence of emotional
motor and vocal reactions usually associated with emo-
tional states. The emotional deficits are mimicked by
discrete amygdala lesions. Amygdala-lesioned monkeys
become socially isolated from the troupe, they are no
longer able to maintain their position in the dominance
hierarchy, and mothers do not adequately nurture their
offspring. The severe emotional processing deficit that
results from amygdala lesions makes both human and
nonhuman primates especially poorly suited to compete
in a complex environment.

Fear Conditioning as a Model of
Human Emotional Disturbance

Since Pavlov, it has been known that an initially neutral
stimulus (the conditioned stimulus, or CS) can acquire
affective properties when paired with a biologically sig-
nificant event (the unconditioned stimulus, or US). As the
CS-US association is learned, the innate physiologic and
behavioral responses elicited by the US come under the
control of the CS. For example, after several pairings of a
visual CS with an electric shock US, an experimental sub-
ject will show defensive responses when exposed to only
the CS. Specific defensive behaviors include freezing and
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potentiated startle reflex, as well as changes in autonomic
(heart rate and blood pressure) and endocrine (hormone
release) activity. The association between CS and US is
quite adaptive and can be observed in several species at
many levels of phylogenetic complexity. Every species that
has been examined is capable of learned fear responses.

Research from several laboratories has combined to
provide a remarkably clear picture of the neuroanatomy
of conditioned fear in mammals (5, 6). Conditioned fear
is mediated by the transmission of information about the
CS and US to the amygdala, which initiates a constella-
tion of fear reactions via projections to behavioral, auto-
nomic, and endocrine response control centers located in
the brainstem. The input and output pathways, as well
as internuclear connections, have been elucidated. The
critical nuclei mediating fear conditioning are the lateral
(LA), basolateral (BLA), and central (CeA) nuclei, and
the connections between these.

CS sensory inputs to the amygdala terminate mainly
in the LA, and damage to the LA interferes with fear
conditioning. Sensory inputs to the LA come from both
the thalamus and the cortex, and fear conditioning to
a simple CS can be mediated by either of these path-
ways. Thalamic input is involved in rapid conditioning
to simple CSs, and the slower corticoamygdalar pathway
appears to be involved in conditioning to more complex
stimulus patterns (e.g., vocalizations or speech). Sensory
information about the US reaches the amygdala through
several pathways, including spinothalamic input from the
thalamus to both the LA and the BLA, and nociceptive
input from the medullary parabrachial nucleus to the
CeA. Evidence from both humans and animals suggests
that neuronal plasticity in the LA underlies at least part of
the CS-US association that occurs in fear conditioning.

The CeA projects to hypothalamic and brainstem
areas that mediate the autonomic and behavioral responses
to feared stimuli. Although damage to CeA interferes with
the expression of an array of fear responses, damage to
areas to which CeA projects selectively disrupts the expres-
sion of individual fear responses. For example, damage to
the lateral hypothalamus affects blood pressure responses,
and damage to the bed nucleus of the stria terminalis
disrupts the conditioned release of stress hormones. Pro-
jections to the brainstem are to three main areas: the
periaqueductal gray (PAG), which controls vocalization,
potentiated startle, freezing, analgesia, and cardiovascular
changes; the nucleus of the solitary tract (NTS), which is
connected with the vagal system; and the parabrachial
nucleus, which is involved in pain pathways.

Mechanisms of Conditioned Fear

CS-US convergence is thought to occur primarily in
the LA during fear conditioning, and the LA is the
primary site of neuronal plasticity associated with fear
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conditioning (7). There is evidence that some LA neurons
respond to both auditory and nociceptive stimulation
and that conditioning induces plasticity in CS-elicited
responses in this area. The strength of thalamoamygda-
lar synapses are increased following fear conditioning,
a physiologic measure shown both in vivo and in vitro.
However, plasticity in the auditory thalamus may contrib-
ute to LA plasticity. Plasticity has also been observed in
the auditory cortex and in the BLA and CeA nuclei during
aversive conditioning. However, the acoustic response
latencies in the LA within trials (<20 msec) and the rate
of acquisition of learned fear (one to three trials) are best
explained by changes in direct thalamoamygdalar neuro-
transmission. Thus, the LA seems to be at least the initial
site of plasticity in the amygdala. Furthermore, cellular
mechanisms controlling excitability of the amygdala are
able to strongly impact the distributed fear circuitry.

Long-term potentiation of neurotransmission
(LTP) is an experimentally advantageous, but artifi-
cial, form of plasticity that was first pioneered in stud-
ies of the hippocampus. Much evidence suggests that
LTP engages cellular mechanisms similar to those that
underlie natural learning. Extensive studies of the CA1
region of the hippocampus have outlined one form
of LTP in great detail. In short, glutamate binds to
alpha-amino-5-hydroxy-3-methyl-4-isoxazole propionic
acid (AMPA) receptors. The AMPA receptor-mediated
postsynaptic depolarization allows activation of glu-
tamate and voltage-gated NMDA receptors. Calcium
then enters the cell through the channel complex of the
NMDA receptor and initiates a cascade of intracellu-
lar signaling events, resulting in long-term changes in
synaptic plasticity through altered gene expression and
the synthesis of new proteins. Cellular mechanisms that
promote prolonged depolarization impact the biological
mechanisms underlying fear learning.

LTP-like mechanisms have been investigated in the
amygdala both in vitro and in vivo. Fear conditioning
enhances synaptic responses recorded subsequently in
vitro from amygdala slices. However, the receptor mecha-
nisms underlying this form of plasticity are not com-
pletely understood. In vitro studies suggest that LTP in the
thalamoamygdalar pathway also involves calcium influx
into the postsynaptic cell, but that the calcium enters
through L-type voltage-gated calcium channels rather
than through NMDA channels. L-type calcium channels
have also been implicated in hippocampal LTP.

In vivo studies of LTP in the thalamoamygdalar path-
way have relied on the use of extracellular field potential
recordings. These studies have shown that LTP occurs in
fear-processing pathways and that fear conditioning and
LTP induction produce similar changes in the processing
of CS-like stimuli. LTP has also been found in vivo in
the hippocampal-amygdalar pathway thought to mediate
contextual conditioning. However, in vivo studies provide
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some of the strongest evidence to date of the link between
natural learning and LTP.

Drugs that block LTP have been infused into amyg-
dala areas where LTP is thought to occur, and effects on
the acquisition and expression of conditioned fear behavior
assessed. Infusion of NMDA receptor antagonists, such
as 2-amino-S-phosphonovalerate (APV), into the amyg-
dala prevents the acquisition but not the expression of
conditioned fear. This suggests that NMDA receptors are
involved mainly in the plasticity underlying learning rather
than the transmission of signals through the amygdala.
However, later studies have shown that NMDA recep-
tors contribute significantly to synaptic transmission in
the amygdala and that blockade of NMDA receptors with
APV may affect both the acquisition and expression of con-
textual and cue-specific fear learning in vivo. One proposed
explanation of these findings is that NMDA receptors have
different expression patterns or different functional roles
in the thalamoamygdalar and corticoamygdalar plasticity
pathways. For example, NMDA receptors contribute less
to synaptic responses in the cortical input pathway than
they do in the thalamic input pathway. Thus, infusion of
APV would block both transmission and plasticity in the
thalamic pathway, but only plasticity in the cortical path-
way. Another, but not necessarily exclusive, possibility is
that behaviorally significant plasticity occurs downstream
of LA, and that APV infusions affect this plasticity rather
than plasticity at the input synapses of the LA.

The plastic mechanisms in the amygdala are likely
a key contributor to adaptive fear learning. One pos-
sibility is that CS-US associations are stored in the LA
as enhanced synaptic strength of thalamoamygdalar
synapses. The gain of this synapse is regulated by LTP-
like processes. The adaptive nature of this phenomenon
lies in the brain’s ability to make selective associations
about specific stimuli (i.e., cued CSs). However, dysfunc-
tional emotional behaviors may result when this system
becomes supersensitized such that the CS-US associations
become more generalized. In this supersensitized state,
the organism may have exaggerated reactions to fearful
stimuli, or conversely, pathological emotional behavior
may be evoked by low-intensity stimuli. In the next sec-
tion, we consider the receptor changes that accompany
amygdala kindling—induced epilepsy, a clinically relevant
model of temporal lobe epilepsy, and then discuss how
kindling-like changes in cell excitability in the amygdala
may affect mechanisms of emotion.

CELLULAR MECHANISMS OF EXCITABILITY
IN THE AMYGDALA AFFECTING BEHAVIOR

The cellular and molecular mechanisms of excitability
in the amygdala involve many ion channels and
neurotransmitter systems, and the ensuing intracellular
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signal transduction cascades. Much of what is known
about the role of glutamate in amygdala excitability stems
from experiments using the kindling model of epilepsy.
These studies implicate important roles for the amino
acid transmitters glutamate and gamma-aminobutyric
acid (GABA) in controlling excitability. However, the
amygdala is also richly innervated by amine transmitters
such as 5-HT and DA. Investigating the cellular physi-
ologic mechanisms mediated by these transmitters in the
amygdala leads to interesting hypotheses of how 5-HT
and DA can affect cellular excitability. Calcium-activated
potassium channels and hyperpolarization-activated,
cyclic nucleotide—activated, nonselective cationic (HCN)
channels also have important roles in controlling cellular
excitability. Last, growth factors such as brain-derived
growth factor (BDNF) are known to affect fear behaviors
and cellular excitability. Although this list of chemical
correlates is by no means exhaustive, consideration of
these specific systems can yield important insight into
basic cellular and molecular mechanisms of amygdala-
dependent behavior, as well as suggest biologically valid
targets for development of newer, safer anticonvulsant
and mood-stabilizing compounds.

Receptor-Mediated Mechanisms

Glutamate Receptors. Glutamate receptors have an
essential role in normal neurotransmission and are also
important regulators of cellular excitability and synaptic
plasticity in many brain areas, including the amygdala.
Glutamate receptors, especially ionotropic receptors,
are responsible for the majority of fast excitatory neu-
rotransmission in the brain. Release of glutamate from
presynaptic nerve terminals activates NDMA and non-
NMDA receptors that underlie excitatory postsynaptic
potentials (EPSPs).

Normal neuronal plasticity in the amygdala, which
uses LTP-like mechanisms, promotes associative fear
learning. In learning to fear environmental dangers, the
mechanisms underlying TP are adaptive, promoting sur-
vival of the organism. The learning mechanisms involve
strengthening synapses through up-regulation of gluta-
mate receptors, thereby sensitizing amygdala synapses
and increasing neuronal excitability in the amygdala.
However, in pathological conditions such as epilepsy,
circuits involving the amygdala become hyperexcitable
and lead to seizure behavior. Additionally, cellular hyper-
excitability in the amygdala may lead not only to seizure
activity, but also up-regulate activity in fear circuits and
contribute to many of the psychiatric symptoms some-
times seen in temporal lobe epilepsy. Since the amygdala
has one of the lowest seizure thresholds in the brain
and is a common focus of abnormal synchronous firing
of temporal lobe epilepsy, the amygdala is often used
for experimental induction of epilepsy by the kindling
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method. Amygdala-kindling experiments have revealed
much about the cellular mechanisms controlling excit-
ability in the amygdala.

Kindling is a well-established animal model of tem-
poral lobe epilepsy. In vivo electrical stimulation of the
amygdala (or hippocampus), which is initially delivered at
a subconvulsive intensity, eventually leads to spontaneous
seizures when stimulations are repeated daily. Following
the induction of “fully kindled” seizures, there are long-
term changes in receptor function. Amygdala neurons
become hyperexcitable. In vitro, epilepsy-like bursting is
evident in BLA neurons from amygdala-kindled rats. Both
spontaneous bursting and synaptically evoked bursting
elicited by stimulation of afferent fibers to the amygdala
are recorded from amygdala-kindled neurons. Synaptic
bursting activity is elicited by activating afferent input
at low stimulation intensity, much lower intensity than
that needed to evoke single-action-potential firing from
control neurons. In BLA neurons from amygdala-kindled
rats, NMDA receptor antagonists attenuate burst fir-
ing in kindled neurons whereas non-NMDA receptor
antagonists block all synaptically mediated firing activ-
ity. This suggests a critical role for NMDA and non-
NMDA glutamate receptors not only in the physiologic
changes necessary to support LTP and fear learning,
but also in the receptor changes that follow kindling-
induced epilepsy.

Metabotropic glutamate (mGlu) receptors in the
amygdala also undergo functional changes following
kindling-induced epilepsy. In control BLA neurons, acti-
vation of mGlu receptors produces a hyperpolarization
followed by depolarization. The hyperpolarization is medi-
ated by a calcium-activated potassium current, whereas
several mechanisms contribute to the depolarization (e.g.,
inhibition of leak potassium conductance and activation
of electrogenic sodium-calcium exchange). mGlu recep-
tors classified as group 2 receptors (mGlu2 and mGlu3)
mediate the inhibitory hyperpolarization, whereas group
1 receptors (mGlul or mGlu5) are involved in the depo-
larization. Following kindling, the mGlu-mediated hyper-
polarization is lost and the depolarization is increased in
BLA neurons. Together, these kindling-induced changes
in mGlu receptor function further promote pathological
changes in amygdala excitability that likely contributes
to seizure activity.

Although excessive hyperexcitability of amygdala
neurons may lead to seizures and temporal lobe epilepsy,
we and others suggest that there may be a subseizure level
of hyperexcitability that underlies maladaptive emotional
behaviors. That is, some degree of excitability is adap-
tive and underlies normal fear-learning mechanisms. On
the other end of the spectrum is pathological excitability
associated with seizure activity and epilepsy. But in a
supersensitized state, the circuitry in the amygdala may
produce disturbances in mood, anxiety, and aggression
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even in the absence of overt seizure activity. This is one
hypothesis for the pathophysiology of interictal violence
and aggression, fear and anxiety disorders, and impulsive
or aggressive behavior. This hypothesis is further sup-
ported by the finding that many antiepileptic drugs are
also mood stabilizers, thus suggesting related mechanisms
in neuronal hyperexcitability and emotional disturbances
(8), and that amygdala kindling increases fearful and
defensive behaviors in rats (9).

The majority of excitatory transmission in the
amygdala is mediated by glutamate receptors, whereas
GABA receptors are important for controlling inhibitory
tone. In addition to these important chemical transmit-
ters, biogenic amine transmitters such as serotonin and
dopamine act as modulatory transmitters to influence
the relative tone of excitatory transmission in the amyg-
dala. In a very simplistic view, serotonin acts to dampen
amygdala excitability whereas dopamine acts to increase
excitability. The loss of adequate serotonergic input to the
amygdala, or excessive dopaminergic transmission, can
both tip the balance of excitation to maladaptive levels
that may in part underlie psychiatric symptoms. The roles
of these transmitters are considered next.

Serotonin Receptors. Serotonin is implicated in modu-
lating emotional behaviors, and serotonergic activity can
modulate the excitability of amygdala neurons. Release
of 5-HT can activate several subtypes of 5-HT receptors.
There are at least 14 different 5-HT receptors, which can
be grouped into seven classes, named 5-HT1 to 5-HT7.
Activation of any of these receptors may be involved
in modulating cellular properties of neurons and thus
change behavioral output. Serotonin modulates neuronal
excitability in many brain areas. In hippocampus, post-
synaptic S-HT1A receptors may have either excitatory or
inhibitory effects on the neuronal membrane by modulat-
ing potassium conductances underlying membrane hyper-
polarization. 5-HT2 receptors enhance both excitatory and
inhibitory synaptic transmission in cortex. In neurons from
the nucleus of the solitary tract (NTS), the 5-HT2 agonist
1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane (DOI)
inhibits single-neuron activity that is mimicked by the
5-HT2C-selective agonist MK-212. Moreover, the selec-
tive 5-HT2C antagonist RS-102221 inhibits the activity
of both DOI and MK-212, showing that 2C receptors are
important for inhibitory action in NTS cells. Therefore,
the role of 5-HT on neuronal excitability depends on
many factors, including the native receptors at a given
synapse, the synaptic locus of those receptors, and the
excitatory or inhibitory function of the neuron modulated
by serotonin.

Many areas of the amygdala, including the baso-
lateral complex, receive dense serotonergic projections.
Receptor protein expression and mRNA studies show that
many 5-HT receptors are found in the amygdala, especially
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5-HT1, 5-HT2, 5-HT3, 5-HT4, and 5-HT6 receptors.
There are regional differences in 5-HT receptor expression
in the amygdala. The CeA nucleus, but not the basolat-
eral complex, expresses high levels of 5-HT1A receptors,
whereas the basolateral complex exhibits high expres-
sion of 5-HT2, 5-HT3, and 5-HT6 receptors. Physiologic
experiments also suggest that pyramidal neurons of the
basolateral complex lack 5-HT1A receptors but express
5-HT2 receptors, whereas GABAergic interneurons
express predominantly 5-HT2 and 5-HT3 receptors.

As in other brain areas, 5-HT transmission in the
amygdala can have either excitatory or inhibitory effects
depending on the specific cell type studied. Intracellu-
lar whole-cell recordings show that inhibitory interneu-
rons in the BLA are depolarized by 5-HT, but pyramidal
neurons are hyperpolarized. Extracellular recordings of
action potential firing rate show that 5-HT has a pre-
dominately inhibitory action on LA neurons Together, the
net result of these effects of 5-HT is to inhibit excitability.
The 5-HT-induced inhibition recorded in BLA neurons is
mimicked by 5-HT2 agonists, but not 5-HT1A agonists.
Thus, although the main effect of 5-HT on the amygdala
may be to inhibit neuronal excitability, many receptor
mechanisms, perhaps at different pre- and postsynaptic
sites, may underlie the inhibitory properties of 5-HT on
neuronal excitability.

Classical fear conditioning has been used to assess
the role of serotonin in amygdala-dependent behav-
iors. Increased serotonergic activity generally reduces
fear behavior in these studies. Systemic administration
of 5-HT1A agonists such as buspirone, flesinoxan, or
8-hydroxy-2-(di-n-propylamino)tetralin (8-OH-DPAT)
before testing dose-dependently reduces the expression of
fear-potentiated startle (FPS) in rodents. Intra-amygdalar
infusion of flesinoxan also blocks FPS in rats. Similarly,
intra-amygdala injection of 8-OH-DPAT impairs inhibi-
tory avoidance of the open arms of the elevated plus maze,
a task representing unconditioned fear. Also, bilateral
microinjection of the selective serotonin reuptake inhibi-
tor (SSRI) citalopram into the amygdala before testing
significantly reduces freezing behavior induced by con-
ditioned fear stress. In contrast, decreasing serotonergic
activity often enhances fear behavior. For example, rats
treated with p-chlorophenylalanine (PCPA), a competi-
tive inhibitor of 5-HT synthesis, show an exaggerated
FPS response. Mice lacking the 5S-HT3A receptor show
enhanced fear conditioning as indexed by fear-induced
freezing behavior. Similarly, 5-HT1A receptor knockout
(KO) mice are more fearful than wild-type mice in an
array of behavioral anxiety tests. Also, 5-HT1B receptor
KO mice are more reactive to nonentrained stimuli and
more aggressive in the resident-intruder paradigm than are
wild-type mice. Taken together, these studies suggest an
inverse relationship between amygdala 5-HT receptor
activation and fear learning in animals.
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To account for both the behavioral and the elec-
trophysiological activities of serotonin, it is proposed
that 5-HT-mediated control of cell excitability in the
amygdala directly affects the expression of emotional
behavior. That is, 5-HT functions to limit excitability by
both activating GABAergic interneurons and inhibiting
glutamatergic projection neurons. Compounds affecting
5-HT activity that decrease excitability also reduce fear
behaviors, whereas 5-HTergic compounds that increase
excitability also promote increased fear behaviors. Thus,
5-HT-mediated mechanisms of neuronal hyperexcitabil-
ity in the amygdala may lead to emotional dysfunction by
increasing cellular activity to subseizure levels. However,
not all findings, particularly in transgenic animals, are
consistent with this hypothesis. For example, 5-HT3A
receptor KO mice show enhanced fear-induced freezing
behavior but reduced anxiety in the elevated plus maze
compared to wild-type mice. It is possible that compensa-
tory processes have occurred in these animals in response
to lifelong changes in gene expression. Moreover, the
complexity of serotonergic neurotransmission, combined
with the limited availability of specific receptor agonists
and antagonists, makes it difficult to empirically test the
contribution of specific 5-HT receptors to emotional
behavior in vivo.

Dopamine Receptors. Whereas 5-HT acts to promote
inhibition of the amygdala in fear processes, DA functions
to remove inhibition and facilitate amygdala activity.
Physiologically, DA acts to increase neuronal excitability
in the amygdala, especially under conditions of stress. DA
removes tonic GABAergic inhibition of basolateral (BLA)
neurons, thereby facilitating amygdala function. Disin-
hibition of BLA neurons is accomplished by decreasing
GABA output from amygdala interneurons. More spe-
cifically, a special population of GABAergic neurons (the
paracapsular cells surrounding the basolateral complex)
mediate a feedforward inhibition of BLA neurons. Activa-
tion of dopamine D1 receptors located on the paracap-
sular interneurons evokes a membrane hyperpolarization
that suppresses GABA release onto BLA and CeA neurons
(10). By reducing GABAergic inhibition of amygdala pro-
jection neurons, DA promotes cellular excitability in the
amygdala. Thus, in contrast to the inhibitory effects of
5-HT on amygdala excitability, DA facilitates excitability
and amygdala activity, especially under stressful condi-
tions or other conditions characterized by excess DA.
Dopamine also affects emotional behavior involving
the amygdala. Emotional processes are often impaired in
neurologic and psychiatric disorders involving the dopa-
minergic system such as Parkinson disease, schizophrenia,
autism, attention deficit hyperactivity disorder (ADHD),
and Huntington disease. Furthermore, administration of
dopaminergic agonists/antagonists alters emotional behav-
ior in both humans and animals. For example, treating
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Parkinson disease with 3,4-dihydroxy-L-phenylalanine
(L-DOPA), an intermediate in DA biosynthesis, is associ-
ated with increased anxiety and depression.

Neurochemical data demonstrate a role for DA in
the amygdala during fear behaviors. Fear-evoking stimuli
activate dopaminergic neurons and enhance dopamine
transmission in the amygdala. Extracellular DA levels are
increased following presentation of an auditory CS previ-
ously paired with electric footshocks. This CS-elicited DA
release is enhanced in methamphetamine-sensitized ani-
mals, indicating that a sensitization of DA transmission in
the amygdala may underlie the potentiation of conditioned
fear responses observed after long-term amphetamine or
cocaine administration. Moreover, both amphetamine pre-
treatment and electrical stimulation of DAergic neurons
in the ventral tegmental area (VTA) enhance amygdala
kindling. Electrical stimulation of the VTA also evokes
fear in cats. Combined with later findings linking amyg-
dala kindling with enhanced emotional behavior, these
studies suggest that dopaminergic regulation of amygdala
excitability may be involved in fear learning.

D1 and D2 receptors are highly expressed in the
amygdala. To further understand the role of dopamine in
the amygdala, a number of fear conditioning experiments
have been conducted using administration of specific D1
or D2 antagonists. Peripheral administration of the D1
receptor antagonist SCH 23390 reduces the acquisition of
conditioned freezing and both the acquisition and expres-
sion of fear-potentiated startle. Infusion of SCH 23390
into the BLA blocks both the acquisition and expression
of conditioned fear. In contrast, acute peripheral admin-
istration of the D1 receptor agonist SKF 38393 produces
an enhanced acoustic startle response during initial FPS
testing and also in fear-extinguished rats. Unexpectedly,
experiments employing systemic administration of D2
receptor agonists/antagonists have given completely
opposite results. The D2 receptor antagonist metoclo-
pramide enhances fear-induced freezing behavior in rats,
and the D2 receptor agonist quinpirole blocks the acqui-
sition of second-order fear conditioning, presumably by
preventing the recall of emotional memory. However, D2
antagonists eticlopride and raclopride reduce conditioned
fear when infused into the amygdala before training or
testing. It is proposed that the facilitating effect of sys-
temic D2 antagonists on conditioned fear is not mediated
by the terminal DA receptors in the amygdala but by
autoreceptors in the VTA. Furthermore, the similarity of
the effects observed after intra-amygdala infusion of D1
and D2 receptor antagonists on learned fear behaviors
suggests that local D1 and D2 receptors may act together
in the amygdala to facilitate both the acquisition and the
expression of conditioned fear.

As previously discussed, mechanisms of synaptic plas-
ticity in the amygdala have been implicated in the forma-
tion of CS-US associations underlying fear conditioning.

Interestingly, systemic administration of the dopamine
antagonist haloperidol has been shown to block amyg-
dala plasticity induced by conditioning procedures.
Dopamine also gates the induction of LTP in the amyg-
dala by suppressing feedforward inhibition from local
inhibitory interneurons. Altogether, these findings imply
that DA transmission in the amygdala plays an important
functional role in promoting the associative processes of
conditioned fear.

Ion Channel Mechanisms

Calcium-Activated Potassium Channels. The depolarizing
phase of action potential spiking is mediated by voltage-
activated sodium and calcium channels. In amygdala
neurons, as in most neurons, the action potential causes
a significant rise in the intracellular concentration of
calcium. This influx of calcium has many effects, includ-
ing release of transmitter from the nerve terminal and
regulation of transcriptional processes. Additionally,
intracellular calcium activates a special class of potassium
channels, called calcium-activated potassium channels. In
general, these channels underlie three types of calcium-
activated potassium currents called I, Iypp, and I pp
I is activated during the repolarizing phase of the action
potential and contributes to both spike repolarization
and the fast after-hyperpolarization (AHP) that follows
a single action potential. I is mediated by large conduc-
tance voltage- and calcium-activated potassium channels,
also called BK channels. I ypp and I pqp underlie medium
and slow AHPs, respectively. However, the channels that
underlie these currents are not clearly identified. Small-
conductance, calcium-activated potassium channels, also
called SK channels, have been suggested to underlie the
slow AHP (via I ;yp). However, SK channels also contrib-
ute to the medium AHP (via Iyp). Nonetheless, because
all three voltage- and calcium-activated potassium cur-
rents (I, Iyp and I aqyp) affect neuronal firing properties,
they are important modulators of cellular excitability.
As mentioned previously, amygdala neurons are gen-
erally divided into two classes. Projection neurons exhibit
a wide range of accommodation properties, whereas
interneurons are nonaccommodating. Calcium-activated
potassium conductances play an important role in the
active firing properties of amygdala neurons (4, 11). Dur-
ing a prolonged depolarizing current injection, the train
of action potentials elicited in lateral amygdala projection
neurons shows a frequency-dependent spike broadening.
Action potentials at the end of the train are broader than
those at the beginning of the train. Spike broadening is
mediated by inactivation of BK channels that mediate .
BK channel inactivation reduces the calcium-activated
potassium efflux during the repolarizing phase of the
action potential, thereby delaying the return of membrane
potential to resting values. In contrast, the degree of
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accommodation is dependent on the size of I ;yp. Neurons
that show complete accommodation have larger amplitude
I app than neurons that do not completely accommodate.
In an elegant series of experiments (11), it was shown that
the slow AHP (mediated by I 5;yp) in amygdala projection
neurons is mediated by a calcium-activated current that
is not mediated by either SK or BK channels. Blockade of
SK channels reduces the amplitude of the medium AHP
(Iypp) With no effect on accommodation.

By controlling the shape, frequency, and number
of action potentials fired during a prolonged depolar-
ization, calcium-activated potassium channel activity
is involved in neuronal excitability. Pharmacological
substances that affect these channels and the currents
they carry can have profound effects on excitability.
Cholinergic, adrenergic, and serotonergic agonists
that block the slow AHP decrease the degree of action
potential accommodation in amygdala neurons (11).
Thus, calcium-activated potassium channels represent
another physiologic mechanism whereby neurotransmit-
ter receptors can affect cellular excitability. However,
the behavioral consequences of action potential accom-
modation in amygdala neurons are not well understood.
Furthermore, it is likely there are other, as yet unidenti-
fied, currents that also contribute to accommodation
properties of amygdala neurons.

HCN Channels. The hyperpolarization-activated
current (Iy) is a depolarizing, mixed cationic current
that is activated by membrane hyperpolarization. The
channels that underlie I}; constitute a family of mem-
brane proteins that are sensitive to membrane hyper-
polarization and intracellular accumulation of cyclic
adenosine 3’,5'-monophosphate (cAMP). Cloning of
the hyperpolarization-activated, cyclic nucleotide-gated,
nonselective cation channel subunits 1-4 (HCN1-4)
reveals the molecular basis of Ij; function. These subunits
can assemble as homo- or heterodimers, to yield channels
with diverse physiologic properties. The voltage depen-
dence and the activation kinetics are both influenced by
channel subunit composition. For example, the hyper-
polarization-activated current mediated by homomeric
HCNT1 channels occurs at a more depolarized mem-
brane potential and shows faster kinetics than currents
mediated by heteromeric HCN1-HCN2 subunits. The
diversity of channel subunit composition imparts a wide
range of physiologic characteristics that result in HCN
channels having sometimes different activities in different
brain areas. In thalamic relay neurons, I}; is active at rest
and contributes to passive and active membrane proper-
ties. In hippocampus, HCN channels are expressed more
abundantly with greater distance from the soma and
make substantial contributions to synaptic integration.
Thus, the nature of I}; is dependent on the native subunits
expressed in specific brain areas.

MECHANISMS

Recent studies show that I;;is an important molecu-
lar determinant in the physiologic processes that contrib-
ute to epilepsy-like states of hyperexcitability. However, it
is unclear whether activation of HCN channels is anticon-
vulsant or proconvulsant. For example, Ij; prevents low-
threshold calcium channel activity that leads to absence
seizure-like bursting activity in the thalamus. Therefore,
in thalamus, activation of Ij; could be anticonvulsant. In
the hippocampus, I}; is activated by increased inhibitory
tone brought on by hyperthermia-induced febrile seizures.
In this case, activation of I} is proconvulsant. Although
these results further suggest there are regional specificities
to H-current activation, there are certain perturbations that
consistently cause up- or down-regulation of H-current.
Manipulations that increase neuronal activity are gener-
ally associated with increased Iy, such as LTP-inducing
tetanic stimulation, febrile seizures, and neuropathic pain.
Inhibiting neuronal activity is generally associated with
decreased I}, as is found following loss of cortical input
to the hippocampus. Altogether, these data suggest there
is a relationship between neuronal activity and Ij; and
that I;; is an important determinant in seizure-related
hyperexcitability. Currently, the behavioral consequences
of activation or inhibition of I;; on amygdala-dependent
behavior are unknown.

SUMMARY

We conceptualize the effect of cellular excitability in the
amygdala on emotional behavior as existing on a contin-
uum. At the low end of the excitability continuum, neu-
ronal firing activity is kept in check by a predominance
of inhibitory mechanisms. 5-HT levels in the amygdala
are sufficient to inhibit excessive excitability. In this state,
the amygdala functions to monitor internal and exter-
nal stimuli, waiting for an emotionally salient event. In
the presence of an environmental danger, fear-learning
processes are engaged. These LTP-like mechanisms allow
emotionally relevant stimuli to increase the level of amyg-
dala excitability in an adaptive, survival-promoting man-
ner. Dopamine release during stress releases the inhibitory
brake to facilitate cellular mechanisms of associative learn-
ing. At the top end of the excitability continuum, seizure
mechanisms are engaged. However, we propose there is a
hyperexcited state that is subthreshold for activating overt
seizures. This hyperexcited state may result by many inter-
acting receptor- and ion channel-mediated mechanisms.
For example, reducing 5-HT input may promote a tendency
toward hyperexcitability by diminishing important braking
mechanisms on amygdala neurons. This perhaps results
in a state of disinhibition in which epilepsy-like neuronal
activity is easily evoked. Similarly, excessive dopaminergic
transmission may promote amygdala hyperexcitability, since
DA suppresses important inhibitory drive (i.e., disinhibition)
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mediated by GABAergic interneurons. Although the behav-
ioral correlates of calcium-activated potassium channels
and HCN channels are currently unknown, future inves-
tigation may reveal similar relationships between cellular
mechanisms of excitability controlled by these channels and
changes in fear and seizure behavior.

In the subseizure state of cellular disinhibition, amyg-
dala activity may resemble an interictal state that perhaps
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esiotemporal lobe epilepsy (MTLE),

with or without hippocampal scle-

rosis, has been reported to be asso-

ciated with memory, emotional,
behavioral, and cognitive anomalies, which many would
expect based on our current understanding of hippocam-
pal formation function; but the role of seizures in alter-
ing cells and circuits has been difficult to define. Other
reported behavioral or psychiatric alterations, including
depression, schizophreniform disorders, and personality
anomalies, may arise by the same mechanisms, but the
biological bases for these manifestations have been even
more difficult to define, in part due to limitations with
regard to animal models.

The hippocampal formation, comprising the
hippocampus, entorhinal cortex, and subicular areas,
is a collection of cortical brain regions with a variety
of cell types and circuits (1). Two allocortical regions,
the dentate gyrus and Ammon’s horn (CA1-CA3), com-
monly referred to as the hippocampus, are characterized
by a single layer of principal neurons. The neighboring
parahippocampal region incorporates entorhinal cor-
tex, parasubiculum, presubiculum, and subiculum (2).
These periallocortical structures form the anatomical
transition between the hippocampus and the six-layered
isocortex (or neocortex; see Figures 9-1 and 9-2). The

Computer Simulation of
Epilepsy: Implications
for Seizure Spread and
Behavioral Dysfunction

entorhinal cortex, parasubiculum, and presubiculum
crudely resemble isocortex, having multiple distinct cell
layers with stellate and pyramidal cells. The subiculum
is morphologically intermediate between the single-
layered hippocampus and multilayered presubiculum
with a single broad layer of pyramidal cells.

Studies of the various hippocampal regions have
led to the widely held view that the combination of a
critical density of recurrent excitatory connectivity and
spontaneous activity in some of the cells (pacemaker cells)
is required for a brain region to generate seizure activity.
The excitatory connectivity is both intra-regional (intrinsic)
and inter-regional.

Several hippocampal formation regions possess
substantial intrinsic connectivity. The pyramidal cells
of CA3 are relatively heavily interconnected (1, 3), and
the parahippocampal regions all have some degree of
intrinsic connectivity (1). Even area CA1, discussed in
more detail later, has an intrinsic connectivity that cannot
be overlooked. The hippocampal formation is also rich
with inter-regional connectivity, from the long circuit
that begins with the trisynaptic pathway and serially
connects entorhinal cortex with every element of the
hippocampal formation, to much smaller two-region
circuits such as the reentrant subiculum-presubiculum
circuitry.
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FIGURE 9-1

Horizontal and nearly parasagittal sections of hippocampus
and parahippocampal regions from rat brain. Thionine-stained
sections illustrate the locations of structures in relation to each
other and emphasize the cell layers (cell somata are stained by
thionine). The single densely packed layers of principal cells
in the dentate gyrus (DG) and hippocampal areas CA3 and
CA1 are clearly distinguishable from the broad cell layer of
subiculum (SUB) both in the ventral section (A) and the dorsal
section (B). The multilayered structure of parahippocampal
structures presubiculum (PRE), parasubiculum (PARA), and
entorhinal cortices (EC) are apparent. The insets for part B
show the angle of the section. Layers are numbered in part
A. Adapted from (2).

The interactions of cells within a region for seizure
initiation, the interactions of regions with one another to
sustain seizure activity and provide pathways for spread,
the alteration in regional roles during the progression of
a single seizure, and the alteration in patterns of activ-
ity with progression of epilepsy over years are complex
mechanisms that are only beginning to be understood.
To reduce this enormous complexity and begin to define
some basic principles of seizure generation, we depend
on computer simulations to complement physiologic
experimentation.

MECHANISMS

THE ROLE OF SIMULATIONS FOR
UNDERSTANDING NETWORKS

Historically, in constructing a model we formalized our
understanding of the underlying biology (4). If a model
can replicate a complex biological association (e.g., the
relation between seizure activity and particular pharma-
cological manipulations, or the relation between activity
spread and broadening that we describe below), we have
an initial understanding of biological features that can be
leveraged through continued simulation and experiment
to reveal more detail. We continue to use computer simu-
lations in this way, tuning them with biological details as
we are able. Several obstacles stand in the way of more
extensive use of realistic neural network modeling as an
adjunct to physiology.

First, many biological details are still difficult to
obtain with experimentation. Physiologic experiments
provide many kinds of quantitative data. Subcellular
properties (e.g., voltage- and ligand-gated ion channel
activity), cellular properties such as firing patterns, and
circuit properties, including types of contacts, their fre-
quency, and the resultant activity of the network as a
whole, are all accessible with experimentation. On the
other hand, it is difficult or impossible to quantitate many
kinds of anatomical data. Some structural features can be
quantitated by using physiologic methods. As an example,
the frequency of coupling between CA3 or CA1 pyrami-
dal cells was based on counting pairs of simultaneously
recorded cells that showed monosynaptic excitation (3).
Other features, such as the number of pyramidal cells in
CA1 that might constitute the cognitive map of a particu-
lar environment (a hypothesis of place cell theory in rat
hippocampus), or that are required to relay seizure activity
from CA3 to the subiculum, remain immeasurable.

A second deterrent to widespread use of full mul-
tineuron, multicompartment models is that they require
supercomputers, long simulation times, or both. Full
multicompartment models remain the gold standard of
realistic neural modeling. These models, pioneered by
Rall and coworkers (5), were put into a network con-
text by Traub for CA3 pyramidal cells. They permit
the inclusion of any aspect of neural organization that
can be quantified experimentally. Neuronal geometries
drawn with a Neurolucida (Microbrightfield, Williston,
VT) or Eutectics (Eutectic Electronics, Raleigh, NC)
imaging systems can be used directly. Two-state Markov
chain (MC) models are used for synaptic channels, and
Hodgkin-Huxley equations, which are multistate models
with redundant states, are used for most voltage-sensitive
channels. In many cases, calcium-sensitive mechanisms
are also included. Full MC models are built with between
150 and 300 compartments, depending on dendritic com-
plexity. A full complement of ion channels is typically
included in the soma (fast sodium, delayed rectifier, L and
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T calcium channels, SK and BK channels) whereas ion
channels are included in only 10-20 dendritic compart-
ments to increase simulation speeds.

Alternative modeling strategies exist that sacrifice
detail in the cellular or circuit elements in return for com-
putational manageability, in particular for exploring large
numbers of parameter variations. Our 2-C model is a vari-
ation of that proposed by Pinsky and Rinzel (6). The two
compartments of the model are a soma compartment and
a dendrite compartment. Currents into the dendrite com-
partment leak to the soma compartment across a coupling
resistance that can be adjusted to permit the current storage
in the dendrite that produces different firing patterns, includ-
ing burst firing. Having two compartments also permits
segregation of inputs. We have used the 2-C model for simu-
lating epileptiform events in dentate gyrus (7). Even simpler
is the cellular automaton (CA) neural network model (8).
This highly simplified model can replicate emergent phe-
nomena seen in the standard Traub CA3 model. The CA
neural network models allow arbitrary connectivity, which
can be made identical with that of complex models for
direct comparison, and, more importantly, comparable to
the connectivity identified in brain tissue. These simplified
networks of simplified cells have significant advantages for
parameter testing (discussed below), and hybrid models
may offer the best of both worlds (9).

A final limitation to widespread use of computer
simulations is the lack of tools for comparing activity
in an experimental preparation to activity in a realistic
neural network or even for comparing activity in one real-
istic neural network to activity in another. If a model has
difficulty replicating a particular biological phenomenon,
the difficulty may be simply that the result lies within a
small range of parameters that have not been checked.
This argues in favor of exploring a wide swath of param-
eter combinations. A problem with MC network models
is that they become so computationally large that it is not
always possible to do extensive parameter searches. It is
here that the simpler models are valuable. The CA model
has the potential to allow searches on the order of 106
parameter combinations (with a network of 104 neurons
on our fastest computer) in hours to days. Although the
2-C models cannot be scaled up this far, they have the
advantage of using many of the membrane parameters
used in the MC models so that they can be directly com-
pared with the MC models.

The NEURON simulation environment (http://
senselab.med.yale.edu/senselab/ModelDB/default.asp)
has rapidly evolved and now includes numerous fea-
tures to address analytical issues. NEURON has a suite
of simulation fitting tools that repeatedly run a simulation
with small changes in parameters and compare the results
to a physiologic trace. The fitting comparison is limited
by difficulties in quantifying the similarity between two
traces, when there are too many parameters to examine,

COMPUTER SIMULATION: IMPLICATIONS

or if the fitness function shows large discontinuities with
parameter changes. In response to these limitations we
have developed a package, PARSET (parameter setter),
that installs as a module in NEURON. It permits the user
to select ranges or specific values of particular param-
eters and then runs all parameter combinations in batch
mode. With large simulations and multiple parameter
settings these runs can last for several hours. PARSET
then allows rapid random-access retrieval of this large
amount of data by using binary bulk-memory reads from
disk. The user has a pull-down menu that permits him to
set specific tested values for all but two of the parameters.
One of the two remaining parameters is assigned to rows
and the other to columns. The program then produces a
two-dimensional array of graphs showing the changes in
activity as one parameter is varied against the other. We
have found that this software permits us to expeditiously
review and assess several thousand parameter combina-
tions by eye in 1 to 2 hours.

Tools and techniques to sample many cells simul-
taneously in biological experiments are rapidly improv-
ing and offer new ways to study population activity,
but analytical methods relating the collective firing of
neurons to a population event are only beginning to be
developed. We see computer simulations rapidly grow-
ing beyond their current roles in neuroscience to emerge
as a way (perhaps the best way) to develop necessary
analytical methods for the study of population activities
such as seizures. In this context, the roles of computer
simulation and biological experimentation, held over
these last several decades, will be reversed, as simu-
lations are used to formulate analytical tools that get
tested in a biological experiment.

EXAMPLES FROM SPECIFIC HIPPOCAMPAL
FORMATION CIRCUITS

Some hippocampal formation regions have been estab-
lished as seizure foci. In experiments, CA3 and entorhinal
cortex have been shown to generate seizure activity. Tem-
poral lobe seizures are thought to originate in the ento-
rhinal cortex or the hippocampus (CA3). As discussed in
the introductory section, the hippocampal formation is
a collection of brain regions with a variety of principal
cell types and circuits. The dentate gyrus and Ammon’s
horn (CA1-CA3) are characterized by a single layer of
principal neurons. The entorhinal cortex, presubiculum,
and parasubiculum are multilayered cortices. Between
them and Ammon’s horn lies the subiculum, a structure
with a single broad layer of pyramidal cells. The inter-
regional connectivity is topologically complex (1), and
the intra-regional connectivity has been shown to differ
in its symmetry. These features have been summarized
and simplified (slightly) in Figure 9-2.
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FIGURE 9-2

Refolding hippocampus simplifies the topology of inter-regional connectivity and suggests that the entire hippocampus might
function as a single laminar unit. (A) Horizontal section of rat ventral hippocampus stained with rapid Golgi techniques and
counterstained with thionine to highlight the cell layers of hippocampus. Major regions are labeled: LEC, lateral entorhinal
cortex; MEC, medial entorhinal cortex; paraS, parasubiculum; preS, presubiculum; SUB, subiculum; CAl and CA3, Ammon’s
horn; dentate gyrus is not labeled. (B) Regions (excluding dentate gyrus) are schematized as a ribbon. Broken arrows indicate
the directions that the cortical sheet will be moved to achieve the refolded configuration in C. Open and closed stars mark
points in the normal (panel B) and refolded (panel C) configurations. (C) After refolding, the “close-to-close” and “far-to-far”
topography of CA3-to-CA1 and CAl-to-subiculum connections are simplified. The topography of MEC-to-distal subiculum
and LEC-to—proximal subiculum/distal CA1 connectivity is clear from the natural folding of subicular and entorhinal areas.
Light double- or single-headed arrows in each region indicate known symmetrical or asymmetrical intrinsic collateral systems
for seizure spread. The refolding suggests that the entire hippocampus might function as a single multilaminar unit, where the
laminae are distinct regions (e.g., CA1 or subiculum). In this view, the inter-regional connectivity is analogous to the columnar
organization of isocortical structures, and the intrinsic (intra-regional) connectivity is analogous to the intralaminar circuitry of

isocortex (19). See color section following page 266.

A combination of biological experimentation and
computer simulations has been used to define the cel-
lular and synaptic basis for epileptiform activity in CA3,
as reviewed by Traub et al. (3). These are unstructured,
hence topologically zero-dimensional networks. Two
major conditions have been identified as important in
the formation of epileptiform activity in CA3. First, there
are relatively dense recurrent excitatory connections. Sec-
ond, depolarization of apical dendrites can drive repetitive
dendritic calcium spiking at rates up to 10 Hz. An epilepti-
form burst event is terminated as the after-hyperpolarizing
conductance (a slowly activating and inactivating cal-
cium-dependent potassium conductance) grows to offset
the intrinsic calcium current and the sustained NMDA
receptor-mediated synaptic excitation. GABA-mediated
conductances (in particular GABAy, especially if the con-
vulsant is a GABA , antagonist) can also shape the dura-
tion of the event.

In this scenario, the primary epileptiform burst and
any subsequent afterdischarges are the result of sustained
depolarization of the dendrites. This depolarization causes
calcium spiking and subsequent after-hyperpolarization due
to potassium conductances. The result is repetitive dendritic
calcium spiking. Each dendritic burst triggers a somatic

burst that, through axon collaterals and AMPA recep-
tors, keeps the whole network synchronous. The string of
afterdischarges stops as the after-hyperpolarization grows.
Blockade of NMDA receptors shortens the primary burst
and eliminates the afterdischarges, so it is thought that the
NMDA receptor activation is the sustained depolarizing
stimulus that drives afterdischarges.

Whereas the basic elements for seizure generation
seem to be in place for CA3, dentate gyrus and CA1 are
normally resistant to seizure generation. Pacemaker activ-
ity does not seem to differ significantly between CA3 and
CA1 (10), so the lack of a critical density of recurrent
excitatory connectivity is the preferred explanation for
why CA1 does not produce spontaneous epileptiform
activity in response to bicuculline (3). In our studies of the
ability of CA1 to relay population discharges from CA3
toward the subiculum, we discovered that the intrinsic
connectivity of CA1 was asymmetric (Figure 9-3), unlike
that described for CA3, entorhinal cortex, subiculum,
presubiculum, and parasubiculum.

How does the asymmetric spread in CA1 arise? One
possibility is that the asymmetry results from differences in
the numbers of collaterals from each cell on its subicular
side compared with the number on its CA3 side. A weak
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FIGURE 9-3

Spread and broadening of evoked population discharges in rat area CA1l. Population discharges evoked in the presence of
bicuculline (50 pM). (A-E) Spread with broadening of event duration when stimuli are applied on the CA3 side of CA1 (stratum
oriens/alveus or radiatum; column 8), but not when stimuli are applied on the subicular side of CA1 (column 1). Ventral hip-
pocampal brain slices were cut from Sprague-Dawley rats and maintained in a recording chamber that permitted 64 simultane-
ous extracellular recordings. In each row, the set of eight electrodes that followed the cell layer are shown. Brief single stimulus
pulses were applied with bipolar electrodes to the CA3 side or the subicular side of CAIl.

argument can be made in favor of this notion from the ana-
tomical evidence for a strong projection by CA1 to subic-
ulum (1), and evidence that collaterals can emerge from
projection axons. Alternatively, we have seen weak evidence
for more extensive local axonal arbors on CA1 cells close
to CA3. This is clearly a quantitative issue that none of the
anatomical data will settle. Simulations will be necessary to
test whether these anatomical differences are plausible for
controlling activity spread, but the definitive answers will
necessarily await data from more experiments.
Uniformly connected cells in a distributed network
model show features of the forward spreading in CA1 or
activity seen in other hippocampal formation areas whose
intrinsic connectivity appears symmetrical. Figure 9-4
shows the two main features of activity spreading through
such a network. First, there is a threshold to activate the

cells of a cluster that is associated with a rate for the propa-
gation of the population event (10, 11). Second, as a cluster
of neurons excites an adjacent cluster, the duration of activ-
ity increases, a process we refer to as broadening.

What functional purpose would the asymmet-
ric intrinsic connectivity serve? One possibility derives
from the inter-regional connectivity (Figure 9-2). Given
the inter-regional connectivity of areas CA3, CAl, and
subiculum, there exists the possibility of an unusual and
dangerous reverberant activity. A normal event such as
a sharp wave spreading from the dentate side of CA3
toward CA1 will activate CA1 near subiculum and suc-
cessively back toward CA3 (enhanced by intrinsic con-
nectivity). Reverberations of activity going toward and
away from the CA1/CA3 border can be started. Changing
the intrinsic connectivity to favor spreading only in the

73



74

II e

10 ms

MECHANISMS

Excitatory —> Excitatory
between modules
(=1
I

0.5 1.5
Excitatory —> Excitatory within module

FIGURE 9-4

Computer simulations of spread and broadening in a model with uniform intra- and intercluster connectivity. Activity spread
in different activity-chain models. (Left) Raster plots show time of spiking with sequential activation of modules after initial
triggering (lower left in each). Weak connectivity (A) shows minimal broadening. Strong connectivity (B) shows pronounced
broadening. (Right, top) Simulated field potentials show broadening and amplitude reduction as spikes desynchronize. (Right,
bottom) Duration of activity (circle size) in most distant module from stimulus as a function of excitatory—excitatory connectivity
strength within each module (x-axis), between modules (y-axis). Strength of excitatory-inhibitory connections between modules
(z-axis). Increasing inhibition (diagonal up to the right) has relatively smaller impact on broadening.

direction from CA3 toward the subiculum reduces the
chances of reverberation.

The subiculum, anatomically a transition zone, can
generate epileptiform activity similar to CA3 (12), but it
also participates in a variety of more complex seizures
involving neighboring structures. The subiculum is a
target of projections from CA1, which can relay epi-
leptiform activity that originates in area CA3 (13). The
subiculum is also the target of inputs from entorhinal
cortex and presubiculum. Single subicular neurons can
follow activity originating in CA3 or entorhinal cortex (13).
Reciprocal connections between subiculum and presu-
biculum lead to complex reentrant seizure activity (14).
Intracellular and field potential recordings revealed two
reentrant paths for the interaction of presubicular and
subicular neurons. We demonstrated a deep presubicu-
lar input to the subiculum and separate return paths
from subicular bursting neurons onto deep and super-
ficial layer pre- or parasubicular neurons. Recordings
from subicular cell apical dendrites showed repetitive
burst firing during sustained depolarizing current injection.

Reentrant activity in this presubiculum—subiculum cir-
cuit generated epileptiform activity in both regions that
was more complex than activity seen in either region
when it was isolated from surrounding areas. It appeared
that the presubicular inputs to subiculum depolarized
apical dendrites, which caused them to burst repetitively.
These bursts were transmitted back to the presubiculum.
Iterations on this circuit acted to prolong the dendritic
depolarization of subicular bursting neurons and to
entrain the activity across subicular cells, resulting in
multiple afterdischarges (Figure 9-5).

Interlaminar circuits in the multilayered cortices can
also generate seizure activity (15). These circuits can gen-
erate more complex patterns of activity such as epilepti-
form spikes with multiple afterdischarges. In disinhibited
brain slices, epileptiform events from entorhinal cortex
and the associated parahippocampal cortices contained
many more afterdischarges compared with the simpler
events seen in disinhibited slices of CA3. Similarly, indi-
vidual isolated parahippocampal regions (subiculum, pre-
subiculum, or parasubiculum) produce limited epileptiform
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FIGURE 9-5

Circuits involving parahippocampal cortices with different structural complexity. (A) An interlaminar circuit involving layer IIT
(superficial) pyramidal cells and layer V (deep) pyramidal cells in entorhinal cortex is capable of generating complex seizure
activity patterns and providing multiple pathways for spread within entorhinal cortex. (B) An incomplete interlaminar circuit
exists in pre- and parasubiculum. Superficial to deep connections exist, but the return connections do not. Interconnections
with the adjacent subiculum provide a full circuit capable of generating complex seizure activity patterns. (C) Multiple schematic

columns and circuits are drawn to illustrate pathways for spread in the parahippocampal areas.

activity: simple population spikes with no afterdis-
charges. Interlaminar and inter-regional circuits will
also be critical for seizure spread. Models of cortical
columns are starting to appear in the literature (16).

IMPLICATIONS FOR BEHAVIOR

An enormous amount of biological detail, acquired
over decades, has caused computer simulations to
mature at an extraordinary pace. Perhaps the best
demonstration of this maturity is the recent work
by Traub and colleagues in which they found that
their detailed models of CA3 could not replicate
high-frequency oscillations seen in biological experi-
mentation unless gap junctions between axons were

added. This addition was the only modification nec-
essary to extend the model’s capabilities (3). This is
an extraordinary accomplishment of modeling. This
is also likely to be an uncommon event, because the
dramatic mismatch between the biological activity
and the performance of the model was cleared up by
adding a single new element. More commonly, there
will be subtle differences between the biology and
the modeling, or multiple missing parameters in the
model resulting from an incomplete understanding
of the biology. Glial-neuron interactions, extracellu-
lar chemistry, changes in cell and synapse physiology
with activity, roles of modulatory neurotransmitters,
and the distributed nature of intra-regional and inter-
regional networks—these are some features of the
biology that are very poorly understood.
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The more interesting area is to use simulations for
the development of tools to define population events or
activity based on samples of cells. We need to develop an
entirely new set of tools to describe and study population
phenomena. Whereas we have long been able to witness
population-based phenomena (e.g., seizure discharges),
it is only recently that we have the tools to record a
number of single cells at a time. We will develop tools
once we develop concepts to describe. Such concepts may
include firing rate spaces (J. B. Ranck, Jr., unpublished
data) and ideas about determining the dimensionality of
the rate space for sets of neurons encoding a particular
thing (e.g., the set of neurons that forms the cognitive
map of a particular environment, or the set of neurons
whose activity generates a seizure discharge). The use
of principal component analysis to define an activity
“fingerprint” or “signature” for a neuronal ensemble dur-
ing a task (17) may also be a useful concept. Simulations
can be used to formulate and test the relations between
the activity of cellular elements and the resulting popu-
lation activity.

The activity of individual regions changes through-
out a seizure and, more significantly, over time as a
result of repeated seizures. Neuronal loss is an estab-
lished consequence of repeated seizures in the hippo-
campal formation. Neuronal loss concentrated in a
particular region such as CA3 will disrupt major inter-
regional circuits. Scattered neuronal loss will impact
intrinsic and inter-regional circuitry. Surviving neu-
rons remain connected to the rest of the brain. It is
generally uncertain how these neurons’ firing patterns
relate to firing in the normal brain. We propose four
alternative hypotheses for the interictal activity of these
neurons: (1) They produce normal patterns of activity,
perhaps changing their individual roles to accommodate
the neuronal losses. (2) Surviving neurons in epileptic
brain regions are actively walled off from the rest of
the brain by inhibitory neuronal circuits or some non-
epileptiform abnormal oscillation that prevents their
normal functional interactions with other brain areas.
The functional effect would be comparable to that of
an ablation. (3) Surviving neurons remain active and
involved in brain function but are unable to fully pro-
duce the signals or oscillations that are required for
normal brain function because of lost neighbors and/or
inputs. (4) The worst alternative is that the activity
of surviving neurons and circuits is altered to confer
seizure-generating capabilities on regions that previ-
ously subserved follower roles. Repeated seizures lead-
ing to massive neuronal loss (e.g., in CA3) do not impair
seizure generation, but rather transform the remaining
hippocampal circuitry such that other regions (e.g.,
subiculum) become new seizure foci.

The alternatives suggested in our first three hypoth-
eses will most likely be associated with milder forms of

MECHANISMS

brain damage. Sublethal cellular consequences of sei-
zures are likely to include aberrant changes in synaptic
strength, disrupting memories or the ability to learn,
which, together with circuit alterations, will likely have
major effects on behaviors that depend on normal hip-
pocampal formation activity. With regard to the origins
of behavioral disturbances, the third hypothesis from our
list—that brain areas are “active but abnormal”—would
appear to best explain positive symptoms such as those
seen in the personality disorders or psychoses associated
with MTLE. Additional support for this hypothesis comes
from nonlinear analyses of the preictal electroenceph-
alogram (EEG). These analyses suggest that the area
surrounding the epileptic focus produces normal syn-
chronization and phase-locking with the rest of the brain
up until a period several hours before the seizure. At
this time the epileptiform area appears to “unlink” from
the rest of the brain (phase scattering) before relinking
at the pathological frequencies just before the onset of
the clinical seizure. One can extrapolate from this to
suggest that the unlinking is the initial pathophysiologi-
cal phase. This unlinking would presumably produce
mild brain dysfunctions. Such a propensity to unlinking
would be a candidate cause for interictal disturbances
of behavior and cognitive and emotional function even
under circumstances where progression to seizure did
not occur.

CA3 models have demonstrated the basic proper-
ties necessary for a seizure, but therapeutically they have
led to only relatively obvious suggestions such as GABA
potentiation. There is still little known about seizure ini-
tiation and spread in intermediate and complex cortical
circuits. The emergent properties of these circuits will
determine how pharmacologically mediated channel or
receptor alterations, or specific surgical disconnections,
will affect abnormal and normal dynamics. Studies of
hippocampal formation circuits and dynamics will offer
new possibilities for drug and surgical intervention, so
that a pattern of activity becomes the therapeutic target
rather than a class of cells or receptors. This will extend
the concept of rational pharmacotherapeutics from
strictly biochemical computer modeling to a broader
model effort leading from pathophysiological dynamics
to drug choice (18).

OTHER RESOURCES

Many simulations are available via the NEURON ModelDB
database (http://senselab.med.yale.edu/senselab/ModelDB/
default.asp). This resource permits the reader of a study
to obtain all of the files needed to generate one or more
figures of that study. This allows researchers to build
directly on the work of other researchers, providing a
complete and fully verifiable methods section.
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Norberto Garcia-Cairasco

hen the Commission of the Inter-

national League Against Epilepsy

(ILAE) published their proposal

‘ for revised classification of epilep-

tic seizures (1) and proposal for revised classification of

epilepsies and epileptic syndromes (2), they proposed a

framework to which epileptologists could look for objec-

tive orientations for diagnosis, treatment, or research.

However, when we talk about ictal semiology of seizures

and epilepsies, we need to point out the most precise term

that defines semiology. Therefore, in a recent report from

the ILAE Task Force on Classification and Terminology

(3), it is said that semiology is “the branch of linguistics
concerned with signs and symptoms.”

Furthermore, following a recent discussion on epi-
lepsy semiology Wolf (4) says: “when neurologists ana-
lyze seizures, as they develop in time, we try to understand
what brain phenomena are reflected in the development
of the seizures. The more we understand, the more we
move from a mere semiological approach to true semi-
ology: an understanding of the significance of signs and
symptoms. . . . This should be the ultimate scientific aim
at our efforts at classifying seizures.”

Engel (3) follows:

The description of the ictal event, without reference
to etiology, anatomy, or mechanisms, can be very
brief or extremely detailed as required for clinical or

Neuroethology and
Semiology of Seizures

research purposes. Although detailed descriptions of
the onset and evolution of localized ictal phenomena
often are not necessary, they can be useful: for instance,
in patients who are candidates for surgical treatment
or for research designed to elucidate the anatomic
substrates or pathophysiologic mechanism underlying
specific clinical behaviors. Communication among clini-
cians, and among researchers, will be greatly enhanced
by the establishment of standardized terminology for
describing ictal semiology. . . . (emphasis added).

The ILAE developed the diagnostic axes scheme (3),
where “Axis 1 consists of a description of ictal phenomenology
using a standardized Glossary of Descriptive Terminology.”
(see this glossary in Blume et al. [5]). Moreover, as an alterna-
tive approach, and analogous to the ILAE axes, researchers
at the Cleveland Clinic proposed the so-called dimensions
scheme (6-8), where dimension 2 corresponds to ictal semi-
ology. Furthermore, Loddenkemper and Kotagal (8) state
“semiology can reflect only the symptomatogenic zone and,
therefore, can give only indirect information about the sei-
zure onset zone or the epileptogenic zone, as the epileptic
activity may have spread from a ‘silent’ cortical area into a
different cortical area that actually produces symptoms.”

In fact, the discussion on seizures and epileptic syn-
dromes classification versus what some have called “diag-
nostic manuals” is currently a more complicated one (see
a recent debate [4,9,10-13]). For example, Engel et al. (9)
state that “at the present time the designation of specific
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epilepsy syndromes and epileptic seizure types are [sic]
based more on clinical experience and expert opinion
than on scientific principles. . . . The ILAE Commission
on Classification is beginning to develop scientific and
evidence based approaches to defining and recognizing
these diagnostic entities as distinct conditions. . . . Any
classification must be constantly reevaluated, challenged,
and revised as necessary, and clinical care must always
be based on features of individual patients, whether or
not a specific diagnosis can be made. . . .”

In the same controversy, Liiders et al. (10) mention
that most epileptic syndromes were never defined scientifi-
cally. Furthermore, Avanzini (14) comments on how the
sequence of events characterizing some partial seizures is not
easily incorporated into the International Commission on
Epileptic Syndromes 1981 definitions (1). Following on that
discussion, Bauer and Trinka (13) believe that the Cleveland
Clinic seizure system, based upon five-dimensional patient-
oriented epilepsy classification, documents the sequence of
seizure symptoms, but that, analogously to the diagnos-
tic axes of the ILAE, the system represents a checklist for
symptoms and signs but not a classification of seizures; for
recent data on this matter see (7, 8). Moreover, Bauer and
Trinka (13) consider the mathematical or statistical (cluster
analysis) approach to the sequence of seizure symptoms (135,
16) to be difficult to use.

We strongly believe that—independently of which
is the most suitable scheme, either diagnostic axes or
dimensions—it is obvious that for the purpose of knowl-
edge of (1) the basic mechanisms and (2) the neural
substrates associated with the origin and spreading of
seizures, or (1) for diagnostic purposes and (2) for pre-
surgical evaluations, detailed descriptions of ictal semiol-
ogy will be always desirable.

Thus, one of the main purposes of the current chap-
ter is to demonstrate that ethology and particularly neu-
roethology will be adequate to any attempt to approach
quantitative semiology of seizures and epilepsy. In other
words, we will present data from animal models and
clinical setups showing how appropriate the use of neu-
roethological approaches is for quantitative semiological
studies of epilepsy.

ETHOLOGY: A SYSTEMATIC
STUDY OF BEHAVIOR

Ethology is the systematic study of animal behavior.
Most of the studies on animal and human behavior
have oscillated between descriptions of innate behaviors
and reactions to a given stimulus. Although pioneering
research—such as that of Konrad Lorenz (17), the father
of ethology—was mostly descriptive, it would not be fair
to call it superficial or innocuous in terms of its contribu-
tion to the knowledge of the physiologic mechanism of
behaviors, both in animal and in humans, either in nature,

SEIZURES AND BEHAVIOR

in urban conditions, in clinical setups, or in laboratories.
Indeed, a great deal of contemporary behavioral research
is based, for example, on the concepts of innate behav-
iors, fixed-action patterns, imprinting, among others—all
of them derived from these original ethological studies
and observations. Recent studies call attention to the fact
that stereotyped action patterns of seizure repertoire can
be found even in invertebrates such as Drosophila (18),
with great similarity to other animals (19) and obviously
to humans (20). Furthermore, it is also clear that much
information from those ethology pioneers was linked to
the seminal interpretation of Darwin, who, in his mag-
nificent On the Origin of Species (21) and in his further
The Expression of Emotions in Man and Animals (22),
built the bases for a phylogenetic evaluation of behaviors.
Describing emotions and facial expressions, Darwin, for
example, wrote that “the young and the old of widely
different races, both with man and animals, express the
same state of mind by the same movements.”

NEUROETHOLOGY: LOOKING FOR
NEURAL BASIS OF BEHAVIOR

The more recent concept of neuroethology (23, 24) is
defined as the search for neural substrates of behavior.
Curiously, and in spite of the current advance in molecu-
lar techniques, we know that the return to the funda-
mental questions in ethology is desirable, particularly
when we are trying to characterize new phenotypes or
constructs, such as the protocols of transfer and removal
of selective genetic information, the so-called transgenics
and knockouts (25).

In what manner could the more conventional etho-
logical studies contribute (1) to the evaluation of normal
but complex motor patterns such as postural patterns
and (2) to the evaluation of alterations in motor con-
trol systems? Old and new developments in behavioral
neuroscience have shown that, for example, the control
of posture and movement evolved with a phylogenetic
progression of competent circuits that can be studied in
natural, clinical, or laboratory conditions.

One can make, then, the following assumption: If
neuroethological interpretation of the physiology of the
normal movement is clear, its impact in the evaluation
of motor pathologies should be also evident. But how,
for example, can exuberant alterations, such as epilep-
sies with motor manifestations, be evaluated under a
neuroethological approach? What would be the advan-
tages or disadvantages of using clinical or experimental
approaches? Why not compare both of them? Would it
be possible to use the very same approach for sensory,
autonomic, or even cognitive alterations?

It is evident that the progressive knowledge we have
obtained over the last decades on the neural substrates that
control behaviors has allowed a stepwise construction of a
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model of fine correlation between ethological expression
and corresponding neural mechanisms. Some examples
can be seen in recent discussions on brainstem-dependent
versus limbic system—dependent seizures (26-29) and on
participation of basal ganglia and limbic circuits in the
expression of neurologic and neuropsychiatric disorders
(30, 31).

This development gave rise to the concept of neu-
roethology, because on the one hand, it facilitated the
understanding of the adaptive values of behaviors or
sequences of behaviors associated with the activation of
specific circuits in the encephalon, and on the other hand,
it provided multidisciplinary tools for behavioral evalua-
tion. The contrast between the evaluation of behavioral
components of seizures and epilepsy, for example, by
means of seizure severity indexes, behavioral scores, or
scales (generally arbitrary and linear), and the evaluation
of behavioral sequences (flowcharts) and even behavioral
clusters (correlations) associated with their neural sub-
strates, is greatly illustrative.

In the case of clinical epileptology, the research usu-
ally has been based on qualitative descriptions of either
seizures or epileptic syndromes and, in the case of animal
models of epilepsy, very limited methods, supported by
seizure severity indexes. Most of them, unfortunately,
do not utilize quantitative protocols to show behavioral
sequences that could be associated with the activation of
their control by fine neural circuits.

In fact, when research on the models of repetitive,
generally electrical subthreshold stimulation of limbic
regions—which has since become known worldwide
as kindling—was still in its beginning stage (32), some
attempts to quantify seizure behavior were done by means
of seizure severity indexes such as the Racine (33) limbic
seizures scale. Racine established a behavioral hierarchy,
or seizure classes (from 0 to 5), which corresponded to
the sequence of behaviors and the severity of the limbic
seizures. Further stimulation showed more severe seizures
with brainstem components (wild running and tonic-
clonic seizures) and even spontaneous recurrent seizures
(SRS). This gave support to the Pinel and Rovner (34)
seizure severity scale (from 0 to 8). Situations such as
those involved in models of status epilepticus (SE) and
their consequent SRS have also been mostly described
by these severity indexes or scores; for a review, see Leite
et al. (35). The so-called brainstem seizures have also
been evaluated through severity indexes (28, 29).

To some extent, the importance of the use of
ethological evaluations in epilepsy was further evidenced
in several experimental models that considered the neces-
sity to discriminate between, for example, mood disorders
as a consequence of repeated ictal phenomena and ictal
anxiety or ictal fear (36). Furthermore, the pioneering
work by Stevens and Livermore (37) in the development
of kindling of the mesolimbic system, as a model of psy-
chosis, was supported by the acceptance that, analogously

to kindling of epileptic seizures, anxiety, panic disorders,
obsessive-compulsive disorders, pain disorders and depres-
sion, follow kindling-like progression processes (31).
Historically, attempts to evaluate seizure semiology
over the decades have been, in general, frustrating. One of
the main reasons has been that more than a quantitative
endeavor, this has been a very descriptive task (nonetheless,
extremely elegant and thoughtful descriptions were present
in the times of Jackson, Jasper, and Penfield and followers),
because most of the time there were no clear and operational
definitions of an ethogram, or glossary of behaviors that
could be used extensively anywhere, anytime, whenever
the ictal phenomenology was depicted. As pointed out in
the beginning of the chapter, the need for this glossary is
fundamental not only for classification purposes but for
neuroethological research on seizures and epilepsy. Further-
more, once the glossary has been built and validated, the
next logical question should be: how to depict the seizure
sequence reliably. Ultimately, the question is whether the
behavioral sequence helps to predict the underlying neural
substrates, which is the primary goal of neuroethology.

TOWARD A QUANTITATIVE
CLINICAL ICTAL SEMIOLOGY

Some historical approaches that have had great value to
the study of semiology of seizures are those of Jackson,
Jasper, and Penfield; see recent comments by Wolf (4).
More recently a pioneering study in which statistical
tools were used in the characterization of ictal semiology,
in this case in temporal lobe epilepsy (TLE), was pub-
lished by Wieser (15). This author used cluster analysis to
correlate groups of signs and symptoms and to verify the
sequence of behaviors occurring during complex partial
seizures. Two strategies were used in presurgical monitor-
ing of TLE patients by Wieser (15). One of them was a
precisely guided deep-brain stimulation that allowed the
expression of specific sequences of behaviors, coupled
to video-electroencephalographic (EEG) recordings. The
other was the capturing of SRS through video-EEG.
Subsequently, Kotagal et al. (16, 38) applied a sim-
plified version of the method developed by Wieser (15)
and detected the predominant sequences of seizure behav-
iors to characterize temporal and frontal lobe epileptic
seizures throughout analysis of only SRS. The studies by
Kotagal’s group are of great importance in seizure semiol-
ogy, and although they did not incorporate any analysis
of ictal EEG, obviously the latter was used as a criterion
for a patient’s inclusion in the studied groups. The con-
sequent work on the proposition of a semiological clas-
sification of seizures performed by Liiders et al. (39) was
certainly supported by those quantitative studies developed
by Kotagal et al. (16). In substantiation of those efforts,
Loddemkemper and Kotagal (8) emphasize that the ILAE
recognizes the importance of seizure semiology and clinical
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lateralizing information. These authors also emphasize that
terminology based on semiology (6, 39) has been used to
characterize semiological patterns with potential localiz-
ing or lateralizing value (3, 5) with clear impact to new
proposals for epilepsy classification (5, 7, 11).

In an additional effort to contribute to the differ-
ential semiological characterization of patients with TLE
and frontal lobe seizures, Manford et al. (40) published
their own study using video-EEG. This study was based
on the premise that clinical-EEG seizures (semiology-EEG
coupling) could be important for the discrimination of
seizure etiology and helpful for diagnosis and treatment.
The main result of this study was expressed as a combina-
tion of cluster analysis and flowchart representation to
differentiate TLE from frontal lobe epilepsy and to cor-
relate magnetic resonance imaging (MRI) data with ictal
behaviors. Representation of ictal behaviors was made in
the form of flowcharts, with temporal progression of sei-
zures as arrows connecting pairs of behaviors. Manford
et al. (40) concluded that few seizures could have their
origin reliably localized by using this methodology, but
unfortunately their criteria for patient selection were very
broad, including distinct epileptic syndromes, and they
applied nonstatistical criteria to exclude patients.

Another study by Fong et al. (41) emphasized the
clinical importance of identifying body asymmetry in
patients with seizure disorders, because that could provide
strong clinical evidence for the diagnosis of localization-
related seizures, particularly because of the known asso-
ciations between body asymmetry, localization-related
seizures, and brain lesions.

Furthermore, the studies by Meletti et al. (42) and
Tassinari et al. (20) are based on the neuroethological sup-
position that there are connections between the behaviors
expressed by patients and the phylogenetic roots to which
we all, as animals, are attached. Specifically, Meletti et al.
(42) describe a group of behaviors collectively named face
wiping, which includes nose wiping. According to these
authors an ethological and phylogenetic interpretation of
this motor behavior confirms its presence from rodents to
primates, and they suggest that the postictal emergence
with greater frequency than ictally or preictally could be
an innate action pattern modulated by external emotional
cognitive stimuli. This concept was already discussed by
Gloor (43), who evaluated olfactory system neuroethology
in reference to the association between limbic activity of the
old “rhinencephalon” and behavioral alterations of TLE.

When referring to emotional expressions, Darwin’s
seminal contribution was recently celebrated in Volume
1000 of the Annals of the New York Academy of Sciences
(44). In that issue, the role of the right hippocampal-
amygdalar formation in the recognition of fearful faces
(45), in a group of patients with TLE, is described.
Additionally, Tassinari et al. (46) compared the expres-
sion of emotions in human TLE and frontal seizures.

Recently we hypothesized that neuroethological
analysis, successfully applied and validated for various
experimental models of epilepsy (see details herein), could
also be useful in the analysis of human seizure semiology.
In fact, the main objectives of such studies were to apply
and validate neuroethological methods and flowchart
representation for the analysis of preictal, ictal, and post-
ictal signs and symptoms of patients with TLE (47).

Thus, in the following sections we will show how
we proceeded from the neuroethological evaluation of
experimentally induced seizures to the characterization
of seizures in presurgical patients with TLE. Most of the
work was initiated in our Neurophysiology and Experi-
mental Neuroethology Laboratory (LNNE), beginning
with animals selected nongenetically for audiogenic
seizures and continued with studies using selective
brain lesions and drug treatments. Further studies were
performed with a special audiogenic strain genetically
selected in our laboratory (see further discussion herein).
More recently, we used neuroethological tools to com-
pare spider venoms having convulsant properties with
the widely known convulsant kainic acid (48). Finally
we applied this methodology to the study of human
epilepsies, the latter in collaboration with our Epilepsy
Surgery Center (CIREP) at the Neurology, Psychiatry
and Medical Psychology Department.

NEUROETHOLOGY OF EXPERIMENTAL
GENERALIZED TONIC-CLONIC SEIZURES

The first attempts to correlate semiology with brain sub-
strates, by means of actual neuroethological methods,
were by Garcia-Cairasco’s group (49, 50), who studied
audiogenic seizures in rats, a known model of general-
ized tonic-clonic seizures. These pioneering studies were
followed by neuroethological characterization of TLE
models such as audiogenic kindling (51), genetic selection
of the Wistar audiogenic rat (WAR) strain (52), and the
induction of SE by systemic pilocarpine (53).

In the previously mentioned studies, behaviors
were recorded according to a behavioral dictionary.
Sequences observed on video analysis were codified
and inserted into specially developed statistics software
called ETHOMATIC (50). All data were then displayed
in flowcharts depicting frequency, duration, and sequen-
tial interactions between pairs of behaviors (dyads). This
method has been validated for comparisons of behav-
ioral sequences in distinct experimental situations, such
as audiogenic susceptible versus audiogenic resistant
animals, acute versus chronic seizures, and comparison
of pre- and post-drug effects (for a recent review, see
Garcia-Cairasco [29]).

In Figure 10-1A we can see the flowchart highlight-
ing the various phases of a typical audiogenic seizure in
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ing page 266.

Neuroethological studies of audiogenic seizures
in Wistar rats from the main vivarium of the
Ribeirdo Preto Campus of the University of Sdo
Paulo, before any genetic selection of an audio-
genic strain. (A) Flowchart that illustrates a typical
audiogenic seizure. Susceptible animals (10% of
the whole Wistar population in the outbred con-
ditions of the vivarium) begin their seizures with
a phase of postural asymmetries (TNBL; TNBR),
running (C3), followed by jumping (JP) and atonic
falling (AF), a group of behaviors known as wild
running. A further tonic-clonic phase (TCV, CCVp,
CCVg, CLS) of generalized seizures finishes with
postictal immobility. (B) Flowcharts that depict
behavioral sequences of audiogenic resistant (R;
controls) and audiogenic susceptible (S) animals.
The circles represent behaviors, and the arrows,
with variable widths, represent statistically sig-
nificant associations between pairs of behaviors.
The ellipses and colored large arrows highlight
-. behavioral categories: Exploration (dark blue);
| grooming (clear blue); orofacial automatisms
(green); wild running (orange); generalized tonic-
clonic seizures (red). Abbreviations: AF, atonic
falling; AP, apnea; BR, bradypnea; CCVg, clonic
convulsion (generalized); CCVp,clonic convul-
sion (partial); CLS, clonic spasms; CR, crawling;
DIS, dyspnea; ER, erect posture; EXC, excretion
of feces and urine; EXT, extended posture; FR,
freezing of posture; GL, gyrating-left; GR, gyrating-
right; GRB, grooming of body; GRF, grooming of
face; GRH, grooming of head; IM, immobile; JP,
jumping, LI, licking; LIC, licking of claws; MT,
masticatory movements; PIM, postictal immo-
bility; PL, piloerection; RA, raising of body; RI,
tonic rigidity; RU, running; SC, scanning; SCR,
scratching of body; SH, head shaking; SN, sniff-
ing; STA, startle; TC, teeth chattering; TCP, tachy-
pnea; TCV, tonic convulsions; TNBL, tonic neck
and body turning-left; TNBR,tonic neck and body
turning-right; TR, trembling; WA, walking; WI,
withdrawing. See details in (A) Garcia-Cairasco
and Sabbatini, 1989 (54) and (B) Garcia-Cairasco
and Sabbatini, 1983 (49). With permission from
Elsevier (A) and Brazilian Journal of Medical and
Biological Research (B). See color section follow-
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FIGURE 10-2

Development of the Wistar audiogenic rat (WAR) strain. (A) Through endogamous mating (brothers X sisters) a strain of ani-
mals with high seizure severity (1) and low latency (2) was produced. Although only 17 generations of the genetic selection
process are illustrated in this figure, we are currently in the 43rd generation of the WAR selection, with maintenance of the same
behavioral patterns. (B) (1) Calibration scales for flowchart construction. (2) Flowcharts that illustrate audiogenic seizures
before the genetic selection. (3) After the genetic selection (20 generations), animals present faster audiogenic seizures that
pass rapidly from acoustic startle to wild running and high-severity generalized tonic-clonic seizures. The flowchart data are
coincident with those from seizure severity (A1) and seizure latency (A2), parameters that were used as phenotypic markers
for the genetic selection (A). See Figure 10-1 for abbreviations. See details in (A, B) Doretto et al., 2003 (52). With permission
from Springer-Plenum Publishing Corporation. See color section following page 266.
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susceptible animals (54) from a nongenetically selected
population of rats (Wistars). Figure 10-1B(S) shows
flowcharts of audiogenic-susceptible Wistars showing
exploratory and grooming behavioral clusters, before the
acoustic stimulation, the development of wild running
during the sound stimulation, and the strong expression
of tonic-clonic seizures after the sound stimulation has
been removed (once the tonic seizures begins, the sound is
off). For comparison with the Wistar audiogenic resistant
rat (control), see Figure 10-1B(R), which shows behav-
ioral clusters of exploration and grooming, before the
sound is applied, and orofacial automatisms, exploration
and grooming clusters during the sound phase, followed
by freezing behavior and exploration after the sound is
removed. In summary, this group of animals does not
develop any seizure pattern.

Several studies were done subsequently with suc-
cess, using the very same methodology for comparison
of audiogenic-resistant animals that became susceptible
after electrolytical lesions or drug microinjections in their
brains (55, 56).

A very important step in our research activities was
the development of the Wistar Audiogenic Rat (WAR)
strain by quantitative genetic selection (52). In addition
to the regular program needed for the genetic selection
of the strain, we characterized the animals in a clear-cut
manner, before and after the genetic selection, using the
neuroethological tools. Figure 10-2 presents some details
of this procedure.

NEUROETHOLOGY OF EXPERIMENTAL
TEMPORAL LOBE SEIZURES: SE INDUCED
BY SYSTEMIC PILOCARPINE IN WARS

Although in previous studies we had demonstrated, by
means of neuroethological approaches, video-EEG, and
structural evaluations, the usefulness of chronic audio-
genic seizures (audiogenic kindling) as a model of TLE
(51, 57-59), we were also interested in showing the
interaction between an epilepsy genetic background (or
predisposition) and the experience of seizures. Therefore,
we developed a protocol to apply systemic pilocarpine
to WARs (53). Then we induced SE after pilocarpine
injection in WARs; a sample of the behavioral effects is
shown in Figures 10-3 and 10-4.

To reinforce the need for objective behavioral stud-
ies correlated to EEG studies or to neuroanatomical ones,
we recently demonstrated that SE severity, even when
measured with less sophisticated behavioral approaches
such as seizure severity scales, is associated with lesion
size in a model of SE induced by 30 minutes of electri-
cal stimulation of the amygdala (60). We emphasized
that usually in this kind of protocol SE duration and SE

latency are considered, but SE intensity is erroneously
neglected.

NEUROETHOLOGY OF HUMAN
TEMPORAL LOBE SEIZURES

Our neuroethological method was first applied to patient
semiology in 1998 (V. C. Terra et al., unpublished data),
and later the adaptation of the method to human TLE
was completed (47) (Figure 10-5A). Neuroethology was
developed in individual seizures of a patient, in the sum
of seizures of a patient, and in the group of seizures of a
group of patients. The analysis of the flowchart of a group
of seizures of one patient provides a pattern of behavioral
sequences that occur during the seizure, and it may sug-
gest a preferential propagation circuit for this patient
(Figure 10-5B1). Figure 10-5B1 shows an example of the
analysis of seven seizures of the same patient and shows
a pattern of pressing the alarm button (focal seizure)
followed by leg automatisms and later oroalimentary
automatisms (temporal lobe activation) and dystonias
that begin in the right hand and are followed by left hand
dystonia (left and later right basal ganglia activation). The
sum of seizures of a group of patients (for example, left
and right temporal lobe patients) provides information
about differences in behavioral patterns that may have
a value in determining the side of the brain from which
the seizure originates (47, 61).

CONCLUSIONS AND FUTURE PERSPECTIVES

Definitions and glossary of behaviors are built to help rec-
ognize ictal semiology. They are very important for the
clinical neurologist interested in the diagnosis and treatment
of epilepsy and for the basic scientist interested in under-
standing the brain mechanisms or selective circuits involved
in the expression of specific seizure patterns. Current con-
troversies on semiology, linked or not to classifications of
seizures, epilepsies, and epileptic syndromes, are in some
way polarized between a diagnostic axes scheme (ILAE)
and a semiological or dimensional scheme (Cleveland
Clinic). However, both of them, or even future mixed or
new alternatives, depend on the development of accurate
and detailed methods for seizure sequence descriptions.
When we decided to study ictal semiology, we
began characterizing different experimental models such
as regular Wistar rats (49) and those derived from the
genetically developed WAR strain (52). Later we studied
other models in which natural convulsants (48), known
synthetic convulsant drugs (53), or electrical stimulation
(61) was given to the animals. Finally we decided to apply
all these methodological tools to TLE patients from a
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FIGURE 10-3

Neuroethological and compara-
tive studies of SE of Wistar rats
and WARs induced by intraperi-
toneal injection of pilocarpine, a
muscarinic agonist. (A1) Illus-
trative sequence of times and
behaviors (left) and their rep-
resentation in digitalized video
images (right). (A2) Calibration
scales for flowchart construc-
tion. (B) In contrast to other
experimental protocols in phar-
macology, where the behav-
ioral evaluation follows a fixed
time sampling scheme, in this
experiment we determined the
so-called behavioral triggers. An
observation window, usually of
one minute, was initiated once a
given trigger behavior had been
detected. In those conditions, the
recording was initiated only when
that behavior appeared, regardless
of the latency to the appearance
of the behavior. In this manner, it
did not matter whether there was
any variation in the kinetics of
that behavior in a given animal;
the most important fact was the
occurrence of the behavior. Some
examples are first head myoclonus
(MYOR), first forelimb myoclonus
(MYO1), or even a fall (Falling) or
wild running. The flowcharts are
the results of the sum of several
behavioral sequences with onset
on that behavioral trigger. See
details in (A, B) Garcia-Cairasco
etal., 2004 (53). With permission
from Elsevier. See color section
following page 266.
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Stage C-R | Stage C-WAR

SNF [

FIGURE 10-4

Neuroethological and comparative studies of SE of Wistar resistant rats and WARs induced by intraperitoneal injection of pilo-
carpine: 380 mg/kg (Wistar resistant) and 240 mg/kg (WARs). Using the same concept of behavioral triggers as in Figure 10-3, the
animals from both groups were evaluated for the presence of progressive convulsive events. They were denominated stages A, B,
C, and D. (A) Stage C had as a behavioral trigger the first falling. In Wistar resistant rats there was the presence of typical limbic
seizures with orofacial automatisms (MT, TR), head myoclonus (MYOh), forelimb myoclonus (MYO1), rearing (REAR) and falling
with few statistical interactions between them. By contrast, the cluster of limbic activities present in WARs was much stronger in
statistical associations (B). Observe in stage D, present only in WARs (C), not only high-severity limbic seizures but also second-
ary generalized tonic-clonic seizures, including forelimb and hindlimb hyperextensions, possibly the expression of the recruitment
of structures already present as endogenous substrates of epileptogenicity in the brainstem of WARs. Certainly this gives support
to our proposal that the interaction WARs + SE after pilocarpine is a model to study relationships between genetics and TLE.
Abbreviations: AF; atonic falling; CCVp, clonic convulsions (partial); ERE, erect posture; FALL, falling (class 5 limbic seizures);
FLE, forelimb extension; FR, freezing; GAL, galloping; GR, gyri right; GRL, grooming, left; GRR, Grooming, right; HLE, hindlimb
extension; HVF, head ventral flexion; JP, jumping; MT, masticatory movements; MYO1, myoclonic jerks, forelimb; MYOh, myo-
clonic jerks, head; MYOt, myoclonic jerks, trunk; REAR, rearing (class 4 limbic seizure); SCA, scanning; SNF, sniffing; TCV, tonic
seizures (opisthotonus); TR, trembling; WA, walking. See details in (A, B, C) Garcia-Cairasco et al. 2004 (53). With permission
from Elsevier. See color section following page 266.
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very well controlled clinical setup, our Epilepsy Surgery
Center(CIREP) at the Ribeirdo Preto School of Medicine

of the University of Sdao Paulo (47).

In the neuroethological studies that we conducted
with TLE patients (47, 62), the detailed analysis of sei-
zure semiology permitted the identification of a greater
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number of behaviors than in previous works (13, 16, 40).
We confirmed many previously reported behaviors but also

detected new behaviors and, more than that, sequential

interactions that were detected only with the neuroetho-
logical tool. This new dictionary of ictal semiology may
constitute a substrate for a new glossary of descriptive
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terminology. The analysis of seizures originating in other
cortical regions such as frontal cortex probably will improve
this dictionary, adding symptoms not commonly found in
patients with TLE, suggesting that ictal semiology and sei-
zure classification should be a continuous study process,
which is in agreement with Engel (3, 62). Also, this suggests
that seizure classification may have different degrees of
complexity when considering clinical and research pur-
poses. On the one hand, for clinical neurologists the main
objectives of seizure classification may be to identify the
correct antiepileptic drug therapy and to determine which
patient should be considered for epilepsy surgery. On the
other hand, clinical neurophysiologists and basic science
researchers may be interested in a more detailed approach
into ictal behavior. These two approaches are not conflict-
ing at all—they are totally complementary.

We strongly believe that the use of ethological and
neuroethological approaches to the study of the epilepsies
has increased in frequency sufficiently to be discussed
as an alternative, not only as a source for the detailed
descriptions needed for scientific purposes, but also to be
used as an additional diagnostic tool in the future. Thus
the combination of neuroethological tools with cluster
analysis is also one of our next goals.

For the confirmation of brain areas activated during
the seizures, studies coupling the study of behavior and
other examinations, such as EEG, single-photon emission
computed tomography (SPECT), and, in special cases,

NEUROETHOLOGY AND SEMIOLOGY OF SEIZURES

functional MRI (fMRI), must be developed. Actually
an ongoing project, also in a collaboration between our
laboratory and the CIREP at the Neurology Department,
evaluates the correlation between neuroethology and ictal
SPECT findings (Figure 10-5B2), as applied to a very spe-
cific group of epileptic patients with mesial temporal lobe
sclerosis. In this study we are doing a detailed analysis of
individual seizures and establishing correlations between
ictal behavioral expressions and localization information
provided by functional neuroimaging.
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FIGURE 10-5

Neuroethological studies of seizures from patients with TLE. (A) Patients were evaluated for the presence of preictal, ictal, and
postictal events. Each behavioral item in the sequence (A1) was detected according with the behavioral dictionary/glossary
previously established and digitalized. Although some variations in the behavioral sequences could appear (A2), the sum of
associations between behavioral items (A3) is what determines the predominant sequence. (B1) Example of a flowchart repre-
senting the sum of 7 TLE seizures. Identically to what happens with animals, it is possible with the use of this method to detect
behavioral patterns, confirming some already described in the literature. Additionally, the method allows the detection of new or
never described behavioral patterns and behavioral interaction. These features obviously validate the neuroethological approach
as a non-invasive and complementary method to quantitatively characterize, in this case, TLE seizures. (B2) Flowchart illustrat-
ing a seizure sequence of a patient with left TLE overlayed onto a transversal section of the corresponding ictal SPECT image.
The latter shows the distribution of cerebral blood flow. In the lightest part of the image (right), we can see ipsilateral temporal
lobe hyperperfusion. White arrows, without statistical value, illustrate the behavioral sequence and the numbers represent the
time (seconds) of occurrence of each behavior in the seizure sequence. Green arrows represent the statistical interaction (X2)
between pairs of behaviors. The spatial and temporal association of these behavioral and perfusion events is the objective
of ongoing projects in our basic and clinical laboratories and that use clinical data from the Epilepsy Surgery Center (CIREP-
Neurology-USP-RP) as it has been described in A and B1. Abbreviations: ABL; lower limbs automatisms; ABUO, automa-
tism, both upper limbs with object; ALAR, Alarm; ALL, automatism, left lower limb; ALU, automatism, left upper limb; ALUO,
automatisms, left upper limb with object; ARL, right leg automatism; ARU, automatisms, right upper limb; AUR, automatism,
right upper limb; CDL, cephalic deviation to the left; DBU, dystonia, bilateral upper limbs; DISP, dysphasia; DLU, dystonia, left
hand; DRU, dystonia, right hand; EBLB, bilateral eye blinking; GLMO, global movement; HAWK, hawking (cleaning the throat);
HIPR, hip raise; ILHD, interlace hands; INAN, Interference that demands answer (oral/action); INCO Interference that does
not demand answer, conversation; LOSP, looking to a speaker; MENC, mental confusion; OA, oral automatisms; OABK, oral
automatisnv/beak; OALI, oral automatism, “lips inside”; OAOC, open/close, mouth automatisms; SEND:, seizure end; SONS,
seizure onset; SPECT, radiotracer injection; STFC, strange face; STST, standing still; VC-, negative verbal command; VC+A,
positive verbal command, action; VC+S, positive verbal command, speech. See details in (A, B1) Dal-Cdl et al., 2006 (61),
(B2) Poliana Bertti (ongoing master’s degree thesis). With permission from Elsevier. See color section following page 266.
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Ithough a significant proportion
of people report cognitive impair-
ments, in particular memory prob-
lems, as a consequence of their
epilepsy and its treatment (1, 2), there is a continuous
debate as to what factors may be important in under-
standing the development and course of these neuro-
psychologic impairments. The main culprits, as shown
in Figure 11-1, appear to be the effects of continuous
seizures and subclinical epileptiform activity, neuronal
dysfunction, the side effects of antiepileptic medication
and psychosocial problems (3-5).

In this chapter we will discuss specifically the effects
of seizures on neuropsychologic functioning but will also
address the other potential factors explaining the devel-
opment and maintenance of neuropsychologic problems
related to epilepsy and its treatment.

4

EFFECTS OF UNDERLYING LESION

Recent evidence has highlighted the role of the under-
lying lesion as a significant factor in explaining the
development of neuropsychologic impairment. Aikii
and colleagues investigated verbal memory functioning
in untreated adult patients with newly diagnosed partial

Neuropsychologic
Effects of Seizures

epilepsy compared to a sample of volunteer controls.
Patients with newly diagnosed epilepsy demonstrated
verbal memory impairments, particularly in delayed
recall of unrelated words at the time of diagnosis (6, 7).
Similarly, impairments were in seen in a large sample
of adults with recent onset epilepsy prior to the admin-
istration of antiepileptic medication compared to a
sample of neurologically normal controls. The controls
performed better than the patients with epilepsy across
a number of neuropsychologic tasks; however, it was
the measures of verbal memory and motor speed that
reached statistical significance (8). Deficits in motor
and cognitive functions have been further evaluated
in a study of 59 newly diagnosed patients with epi-
lepsy and 26 controls. Prior to the administration of
antiepileptic drugs (AEDs), participants were assessed
on measures of motor functioning, attention and
concentration, mental flexibility, and memory. After
adjusting for multiple comparisons and covarying for
intellectual functioning, controls performed better on
16 of the 20 measures, although these did not always
reach statistical significance (9). Several authors have
shown that people with epilepsy already demonstrate
subtle impairments of motor coordination, attention,
concentration, mental flexibility, and memory at the
time of diagnosis.

93



94

III e

SN\ e

Seizures/Epileptiform

SEIZURES AND BEHAVIOR

®

_ Psychosocial

activity

~  problems

— — —» Neuronal
dysfunction
~a Cognitive
processes Negative
effect
— — — 4 Positive
effect
FIGURE 11-1

Nonindependent contributory factors for cognitive dysfunction in epilepsy (4).

EFFECTS OF ANTIEPILEPTIC MEDICATION

There has been a wealth of literature over the last 25—
30 years documenting the effects of antiepileptic medica-
tion. Older drugs such as phenytoin and phenobarbital
are associated with adverse cognitive effects, whereas
newer drugs such as oxcarbazepine and lamotrigine
appear to exert a less negative influence on cognition
(10-17). However, in those patients taking topiramate,
language dysfunction, problems with executive function,
and attention have been noted (18-24).

EFFECTS OF SEIZURES

In contrast relatively little is known about the effects of
recurrent seizures on neuropsychologic functioning. This
is partly due to the methodological difficulties in conduct-
ing studies that are able to determine and estimate the
individual role of these variables (25-27).

In his recent review, Vingerhoets described how
cross-sectional studies appear to overestimate seizure
effects because they cannot disentangle the effects of
epilepsy from the underlying lesion (25). Many studies
fail to document the type and number of seizures that
have occurred during the study period (26). Although
prospective longitudinal studies are preferable, they also
suffer from confounding variables, such as the highly
interrelated variables of duration of epilepsy, number of
seizures, exposure to AEDs, age of onset, and number
of seizure-related head injuries, that make interpretation
uncertain (25, 26).

The issue is further complicated because seizures
seem to have different effects in adults and children as a
result of the structural and functional development of the
human brain (26, 28, 29). However, in this chapter the
authors will consider only the neuropsychologic effects
of seizures in adults.

Two recent reviews that have investigated the neu-
ropsychologic effects of seizures have reported mixed
findings (235, 26), and the effect of seizures on neuropsy-
chologic functioning remains unclear. Many studies have
shown that people with epilepsy seem to deteriorate in
different aspects of their cognitive functioning over time,
which is often correlated with duration of epilepsy (27,
30 -33). However, duration is a composite factor, which
reflects the lifetime number of seizures, number of AEDs,
and age of onset, and appears to be modified by educa-
tion, as a measure of cerebral reserve (25, 26, 30, 31). In
contrast, other studies have failed to find deteriorations
over time (7, 34, 35).

Some deteriorations in functioning have been
found to be significantly correlated with frequency of
seizures (32, 33, 36). Frequency of tonic-clonic seizures
was the most significant predictor of decreases in verbal
IQ and performance IQ in a sample of 136 adults with
epilepsy (32), and generalized tonic-clonic seizures are
thought to have a greater cognitive impact than par-
tial seizures (37). Further support for the detrimental
impact of recurrent seizures on neuropsychologic func-
tioning comes from several studies that have shown
that following successful epilepsy surgery, patients
have postsurgical improvements in cognitive function-
ing, and that seizure-free patients after surgery perform
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better than those who continue to experience seizures
(30, 33, 34).

However, Kramer and colleagues correlated neu-
ropsychologic test scores of 44 patients with epilepsy
with clinical and demographic variables such as side of
epileptic focus, age of onset, duration, and estimated
number of complex partial and generalized seizures. No
significant correlations were found, leading the authors
to conclude that these findings support the notion that a
multifactorial model is responsible for cognitive dysfunc-
tion (38). Similarly, despite finding that approximately
25% of 46 patients with temporal lobe epilepsy exhib-
ited adverse cognitive changes on measures of intellectual
ability, language, visuoperceptual/spatial ability, memory,
executive functions, speeded psychomotor processing,
and fine motor dexterity, number of seizures was not
associated with these adverse changes. Those patients
who experienced adverse cognitive changes were older,
had a longer duration of epilepsy, lower baseline full-
scale 1Q, and abnormalities of quantitative volumes on
magnetic resonance imaging (MRI) (39).

EFFECTS OF SUBCLINICAL
SEIZURE ACTIVITY

Despite the mixed findings regarding the effects of ictal
events, interictal subclinical activity may also lead to
transitory cognitive impairment (TCI) that alters neu-
ropsychologic functioning. However, neuropsychologic
tests and cognitive activity can also elicit electroencepha-
lographic (EEG) discharges that lead to a complex inter-
action (40, 41). TCI can have adverse effects on formal
neuropsychological tests, such as tests of intellectual
functioning or educational tasks, which may be material
and site specific (41-44), as well as effects on daily living
skills, such as driving (45), avoiding everyday hazards,
and social interaction skills (40).

RECENT RESEARCH INTO
THE NEUROPSYCHOLOGIC
CONSEQUENCES OF EPILEPSY

It is clear from the previous reviews (25, 26) that pro-
spective studies with newly diagnosed patients in whom
information is collected on seizure type, seizure frequency,
and AED treatment are going to be important in the
determination of the differential factors associated with
neuropsychologic impairment. One prospective study
that clearly has the advantage of achieving this is a
recent trial comparing Standard and New Antiepileptic
Drugs (SANAD) (Baker GA, Taylor ], Aldenkamp AP,
Smith D, et al., submitted). In this trial newly diagnosed
patients, who have yet to establish a seizure history and

have not yet started AED treatment, provide a unique
opportunity to study the natural history of neuropsy-
chologic functioning in epilepsy. Further, they allow us
to give consideration to the effect of continuous seizures
on neuropsychologic functioning.

RESULTS FROM THE NEUROPSYCHOLOGY
ARM OF THE SANAD TRIAL

As part of the SANAD trial, patients were randomized
to one of two arms: Arm A recruited patients for whom
the clinician thought carbamazepine was the standard
treatment and compared carbamazepine, gabapentin,
lamotrigine, oxcarbazepine, and topiramate, and Arm
B recruited patients for whom the clinician thought
valproate was the standard treatment and compared
valproate, lamotrigine, and topiramate (46, 47). The
clinician prescribed according to their usual practice,
using the dose and titration they thought most appro-
priate to the patient. At time of randomization into the
SANAD trial, newly diagnosed participants from seven
hospital centers in the United Kingdom were invited to
take part in the neuropsychology add-on study (Baker
et al., submitted).

Before the start of antiepileptic medication, 257
patients completed a comprehensive battery of neuro-
psychologic tests that assessed many aspects of cogni-
tive functioning, as can be seen in Table 11-1. These 257
patients had an average age of 38.9 years; 52% were
males; 72% had partial epilepsy, 13% had general-
ized epilepsy, and in 15% their epilepsy syndrome was
unknown. Those patients recruited to Arm A of the study
had a median number of 11 seizures at baseline and in
Arm B had a median number of 9 seizures at baseline.
They were comparable to the 740 SANAD patients from
the same hospital centers who did not take part in the
neuropsychology add-on study.

A total of 180 participants were retested at 3
months and 149 were followed up at 12 months. Patients
dropped out for several reasons including withdrawing
due to family pressures, relocation to another country,
and being lost to follow-up. However, there was no evi-
dence of any differences among those who responded
at 1 year and those who did not, in terms of cognitive
performance at baseline, randomized drug, or whether
they achieved a 12-month remission immediately or
not. However, there was a significant association for
response at 1 year and drug withdrawal before 1 year,
with a bias toward those who had changed their medi-
cation during the 12-month period not returning for
neuropsychologic assessment.

Based on analysis of a final group of 223 patients
who fulfilled the inclusion and exclusion criteria, analy-
ses have been carried out that look at cognitive change
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TABLE 11-1
Neuropsychologic Test Battery Used in the SANAD Trial

DoMAINS

TESTS

Psychomotor speed

Learning and memory

Mental flexibility
Language
Tracking Tasks
Mood
Neurotoxicity

Binary Choice Reaction Time

Finger Tapping Task

Visual Reaction Time

AMIPB (motor speed)

Word & Pattern Recognition Tests
Story Recall

Rey Auditory Verbal Learning Task
AMIPB (information processing)
Stroop Colour & Colour-Word Tasks
Benton Word Fluency Test
Computerised Visual Search Task
Profile of Mood States

A-B Neurotoxicity Assessment Scale (patient-based)

from baseline to 12 months, differential drug effects, the
effects of AED withdrawal, age at onset, and the effects
of achieving seizure remission.

After 12 months, patients with newly diagnosed
epilepsy significantly deteriorated on measures of psy-
chomotor speed, reaction time, memory, and mental
flexibility. Although these differences were statistically
significant, there was no evidence from reports (as seen
on the Aldenkamp and Baker Neurotoxicity Assessment
Scale [ABNAS] scores) that the level of difference was
having a significant impact on their day-to-day psycho-
logic and neuropsychologic functioning. Interestingly,
patients significantly improved on a measure of attention
and reported lowered feelings of tension after 1 year. This
self-reported improvement in tension may be a result of
patients adjusting to their diagnosis of epilepsy 1 year
later. However, the majority of measures seemed to remain
stable over the 12-month period, which is encouraging
for patients who may be concerned with the cognitive
effects of their epilepsy.

Importantly, achieving seizure remission did not
have clinical significance for patient neuropsychologic
performance at 12 months. There were minor statistical
differences between those who achieved an immediate 12-
month remission and those who did not, as can be seen in
Table 11-2. With regard to Arm A, the fifty-nine patients
with seizure remission recalled more story units on a
logical memory task after a 30-minute delay compared
to those who continued to experience seizures. They also
reported fewer cognitive side effects of medication. Simi-
lar results were found for Arm B, in which the eighteen
patients who achieved seizure remission reported fewer
feelings of tension and confusion and fewer overall cog-
nitive side effects.

DISCUSSION

A large body of research has documented the cognitive
effects of antiepileptic medication; however, relatively little
research has considered solely the neuropsychologic impact
of recurrent seizures. Conclusions following recent reviews
still remain uncertain, with some concluding limited influ-
ence (25) but others concluding that there are mild connec-
tions between seizures and cognitive decline (26).

The SANAD neuropsychology study has found that
newly diagnosed patients with epilepsy deteriorate on
some aspects of cognitive functioning after 12 months.
However, it was surprising that achieving seizure remis-
sion did not have clinical significance for patient neuropsy-
chologic performance at 12 months. Similarly, Hermann
and colleagues found that number of seizures was not
significantly associated with cognitive change, and sei-
zure frequency was only associated with one measure,
spatial orientation, on their extensive neuropsychologic
battery (39). One limitation of the SANAD neuropsychol-
ogy study, however, was that because of the pragmatic
nature of the clinical trial, epileptiform activity during
the cognitive assessment was not measured. Because TCI
can contribute to deficits in cognitive functioning, future
studies should attempt to measure subclinical activity
during neuropsychologic testing (48).

CONCLUSIONS

Patients with epilepsy face many difficulties that can
have a huge impact on their quality of life. These include
problems with side effects of antiepileptic drugs, the
development of cognitive impairments, and living with
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TABLE 11-2

Univariate Analyses of Effect of Seizures on Neuropsychologic Outcomes

at 12 Months (Estimate, 95% CI*)

VARIABLE ARM A 12 MONTHS ARM B 12 MONTHS
REMISSION AT 12 MONTHS REMISSION AT 12 MONTHS
ACHIEVED VS. NOoT ACHIEVED VS. NoT

Finger Tapping Task

Dominant hand
Nondominant hand
Visual Reaction Time (ms)
Dominant hand
Nondominant hand
Binary Choice Reaction Times (ms)
Computerised Visual Search Task
Word Recognition Task
Simultaneous task
Serial task
Pattern Recognition Task
Simultaneous task
Serial task
Story Recall
Immediate recall
Delayed recall
Rey Auditory Verbal Learning Test
No. of words recalled on 5th
list of immediate condition
Immediate recall
Delayed recall
Profile of Mood State (t score)
Tension
Depression
Anger
Vigour
Fatigue
Confusion
ABNAS total score
Fatigue ABNAS
Slowing ABNAS
Memory ABNAS
Concentration ABNAS
Motor ABNAS
Language ABNAS
Stroop test
Colour task
Colour-word task
Benton Word Fluency Task
AMIPB
Info processing
Psychomotor Speed

0.8(-3.34,4.96)
-1.0(-4.80,2.85)

15.1(-25.69,55.90)
16.4(-30.44,63.16)
12.3(-32.41,57.08)
-1.4(-2.86,0.06)

0.2(-1.14,1.49)
-0.2(-1.56,1.17)

-0.4(-1.72,1.00)
0.1(-1.36,1.51)

0.8(-0.25,1.89)
1.3(0.29,2.35)**

0.8(-0.06,1.61)
1.8(~1.06,4.65)
0.5(-0.47,1.38)

—0.7(-3.85,2.44)
-0.5(-3.18,2.20)
—1.4(—4.36,1.49)
0.2(-2.99,3.39)
—-0.3(-3.46,2.81)
-1.9(-4.87,1.05)
—4.7(-9.35, —0.01)**
-1.1(-2.30,0.10)
-1.1(-2.27,0.09)
-1.0(-1.97,0.05)
-1.0(-1.95,0.03)
—-0.3(-0.91,0.40)
—-0.8(~1.39,-0.23)**

0.4(-0.96,1.76)
2.7(-2.01,7.33)
-1.8(-5.16,1.51)

2.1(-1.26,5.41)
-0.2(-3.28,2.79)

1.1(-3.33,5.48)
2.6(-3.51,8.69)

—6.4(-43.08,30.24)

-1.1(-55.40,53.12)

24.2(-28.55,76.99)
0.8(-0.77,2.31)

1.0(-2.14,4.13)
1.9(-1.13,4.91)

1.2(-2.30,4.71)
1.2(-2.31,4.67)

1.8(-0.86,4.38)
2.0(-0.77,4.78)

1.5(-0.37,3.42)
3.8(-4.46,11.97)
1.2(-0.83,3.17)

—7.4(-13.51,~1.38)**
-5.4(-10.77,0.07)
-4.9(-11.52,1.63)
5.4(-2.55,13.42)
-6.2(-12.56,0.07)
—9.1(-15.68,-2.52)**
—10.7(-20.43,-1.04)**
-2.1(-5.01,0.81)
-2.7(-5.41,0.06)
-1.1(-3.35,1.19)
—-0.8(-3.20,1.63)
-0.7(-1.79,0.39)
—-1.2(-2.90,0.55)

—-0.4(-0.78,0.05)
3.2(-12.34,18.66)
-0.9(-6.51,4.64)

2.4(-4.09,8.98)
2.5(-2.62,7.55)

*CI, Confidence interval.
**Significant result.
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unexpected recurrent seizures (49, 50). Therefore, research
that tries to resolve this debate and isolate and assess the
relative effects of epilepsy and its treatment on neuropsy-
chologic functioning is important to help us have a greater
understanding of the factors involved in the development
and course of neuropsychologic impairment.

The authors are now looking at the longer term
effects of seizures and treatment on cognition; future
results of the SANAD study may help to shed some
light on their cognitive effects and tell us more about
the natural history of cognitive impairment in people
with epilepsy. However, it is clear that understanding
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Andrea Eugenio Cavanna

His sensation of being alive and his awareness
increased tenfold . . . his mind and heart were
flooded by a dazzling light . . . culminating in a
great calm, full of serene and harmonious joy and
hope, full of understanding and the knowledge of
the final cause.

Prince Myshkin’s seizure in Fyodor
Dostoyevsky’s The Idiot (1868)

Epilepsy has long been associated with alterations in
consciousness. Not surprisingly, altered conscious states
are thought to represent a touchstone for the recogni-
tion of seizure activity (1). This was formalized in 1981,
when the revised classification of epileptic seizures recom-
mended that impairment of consciousness be used as the
criterion for differentiating simple from complex partial
seizures (2). Since then, the evaluation of consciousness
has been essential to the phenomenological description,
diagnosis, and classification of epilepsy (3).

In addition to complex partial seizures, two other
types of seizures are classically known as causing impair-
ment of consciousness: generalized tonic-clonic and
absence seizures. The difficulties surrounding the criteria
for determining impairment of consciousness were partly
resolved by operationally defining consciousness as the
patient’s responsiveness during the ictal state. However,

Seizures and
Consciousness

it has been shown that ictal disturbances of sensory pro-
cesses, speech, memory, or attention, resulting in transient
unresponsiveness, are easily misinterpreted as impaired
consciousness (3). Furthermore, such a use of the concept
of consciousness can be misleading, because both general-
ized and complex partial seizures entail unresponsiveness
during the epileptic discharge, but their effects on the
patient’s ictal conscious state show significant differences,
as a consequence of the different involvement of the neu-
rologic substrates (4, 5).

Despite well-recognized difficulties in formulating
an unequivocal definition of the concept of conscious-
ness, converging evidence from neurophysiologic and
neuroimaging studies suggests a fundamental distinction
between the quantitative (level) and qualitative (content)
features of consciousness (6). The level of consciousness
is the degree of wakefulness or arousal, ranging from
alertness through drowsiness to coma. It depends on
the integrity of the ascending pontomesodiencephalic
reticular pathways and the widespread thalamocortical
projections, and it can be quantified by analyzing the
behavioral responses that are constituent functions of
consciousness as general awareness (i.e., motor and ver-
bal responses to external stimuli). The level of conscious-
ness is what clinical neurologists usually refer to when
reporting “impairment” or “loss” of consciousness in the
phenomenological description of epileptic seizures (3).
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Video monitoring has long been used to document the full
extent of ictal unresponsiveness in clinical settings.

The second major dimension of consciousness is the
content of subjective experience: sensations, emotions,
memories, intentions, and all the feelings that color our
inner world. This feature is determined by the interac-
tion between exogenous factors derived from our envi-
ronment and endogenous factors such as attention. The
“vividness” and the emotional significance associated
with such experiences seem to be modulated by tem-
porolimbic activity and show a remarkable variability,
ranging from “peripheral consciousness” phenomena
to highly intense experiences (7). Although the subjec-
tive dimension of the ictal conscious state characterizes
most complex partial seizures of temporal lobe origin,
it is often neglected in clinical practice, partly because
of definitional problems and related miscommunication
between patients with epilepsy and their physicians.

It has been pointed out that the assessment of both
the level and the contents of conscious states is crucial
for an in-depth understanding of the clinical alterations
of consciousness occurring during the various kinds
of epileptic seizures (8). Monaco et al. (9) stressed the
conceptual usefulness of plotting the level and contents
of consciousness in a biaxial diagram that indicates the
possible conscious states of a subject according to these
features. For instance, in the normal waking state the level
of consciousness is almost constantly elevated, whereas
the contents of subjective experience show a greater vari-
ability, depending on the environmental stimuli and the
internal focus of the individual (Figure 12-1A).

In epileptology, the overall assessment of the ictal
conscious state has been left so far to the observer’s
interpretation and personal vocabulary, often with poor
inter-rater and intra-rater reliability, especially in the
absence of standardized tools to perform a quantita-
tive analysis of each dimension. The Ictal Consciousness
Inventory (ICI) is a self-report twenty-item instrument
specifically developed by the author to quantify the level
of general awareness/responsiveness (items 1-10) and
the “vividness” of ictal experiential phenomena (items
11-20) during epileptic seizures (see Appendix). Such
an instrument should guide the standard representation
of the ictal conscious state through the outlined bidi-
mensional model (level vs. contents of consciousness).
Moreover, the ICI helps to dissect the exact nature of the
impairment of consciousness, thus leading to a clear-cut
differentiation between seizures that primarily affect the
level of awareness (generalized seizures) and seizures
that specifically alter the contents of the ictal conscious
state (focal seizures). The following paragraphs provide
an up-to-date review of the neurologic literature on the
relationship between epilepsy and consciousness, in light
of the level-versus-content dichotomy about the descrip-
tion of seizure-induced alterations of conscious states.
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FIGURE 12-1

Bidimensional model of consciousness (level vs. contents).
Dots indicate possible conscious states in different conditions.
(A) Healthy subject during wakefulness. Unlike the level of
arousal, which is almost constantly high, the vividness of
the contents of consciousness experienced in the wakeful
state shows a wide degree of variability. (B) Generalized sei-
zure. Both the level of arousal and the contents of conscious
experience are virtually absent. (C) Focal seizure with expe-
riential symptoms. The level of arousal displays a wide range
of degrees, and the contents of consciousness are almost
constantly vivid. (D) Limbic status epilepticus. The level of
arousal and responsiveness can vary, but no subjective experi-
ences are present (“zombie-like behavior”). Reprinted from
Monaco F, Mula M, Cavanna AE. Consciousness, epilepsy,
and emotional qualia. Epilepsy Behav 2005;7:150-160, with
permission from Elsevier.

ICTAL CONSCIOUSNESS IN
GENERALIZED SEIZURES

Both primary and secondary generalized seizures are
associated with a transient disappearance of both level
and contents of consciousness. Consequently, general-
ized tonic-clonic seizures (“grand mal” epilepsy) and
typical childhood absences (“petit mal” epilepsy) are
the most common causes of epileptically induced loss of
consciousness (5). The bidimensional model of complete
loss of consciousness during a generalized tonic-clonic or
absence seizure is shown in Figure 12-1B.

The dramatic alteration of consciousness observed
during the course of a generalized convulsive seizure
can persist up to minutes and is invariably accompa-
nied by rigid stiffening of the limbs followed by violent
bilateral spasms. Profound lethargy and confusion (i.e.,
decreased level of general awareness) typically last for
a variable period after the main episode ends. Several
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studies based on electrophysiological, blood flow, and
metabolic mapping suggested that the entire brain could
be homogeneously involved in primary generalized tonic-
clonic seizures. However, a recent single-photon emission
computed tomography (SPECT) ictal-interictal imaging
study reported that the regions most intensely involved by
cerebral blood flow (CBF) increase were bilateral frontal
and parietal association cortices, together with thalamus
and upper brainstem (10). The transient disruption of the
functional connectivity between bilateral cortical regions,
and between thalamus and cortex, seems to be the main
mechanism accounting for the loss of consciousness.

Absence seizures are characterized by rather ste-
reotyped phenomenological features, consisting of a
brisk interruption of the patient’s behavior, with staring,
unresponsiveness, and possible eyelid fluttering or mild
myoclonic spasms. No subjective experience accompanies
these relatively frequent seizures, as they entail a sudden
blackout of both level of awareness and conscious con-
tents. Several human and animal studies have suggested
that absence seizures are generated through abnormal
network oscillations involving the cortex of the two hemi-
spheres and the thalamic nuclei, which represent the tar-
get of the brainstem reticular activating projections (11).
These oscillations result in the classical electroencepha-
lographic (EEG) pattern of large amplitude, bilateral,
3- to 4-Hz spike-wave discharges, usually lasting less than
10 seconds. Human imaging studies have yielded more
controversial results, with some studies showing global
increases in CBF and others showing variable patterns
of increased or decreased brain metabolism; for a com-
prehensive review, see the study by Blumenfeld (12). By
combining these data with the results of their studies in
animal models, Blumenfeld and Taylor (5) formulated the
hypothesis that loss of consciousness in absence seizures is
due to a disruption of the normal information processing
at the level of bilateral frontal and parietal association
cortices and related subcortical structures.

More recently, studies of patients with generalized
spike-wave activity have achieved excellent standards of
spatial and temporal resolution by coupling functional
magnetic resonance imaging (fMRI) with simultaneous
EEG recordings (13, 14). Interestingly, preliminary EEG-
fMRI findings confirmed that generalized seizures may
selectively involve certain networks while sparing oth-
ers. In particular, they demonstrated bilateral thalamic
activation and cortical signal decrease in a characteristic
distribution of association areas that are most active dur-
ing conscious rest, that is, prefrontal, lateral parietal, and
midline precuneus/posterior cingulate cortex. According
to the “default mode of brain function” hypothesis, these
areas show transient deactivations whenever healthy sub-
jects are engaged in non-self-referential cognitive tasks
and in conditions of strongly reduced vigilance, such as
deep sleep, coma or vegetative states, and drug-induced

SEIZURES AND CONSCIOUSNESS

general anesthesia (15). EEG-fMRI studies of impaired
consciousness in generalized seizures provide further
evidence that default mode areas likely represent a key
part of the neural network subserving the level of general
awareness.

ICTAL CONSCIOUSNESS IN FOCAL SEIZURES

Focal epileptic seizures originate in specific parts of
the cortex and either remain confined to those areas or
spread to other parts of the brain. The clinical mani-
festations are related to the area of the cortex in which
the seizures start, how widely they are propagated,
and how long they last. Since the early observations by
Hughlings-Jackson on “psychical states which are much
more elaborate than crude sensations” (16), it is clear
that local epileptic activity arising from the temporal
lobe often creates experiential events in the patient’s
mind. Such manifestations of temporal lobe epilepsy
are among the most fascinating and poorly understood
neurologic phenomena.

Experiential phenomena are usually brief and coin-
cide with the onset of a complex partial seizure or with
psychic epileptic auras (17). Sometimes they are followed
by automatisms, stereotyped behavioral patterns (e.g., lip
smacking, chewing) that occur with altered responsive-
ness, and amnesia for the activity. Both experiential sen-
sory seizures and auras can include affective, mnemonic,
or composite perceptual phenomena, such as complex
illusions and hallucinations involving any sensory system,
but most commonly the visual or auditory modalities. The
affective components of experiential phenomena include
unpleasant (fear, guilt, sadness) or pleasant (euphoria, joy,
excitement) subjective feelings, along with symptoms of
depersonalization (altered sense of self) and derealization
(altered experience of the external world) (18). Mystical
and ecstatic feelings have been occasionally reported—
and beautifully described by one of the most talented and
prolific authors affected by epilepsy, Fyodor Dostoyevsky
(Figure 12-2) (19).

In addition to their clinical significance, these psy-
chic phenomena raise interesting questions concerning
brain mechanisms involved in the production of some
the most elusive, yet familiar, human experiences, which
the current philosophical jargon refers to as phenomenal
qualia (9). Roughly speaking, a quale (singular of qualia)
is the “what it is like” character of a mental state: the
way it feels to have a mental state such as feeling pain,
seeing red, smelling a rose, and so forth. Therefore, qua-
lia are the subjective texture of experience, which is the
essence of the qualitative dimension of consciousness.
The detailed investigation of the neural processes taking
place at the level of the limbic structures of the medial
temporal lobe during complex partial seizures will likely
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result in useful insights for the ultimate search for the
neural correlates of these subjective experiences.

Psychic or experiential phenomena that involve per-
ceptual, mnemonic, and affective processes have been
elicited by medial temporal lobe seizures, discharges, and
stimulation. For example, it has been proposed that the
activation of the amygdala and other limbic structures is
responsible for the affective component of experiential
phenomena (20). Consequently, focal seizures are thought
to modulate the contents of the ictal conscious state in
medial temporal lobe epilepsy. Figure 12-1C shows the
bidimensional model of altered conscious states during a
focal seizure or aura with experiential symptoms, charac-
terized by the dissociation between vivid contents (qualia)
and unstable level of arousal.

Another set of peculiar alterations of ictal consciousness
occur during limbic status epilepticus, formerly called
“psychomotor status.” Penfield (21) described patients
with epilepsy who were “totally unconscious,” but none-
theless continued their activities of walking in a crowded
street or driving home or playing a piano piece even for
hours, but in a sort of inflexible and uncreative way.
They seemed capable of sidestepping obstacles in the
environment, grasping objects, and sometimes respond-
ing to movement and speech—yet, they were not aware
of their purposeful actions. More recently Koch and Crick
(22) called these seemingly automatic activities “zombie
modes.” In philosophy of mind, zombies are conceived as
beings whose behavior is utterly indistinguishable from
that of normal humans, but who have no “inner life” at
all. In other words, philosophical zombies lack phenom-
enal qualia and therefore do not experience subjective
contents of consciousness. This scenario is represented in
Figure 12-1D.

FIGURE 12-2

Fyodor Dostoyevsky (1821-1881).
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The neurobiological changes associated with com-
plex partial seizures have also been recently addressed by
functional imaging studies. Interictal and ictal SPECT with
early injection during complex partial seizures in patients
with hippocampal sclerosis showed ictal hyperperfusion
in the temporal lobe ipsilateral to the seizure focus, along
with ipsilateral middle frontal and precentral gyrus and
both occipital lobes. Conversely, the frontal lobes, con-
tralateral posterior cerebellum, and ipsilateral precuneus
showed hypoperfusion (23). In another SPECT ictal-
interictal study in patients with surgically confirmed mesial
temporal sclerosis, Blumenfeld et al. (24) analyzed ictal
CBF changes while performing continuous video-EEG
monitoring. They found that temporal lobe seizures
associated with loss of consciousness (complex partial
seizures) produced CBF increases in the temporal lobe,
followed by increases in bilateral midline subcortical
structures, including the mediodorsal thalamus and upper
brainstem. These changes were accompanied by marked
bilateral hypometabolism in the frontal and parietal asso-
ciation cortices (lateral prefrontal, anterior cingulate,
orbital frontal, and lateral parietal cortex). In contrast,
temporal lobe seizures in which consciousness was spared
(simple partial seizures) were associated with more lim-
ited changes, mainly confined to the temporal lobe, and
were not accompanied by such widespread impaired func-
tion of the frontoparietal association cortices. Intracranial
EEG recordings from temporal lobe seizures accompanied
by impaired responsiveness confirmed the profound slow-
ing in bilateral frontal and parietal association cortices,
which is particularly severe in the late ictal phase and
extends to the early postictal period (25).

These findings are consistent with Norden and
Blumenfeld’s “network inhibition hypothesis,” according
to which focal seizures arising in the medial temporal lobe
spread to subcortical structures (medial diencephalon and
pontomesencephalic reticular formation) and disrupt their
activating function, secondarily leading to widespread
inhibition of nonseizing regions of the frontal and pari-
etal association cortex (26). The frontoparietal network
inhibition may ultimately be responsible for the impaired
level of consciousness reported in the late ictal and imme-
diate postictal phase of some complex partial seizures.
Such an intriguing, yet sophisticated, model of selective
association cortex inhibition by a focal cortical seizure
is gradually replacing the long-lasting concept of critical
mass of cerebral tissue involved in seizure spread to cause
impairment of consciousness.

CONCLUDING REMARKS

The concept of consciousness is central in epileptology,
despite the methodological difficulties concerning its
application to the multifaced ictal phenomenology. The
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different epileptic ictal semiologies offer unique avenues
for the understanding of the relationship between patho-
logical brain function and altered conscious states. Both
the level of awareness and the contents of conscious states
are affected by epileptic seizures. Generalized tonic-clonic
and absence seizures primarily impair the level of con-
sciousness (“blackout”), whereas focal seizures mainly
alter the patient’s private experiences. Sometimes the
changes in the conscious state encompass both the level
and the contents, in a very articulate and entangled way,
as in complex partial seizures of temporal lobe origin. In
this respect, a bidimensional model displaying the level
and the contents of consciousness in two separate axes
could prove to be highly valuable in assessing both the
quantitative and qualitative changes that characterize the
ictal conscious state. Table 12-1 summarizes the pattern
of alterations of the level and contents of consciousness
in the ictal semiologies described in this chapter. Neuro-
physiologic and imaging findings provide a sound basis
for the development of such a model, because different
neural mechanisms have been shown to underlie the level
and the content of consciousness. As for determining the
level of awareness, a crucial role seems to be played by
either primitive (in generalized seizures) or secondary
(in focal seizures) involvement of subcortical structures,
thus leading to disrupted activity in frontoparietal and
midline (precuneus/posterior cingulate cortex) associative
networks. On the other hand, the qualitative features
of experiential phenomena—arguably the most precise
neurobiological correlate of the philosophical concept of
qualia—are mainly the expression of the activity of limbic
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APPENDIX: MEASURING ICTAL BEHAVIORS

ICI (Ictal Consciousness Inventory)

Please answer the following questions by referring to a single seizure, witnessed by another person. Answers: 0 = no;
1 = yes, a bit (yes, vaguely); 2 = yes, much (yes, clearly).

DURING THE SEIZURE WERE YOU . . .
1. aware of what was happening to you? 0 1 2
2. aware of your surroundings? 0 1 2
3. aware of the time passing by? 0 1 2
4. aware of the presence of anyone around you? 0 1 2
5. able to understand other people’s words? 0 1 2
6. able to reply to other people’s words (e.g., What’s wrong with you?)? 0 1 2
7. able to obey other people’s commands (e.g., Sit down!)? 0 1 2
8. able to control the direction of your gaze? 0 1 2
9. able to focus your attention? 0 1 2
10. able to take any initiative? 0 1 2
DURING THE SEIZURE DID YOU . . .
11. feel like you were in a dream? 0 1 2
12. feel like you were in an unusually familiar place? 0 1 2
13. feel that things around you were unknown? 0 1 2
14. feel that everything was in slow motion or sped up? 0 1 2
15. feel the presence of another person who was not there? 0 1 2
16. see or hear things that were not real? 0 1 2
17. see people/objects changing shape? 0 1 2
18. experience flashbacks or memories of past events (as though you were reliving the past)? 0 1 2
19. experience unpleasant emotions (e.g., fear, sadness, anger)? 0 1 2
20. experience pleasant emotions (e.g. joy, happiness, pleasure)? 0 1 2
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Andres M. Kanner

n a review article published in 2000
in the journal Epilepsy ¢& Behavior,
Fisher and Schachter observed that
“some of the disability deriving from
epilepsy derives from the postictal state. The postictal state
may be complicated by impaired cognition, headache, inju-
ries, or secondary medical conditions. Postictal depression
is common, postictal psychosis relatively rare, but both
add to the morbidity of seizures.” They concluded that
“the mechanisms of the postictal state are poorly under-
stood” (1). Indeed, the postictal state has multiple clinical
expressions, which include cognitive deficits, psychiatric
symptoms or episodes, neurologic disturbances in the form
of positive symptoms such as headaches, or deficits such as
paralysis or hypoesthesia. Often, postictal symptoms may
help localize (i.e., suggest the ictogenic lobe) or lateralize
the site of the seizure focus, or they may be a window to an
underlying neurologic deficit that may be subtle or incon-
spicuous in its presentation interictally. Furthermore, as
shown subsequently, postictal psychiatric symptoms may
serve as a red flag of potential interictal psychiatric disor-
der. The aim of this chapter is to review the most frequent
clinical expressions of the postictal state (PS) along with
their implications for an underlying pathologic state and
implications for localization of the ictal focus.

The PS comprises clinical, electrical, and neuro-
chemical changes that occur after a seizure. Yet these

4
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changes can occur at different times. For example, the
most obvious clinical change is the confusional state dis-
played by patients immediately after a seizure (i.e., within
the first 20 minutes of a seizure). Immediate postictal
neurochemical changes yield significant serum elevation
of prolactin and cortisol levels that peak 10 to 20 minutes
after the ictus and return to baseline levels within 60 to
90 minutes (2, 3). On the other hand, postictal symptoms
can occur following a “symptom-free” period that can
range from several hours to up to five days, as is the case
of postictal psychiatric symptoms or episodes. We refer to
this PS as “delayed” PS. Failure to recognize it leads to the
frequent misdiagnosis of postictal psychiatric episodes as
interictal episodes. This topic is discussed in great detail
in this chapter. Accordingly, PS should be divided into
the immediate and delayed states.

ENDOGENOUS CHANGES DURING THE PS

The classic electrographic evidence of the PS is represented
by a focal or generalized slowing of the background activ-
ity, the duration of which may be related to the duration
of the ictus, its extent of propagation, and the “seizure
density” preceding the recorded slow-wave activity. Such
electrographic changes have led to the suggestion that the
PS reflects a state of “exhaustion” of the brain. Fisher
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and Prince, however, refuted such hypotheses, as they
demonstrated in animal models that “neurons can be
made to fire after a seizure when properly stimulated
after a seizure” (4).

Neuronal cells hyperpolarize after a seizure. Three
mechanisms have been identified: (i) fast inhibitory
postsynaptic potentials (IPSP) that act at the gamma-
aminobutyric acid-, receptor (GABA,); (ii) late hyper-
polarizing potentials mediated at the GABAy receptors;
and (iii) calcium-activated potassium currents result-
ing in after-hyperpolarization (AHP) (1, 5). Fisher and
Schachter, however, noted that these mechanisms are too
short in duration to explain the PS. Instead, they sug-
gested the role of hyperpolarizing pumps that yield a
neuronal inactivation long enough to correlate with clini-
cal phenomena of the PS (1). Such pumps are mediated
through mechanisms mediated by ATP.

Several neurotransmitters have been involved in the
PS, including adenosine, opiates, acetylcholine, catechol-
amines, serotonin, and, finally, nitrous oxide, though the
actual mechanisms by which they are operant in the PS
are yet to be clearly established. Fisher and Schachter
suggested that nitrous oxide may mediate its impact on
PS through an effect on cerebral flow. Disturbance of
the cerebral circulation in the PS is supported by recent
studies of Perfenova et al. (6). Indeed, in animal seizure
models carried out in piglets, these investigators demon-
strated severe postictal cerebral vascular dysfunction after
sustained seizures that was evident at least two days after
the seizure. In addition, they showed a marked reduc-
tion of cerebral vascular responses to both endothelium-
dependent and -independent, physiologically relevant
vasodilators (hypercapnia, bradykinin, isoproterenol,
and sodium nitroprusside) during the extended postictal
period. These investigators attributed these vascular dis-
turbances to an inhibition of the antioxidative enzyme
heme oxygenase (HO), which is necessary for increased
cerebral blood flow during the ictal episode and for nor-
mal cerebral vascular functioning during the immediate
postictal period.

For its part, adenosine is a known powerful sup-
pressor of synaptic activity, which increases severalfold
during a seizure (7). It is a potent inhibitory neuromod-
ulator and has been proposed as an endogenous anti-
convulsant. Adenosine receptor densities increase after
repeated seizures in young rats, and its inhibitory effect
in humans has also been demonstrated. For example,
During and Spencer implanted depth electrodes in the
hippocampi of four patients with intractable temporal
lobe epilepsy (TLE) (8). The probes were modified to
include a microdialysis and were kept for periods of 10 to
16 days. Extracellular adenosine samples were collected
bilaterally at 3-minute intervals before, during, and after
a single, spontaneous-onset seizure in each patient. All
seizures commenced in one hippocampus and propagated
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to the contralateral hippocampus. Extracellular adenos-
ine levels increased by 6- to 31-fold, with the increase
significantly greater in the epileptogenic hippocampus.
Adenosine levels remained elevated above basal values
for the entire 18-minute postictal period. Furthermore,
animal models have shown that adenosine agonists pro-
long the PS, while antagonists block it. Also, adenosine
has been found to play a role in the cerebral regulation
during and following a seizure. Indeed, DiGeronimo et al.
demonstrated that postictal administration of adenosine
restores hypoxia-induced cerebral vasodilation in piglets,
even when a nondilating concentration is employed (9).
This suggests that depletion of adenosine with seizure
activity is a mechanism for the loss of postictal cerebral
vasodilatation to hypoxia.

Opiates play important but very complex patho-
genic roles in epilepsy. For example, a high density of
opiate mu receptors has been identified in the vicinity of
ictal foci in TLE (1). This finding has been interpreted
to imply a role of these opiate receptors in limiting the
spread of the epileptic activity. Furthermore, adminis-
tration of the opiate antagonist naloxone was found to
yield an increase of close to 40% of postictal epileptiform
discharges in patients undergoing a prolonged video-EEG
(v-EEG) monitoring study (10). See also the section on
postictal psychiatric phenomena.

POSTICTAL NEUROLOGIC PHENOMENA

The most frequent include cognitive disturbances, focal
motor and sensory deficits, postictal headaches and
migraines, and postictal automatisms. These will be
briefly reviewed in the following subsections.

Postictal Cognitive Deficits

In a study of 100 consecutive patients with refractory
epilepsy, Kanner et al. identified postictal cognitive and
psychiatric symptoms occurring after more than 50% of
seizures during a three-month period (see Table 13-1)
(11). Among the 100 patients, they identified a mean
of 8.8 + 6.5 habitual postictal symptoms (range: 0 to
25; median = 8) corresponding to 2.8 = 1.8 postictal
cognitive symptoms (range: 0 to 5; median = 3). Sixty-eight
patients experienced postictal cognitive and psychiatric
symptoms, and 14 experienced only postictal cogni-
tive symptoms; 12 patients failed to experience any
postictal symptom.

These data clearly demonstrate the relatively long
duration of postictal cognitive symptoms. The wide
ranges in the duration of these symptoms are the reflec-
tion of the interplay of several variables. These include the
duration of the ictus, the location of the seizure focus, and
the existence of underlying specific deficits (e.g., verbal
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TABLE 13-1
Prevalence of Postictal Cognitive Symptoms

TyYPE OF COGNITIVE DEFICIT

PREVALENCE, N = 100

DuRraATION IN HRS, MEAN * S.D.
{MEDIAN IN HRS] (RANGE)

Cognitive symptoms, total
Difficulty in concentration
Problems with memory
Confusion

Disorientation

Thought blockage

Only cognitive symptoms, total

82
71
66
65
46
42
14

16.2 = 22.6 [6] (10 min-108 hr)
18.2 + 23.6 [6] (10 min.—108 hr)
10.6 + 14.6 [2] (10 min-72 hr.)
2.6 £5.5[1] (5 min-24 hr.)
16.7 = 21.2 [6] (10 min-98 hr)

memory disturbances in left TLE). For example, a patient
with a seizure disorder that resulted from a stroke in the
territory of the middle cerebral artery of the dominant
hemisphere, which resulted in a residual mild dysphasia,
may experience a global aphasia of several hours dura-
tion following a seizure. Likewise, it is not unusual for
patients with TLE to notice a marked deterioration of
an underlying memory deficit during the PS. Some of the
cognitive disturbances deserve closer scrutiny, as they may
help lateralize the ictal focus. Such is the case of postictal
language disturbances.

Postictal Aphasia

A review of the literature associates postictal language
disturbances with a temporal lobe seizure focus in the
dominant hemisphere (12). For example, Adam et al.
analyzed the semiology of epileptic seizures on the
v-EEG of 35 patients (26 temporal, 8 frontal, 1 parietal)
with a good postsurgical outcome (Engel’s class I and II)
(13). Language dominance had been established with the
intracarotid amobarbital test. In 15 cases (29 seizures),
postictal language manifestations were analyzed in
relation with the propagation of the epileptic activity
recorded by intracerebral EEG. They found that postictal
aphasia was observed only when seizures originated in
the dominant hemisphere and ictal activity spread to Wer-
nicke and/or Broca language areas. They noted that no
postictal aphasia was observed when the epileptic focus
was in the nondominant hemisphere, even if there was
secondary generalization of ictal activity affecting the
language areas of the dominant hemisphere. The data of
Williamson et al. support these findings, as they found
that postictal aphasia and prolonged recovery time were
characteristic of seizure origin in the language-dominant
hemisphere (14). Privitera et al. performed a prospec-
tive study of ictal and postictal language function after
105 temporal lobe complex partial seizures (CPSs) in
26 patients (15). At the time of the seizure, the patients
were asked to read a test phrase aloud until it was read

correctly and clearly. In all 62 seizures originating
from the left temporal lobe, the patients took more
than 68 seconds to read the test phrase correctly (mean,
321.9 seconds); in 42 of 43 seizures from the right tem-
poral lobe, the patients read the test phrase in less than
54 seconds (mean, 19.7 seconds). Postictal paraphasias
occurred in 46 of 62 seizures from the left temporal lobe
in 11 of 14 patients.

Other studies, however, have found that propaga-
tion of ictal activity from the nondominant to the dom-
inant temporal lobe can account as well for postictal
language disturbances. For example, Ficker et al. found
that patients whose seizures began in the nondominant
temporal lobe and propagated to the contralateral tem-
poral lobe had a prolonged postictal language delay with
paraphasic errors compared with seizures that did not
spread (16). Shorter propagation time was also associated
with longer postictal language disturbances. The findings
of a study by Devinsky et al. tend to support the lack of
specificity in the localization of ictal foci with postictal
language disturbances (17). These investigators studied
postictal behavior following 65 CPSs in 18 patients with
left-hemisphere language dominance using subdural elec-
trode recordings. The mean interval for a first correct ver-
bal response did not differ significantly between patients
with right and left ictal foci (left foci, 275 seconds; right
foci, 167 seconds). Impaired comprehension with fluent
but unintelligible speech, as well as anomia, occurred
after seizures arising from either temporal lobe. On the
other hand, all nine seizures followed by global or nonflu-
ent aphasia originated on the left side, and the research-
ers found that paraphasic errors were significantly more
common after left temporal CPSs.

Several studies have demonstrated that postictal
aphasia appears to be significantly more common among
patients with TLE than among patients with frontal
lobe seizures. For example, Goldberg-Stern et al. stud-
ied postictal language disturbances in 118 frontal lobe
CPSs recorded in 24 patients (18). Prolonged postictal
disturbances occurred in only 7% of CPSs confined to
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the dominant frontal lobe, compared with 91% of CPSs
that started as frontal and spread to the dominant tem-
poral lobe.

Postictal Memory Disturbances

Postictal memory disturbances are relatively frequent and
can last several days. Postictal memory disturbances are
more particularly frequent in TLE, given the pivotal role
of the mesial temporal structures in memory processing.
In fact, Helmstaedter et al. found no effect on postictal
memory performances in frontal lobe seizures, whereas
verbal and visual recognition memory were significantly
decreased after temporal lobe seizures (19). Decrease in
either verbal or visual memory and time of recovery were
related to lateralization of seizure onset.

The severity of postictal memory disturbances are
a function of the damage to mesial temporal structures.
This was illustrated in animal models of postictal mem-
ory disturbances carried out by Boukhezra et al., who
compared the behavioral features of seizures with post-
ictal memory impairment in young seizure-naive rats
and rats with a prior history of status epilepticus (SE)
(20). In addition, they also examined the relationship
between postictal EEG changes and cognitive recovery.
Following generalized seizures, rats had impaired per-
formance in the water maze, a measure of visual spatial
memory processing in these animals. The duration of
their inability to find a platform exceeded the length
of the seizure, and there was not a close relationship
between duration of cognitive impairment and either
latency to onset of seizure or duration. The animal’s
neurologic status (i.e., having had SE) was a factor in
the duration of the inability to find the platform fol-
lowing seizures, as animals with a prior history of SE
had a longer period of impairment following a seizure
than animals without such a history. Postictal cogni-
tive impairment was associated with changes in theta
activity in animals with a prior history of SE but not in
seizure-naive animals.

Postictal Motor and Sensory Deficits

Postictal motor deficits, also referred to as Todd’s paraly-
sis, is defined as a prolonged focal loss of function or
weakness lasting from two minutes up to two days after
a seizure. Such hemiparesis may represent a new hemi-
paresis or an accentuation of a previous interictal defi-
cit related to structural pathology. In fact, in a study of
14 patients with transient postictal hemiparesis, Rolak
et al. found a contralateral structural abnormality in eight
patients (21).

The presence of a postictal motor deficit is suggestive
of an extratemporal seizure focus, though it is not specific
for frontal, parietal, or occipital foci. Of note, postictal
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paresis has been reported as well in eight of 70 children
with benign rolandic epilepsy of childhood (22).

Postictal sensory deficits include somatosensory
abnormalities, hemineglect, and visual deficits. Somato-
sensory deficits have not been identified in isolation.
Rather, they have always been reported in conjunction
with motor deficits.

In contrast to the lack of specificity of postictal
motor deficits in the localization of the seizure focus,
postictal visual deficits, in the form of homonymous
hemi- or quadrantanopsia, have been identified in sei-
zure foci in occipital-parietal epilepsy, contralateral to
the seizure focus.

Postictal Headaches

Postictal headaches (PHA) and migraines are among
the more common postictal occurrences. For example,
Yankovsky et al. studied 100 consecutive patients
undergoing presurgical evaluation for pharmacologi-
cally intractable partial epilepsy (23). For each PHA
type, they characterized the lateralization, localization,
quality of pain, and results of treatment. They found
that periictal HAs were reported by 47 patients. Of
those, 11 had preictal HA (PIHA) and 44 had PHA.
Eight patients had both PIHA and PHA. Interictal HA
was reported by 31 patients. Twenty-nine (62%) of
47 patients had frontotemporal PHA. Twenty-five
patients had migraine-like HA without aura: 18 (60%)
of 30 patients with TLE and seven (41%) of 17 with
extratemporal epilepsy. No correlation between pathol-
ogy and presence of HA was found in 59 pathologically
verified patients, except in four who had arteriovenous
malformations (AVMs): three had, and one did not
have, PHA. Similar findings were reported by Ito et al.
in a study of 77 patients with TLE, 34 patients with
occipital lobe epilepsy (OLE), and 50 with frontal lobe
epilepsy (FLE) (24). They found an incidence of PHA of
23% for TLE, 62% for OLE, and 42%, for FLE. The
risk of PHA was significantly higher for OLE than for
TLE or FLE and for patients with generalized tonic-
clonic (GTC) seizures. Younger age at onset of epilepsy
was also a risk factor for PHA.

In a study of 110 consecutive patients with epi-
lepsy, Forderreuther et al. found seizure-associated
HA in 47 patients (43%) (25). Forty-three patients had
exclusively PHA. One patient had exclusively preictal
headaches. Three patients had both pre- and PHA. The
duration of PHA was longer than 4 hours in 62.5% of
the patients. In the majority of patients, PHA occurred
in more than 50% of the seizures. Postictal HAs were
associated with focal seizures in 23 patients and/or with
generalized seizures in 54 patients. According to the head-
ache classification of the International Headache Society,
HAs were classified as migraine-type in 34% of patients
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and as tension-type headache in 34% of patients; they
could not be classified in 21% of patients.

In a separate study, Ito et al. compared patients with
different types of epilepsy to investigate the association
between migraine-like HA and seizure type in 364 patients
with partial epilepsy (26). TLE was found in 177 patients,
FLE in 116, and OLE in 71. Forty percent had postictal
HA, and 26% of these patients had migraine-like HA.
Migraine-like postictal HA occurred significantly more
often in cases of TLE and OLE than in cases of FLE. In
addition, the incidence of interictal migraine headache
was significantly higher in patients with migraine-like
postictal HA.

Postictal Automatisms

Persistence of ictal automatisms into the PS or devel-
opment of de-novo postictal automatisms have been
described in the literature. Some of these postictal
automatisms have been shown to have a localizing value
of the ictal focus. For example, Leutmezer et al. car-
ried out a retrospective study with videotapes of 160
patients with focal epilepsy who underwent presurgical
evaluation, with the aim of identifying postictal symp-
toms that may have any localizing or lateralizing value
in defining the seizure onset zone (27). Automatisms
that started during the ictus and continued in the post-
ictal period occurred in 25.2% of 135 patients with TLE
but not in patients with FLE. Postictal “nose wiping”
was evident in 51.3% of 76 TLE patients but only in
12.0% of 25 extratemporal lobe epilepsy patients, and
it was performed with the hand ipsilateral to the hemi-
sphere of seizure onset in 86.5% of all temporal lobe
seizures. Rasonyi et al. reviewed 193 videotaped seizures of
55 consecutive patients with refractory TLE who became
seizure-free after surgery (28). Thirty-four (62%) of the
55 patients showed postictal automatisms at least once
during their seizures. They were identified in 70 (36%)
seizures as manual (21%), oral (13%), or speech (9%)
automatisms. Fifteen seizures contained a combination
of two different postictal automatisms. The presence of
postictal oral automatisms did not lateralize the seizure
onset zone. Speech automatisms (repetitive verbal behav-
ior) occurred more frequently after left-sided seizures
(p = 0.002). Postictal unilateral manual automatism
showed no lateralizing value.

A review of the literature suggests that among the
postictal hand automatisms, nose wiping is more likely to
occur in TLE, but it is not specific to this type of partial
epilepsy. For example, Hirsch et al. conducted a retro-
spective study of 319 videotaped CPSs of 87 patients: 47
with unilateral TLE defined by successful surgical out-
come with medial TLE (MTLE) and 17 with neocortical
TLE; and 40 with extratemporal epilepsy (29). Postictal
nose wiping was significantly more common in patients

with unilateral TLE (60%) than in those with extratem-
poral epilepsy (33%). With regard to lateralizing poten-
tial, in the TLE group, unilateral postictal nose wiping
(performed with a single hand only) within 60 seconds of
seizure offset was observed in 53% of patients (25 of 47)
and was performed with the hand ipsilateral to the seizure
focus in 92% (23 of 25). Thirteen patients (9 with TLE)
wiped their nose more than once with the same hand in
a single seizure within 60 seconds of offset in 18 seizures;
this was done with the hand ipsilateral to the seizure focus
in all 18 instances (predictive value = 100%).

POSTICTAL PSYCHIATRIC PHENOMENA

Postictal psychiatric symptoms (PPS) have been recognized
for a long time but, in general, remain poorly understood,
particularly with respect to their prevalence, clinical char-
acteristics, and pathogenic mechanisms. They may pres-
ent as individual symptoms or as a cluster of symptoms,
mimicking any type of psychiatric disorder (e.g., anxiety,
depression, or psychosis). The vast majority of articles
on postictal psychiatric symptoms have revolved around
postictal psychotic symptoms and episodes that have been
encountered in the course of v-EEG.

Experimental Perspective on Postictal
Psychiatric Phenomena

Engel et al. (30) studied behavioral changes during the
PS, specifically, postictal aggression that presents as
reactive biting in amygdaloid-kindled seizures in rats.
Caldecott-Hazard et al. (31, 32) identified the role of
opioid involvement in postictal explosive motor behavior,
noting that pretreatment with naloxone can exacer-
bate it, whereas pretreatment with morphine can sup-
press it. Engel et al. suggested that this hyperreactivity
could reflect endogenous-opioid withdrawal phenomena.
Indeed, endogenous opioids usually are released during
seizures; therefore, the animal is exposed repeatedly to
transient increments, creating a state of dependency.
Engel et al. (30) suggested that this model may
reflect the pathogenic mechanisms mediating interictal
depression, as endogenous opioids also may play the
role of natural mood elevators and have been thought
to mediate, at least in part, the therapeutic effects of
electroconvulsive therapy (ECT) (33, 34). They support
this hypothesis with data from positron emission tomo-
graphic studies that used the mu opioid receptor ligand
[11C] carfentanil. These studies revealed that temporal
lobe hypometabolism is associated with enhanced opioid
receptor binding (335, 36). In support of a pathogenic role
of endogenous opioids in postictal affective disturbances,
Engel et al. cite the transient suppression of the multiple-
squeak response in the rat, the duration of which can
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be shortened by pretreatment with naloxone. This reac-
tion to pain has been considered to reflect a measure of
affective function (37). Whether these theories are appli-
cable to the occurrence of postictal depressive episodes
in humans is yet to be established. Engel et al. (30) also
reviewed the potential role of dopamine changes in medi-
ating psychotic processes in epilepsy. They point out how
amygdaloid kindling in cats can induce enhanced sensitiv-
ity of dopamine receptors. Because psychotic symptoms
are dopamine mediated, postictal and interictal psychotic
processes conceivably could result from such changes.

Postictal Psychiatric Episodes

Postictal psychiatric symptoms may cluster and mimic
discrete psychiatric episodes such as major depressive
episodes of short duration or postictal psychotic epi-
sodes (PIPE). The prevalence of postictal psychiatric
episodes in the general population of patients with
epilepsy is yet to be established. The reported postictal
psychiatric episodes have focused almost exclusively on
postictal psychotic episodes identified in the course of
v-EEG. This is not surprising, because the circumstances
around v-EEG are optimal to facilitate the occurrence of
PIPE. These include the occurrence of frequent seizures
over a short time period, following the discontinuation
or dose reduction of antiepileptic drugs (AEDs). In a
study published in 1996, Kanner et al. estimated the
yearly incidence of postictal episodes during v-EEG to
be 7.9% among patients with partial epilepsy (38). The
majority, or 6.4%, presented as PIPE. While patients
may experience postictal psychiatric episodes mimick-
ing any type of psychiatric disorders, here data only
for postictal depressive and psychotic episodes will be
reviewed.

Postictal Depressive Episodes

Postictal depressive episodes (PIDE) remain practically
unexplored. In a study by Kanner et al., 18 of 100 patients
experienced a cluster of at least five symptoms of depres-
sion that mimicked a major depression disorder with a
duration exceeding 24 hours but significantly shorter than
the 2 weeks required by the Diagnostic and Statistical
Manual of Mental Disorders, Fourth Edition (DSM-IV)
criteria (39). A comparison of seizure-related variables
between the 18 patients with PIDE and 23 patients with-
out any postictal psychiatric symptom failed to reveal any
differences between the two groups. However, patients
with PIDE were more likely to have a psychiatric history
than controls were (Kanner, unpublished data). Isolated
reports of PIDE have been published. For example, Fincham
et al. described the case of a woman with stereotypic
recurrent episodes of severe depression with suicidal ide-
ation that followed clusters of simple partial seizures that

went unrecognized for a long time (40). The successful
treatment of these seizures resulted in remission of her
depressive episodes.

Postictal Psychotic Episodes

Several case series of PIPE have been published (38, 41—
47). The following clinical characteristics of PIPE were
identified in all the series: (i) delay between the onset of
psychiatric symptoms and the time of the last seizure;
(ii) relatively short duration; (iii) affect-laden symptom-
atology; (iv) clustering of symptoms into delusional and
affective-like psychosis; (v) increase in the frequency of
secondarily generalized tonic-clonic seizures preceding
the onset of PIPE; (vi) onset of PIPE after having seizures
for a mean period of more than 10 years.

In the study cited, Kanner et al. identified psychiat-
ric symptomatology that mimicked a psychotic episode
in ten of 13 patients (38). It presented as a delusional
psychosis in four patients; and it mimicked a mixed
manic-depressive-like psychosis in one patient, a psy-
chotic depression-like disorder in two, a hypomanic-like
psychosis in one, and a manic-like psychosis in one. The
tenth patient presented with bizarre behavior associated
with a thought disorder. In every case, the onset of symp-
toms lagged by a mean period of 24 hours (range 12 to
72 hours) relative to the time of the last seizure. The
mean duration of the PIPE was 69.6 hours (range 24 to
144 hours). The psychotic episode remitted with low doses
of neuroleptic medication (2 to 5 mg per day of haloperi-
dol) in five patients; one patient required high doses (40 mg
per day of haloperidol); and remission occurred without
pharmacotherapy in four patients. Six of these ten patients
had experienced an average of 2.4 PIPE prior to v-EEG; in
the remaining four patients, the PIPE was the first one ever
experienced. Other authors have reported similar findings
with respect to response to pharmacotherapy (41-46).

Kanemoto et al. (47) studied the clinical differences
between PIPE and acute and chronic interictal psychosis
of epilepsy. They noted that patients with PIPE are more
likely to experience grandiose and religious delusions in
the presence of elevated moods and a feeling of mystic
fusion of the body with the universe. On the other hand,
perceptual delusions or voices commenting were less fre-
quent, and feelings of impending death were common
among patients with PIPE.

Clinical phenomena during PIPE have included
cases of manic symptoms following complex partial
seizures (48). Directed aggression has been reported to
occur significantly more frequently during PIPE than
during interictal psychosis or during the postictal con-
fusional state following complex partial seizures (49).
Gerard et al. reported six patients with subacute post-
ictal aggression following a cluster of seizures (50). The
episodes of postictal aggression were not isolated events
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but recurred repeatedly; the behaviors were uniquely
stereotyped in each patient. All patients had medically
intractable epilepsy and were remorseful in the interictal
period.

Postictal psychotic episodes have also been reported
with unusual presentations, including cases of Capgras’
syndrome (51, 52) and a case mimicking a Kliiver-Bucy
syndrome reported in a patient with persistent seizures
following a left temporal lobectomy (53). In children,
cases of PIPE have been reported only following status
epilepticus by two groups (54, 55). One was a case of a
9-year-old boy; the other was a case of a 12-year-old boy.
In both children, EEG recordings were obtained during
the psychotic episode, documenting that the seizure activ-
ity had remitted. Thus, although PIPE is unlikely to occur
in children, the exception is status epilepticus.

Postictal psychotic episodes have also been described
in the context of a “forced normalization phenomenon.”
Akanuma et al. reported two patients with TLE who
developed PIPE that lasted 12 weeks (56). Repeated EEGs
during the period of psychosis showed that their habit-
ual focal epileptiform abnormalities had disappeared.
Responses to neuroleptic treatments were not remark-
able. Their psychotic symptoms gradually dispelled after
their epileptiform abnormalities reappeared.

Various investigators have attempted to identify
potential pathogenic mechanisms of PIPE. Thus, Kanner
et al. compared magnetic resonance imaging (MRI),
interictal and ictal EEG data derived from v-EEG, and
past psychiatric history from 18 patients with PIPE and
36 controls (Kanner et al., submitted). A logistic regres-
sion model clearly demonstrated that bilateral indepen-
dent ictal foci and secondarily generalized tonic-clonic
seizures were strong predictors of PIPE. By the same
token, the presence of PIPE predicted the existence of
bilateral ictal foci with a probability of 89%. Umbricht
et al. (45) reported similar findings in a study comparing
eight patients with PIPE, seven patients with interictal
psychosis, and 29 controls. In addition, they found that
patients with PIPE and interictal psychosis had a lower
verbal IQ and the absence of mesial temporal sclerosis.
Devinsky et al. (44) reported a higher frequency of bilat-
eral independent interictal foci in 20 patients with PIPE
compared to 150 controls.

The pathogenic role of bilateral ictal foci in PIPE
in patients with TLE was further suggested by Christo-
doulou et al., who reported three patients with postictal
psychosis after a temporal lobectomy. All patients had
persistent seizures originating from the side contralateral
to the resection (57). In addition, Mathern et al. reported
a patient with TLE who developed a PIPE during a v-EEG
and died of unknown reasons four weeks after temporal
lobectomy (58); pathological examination of surgical and
autopsy hippocampal specimens revealed bilateral asym-
metric neuron losses.

Among other potential risk factors, Alper et al. sug-
gested that mood disorders among first- and second-degree
relatives could be a predictor of PIPE (59). Briellmann
et al. found that dysplasias in temporal lobe structures
were associated with a higher risk of developing PIPE
in a study that compared findings from high-resolution
MRI and histopathologic studies between six patients
who experienced PIPE and 45 controls. Of note, in the
patients with PIPE the volume of hippocampal forma-
tions was normal (60). Kanemoto et al., on the other
hand, found that hippocampal atrophy was significantly
associated with the development of PIPE in a study of
111 patients with TLE (61).

PIPE and Electroshock Therapy

The development of de-novo PIPE has been reported.
Zwil and Pomerantz described the case of a patient who
developed delusional and hallucinatory psychosis fol-
lowing a course of ECT (62). Sackeim et al. reported
the development of excitement in two patients following
bilateral and/or right-unilateral ECT but not following
left-unilateral ECT (63). On the other hand, ECT has
been also used as a treatment for PIPE. Pascual-Aranda
et al. reported the case of a 23-year-old woman who
developed a postictal catatonic-like psychosis after a clus-
ter of partial complex seizures; ECT resulted in complete
recovery (64).

Postictal Psychiatric Symptoms

The only systematic investigation of the prevalence and
clinical characteristics of postictal psychiatric symptoms
(PPS) published to date was carried out by Kanner et al.
and hence will be reviewed in some detail. This study was
conducted at the Rush Epilepsy Center with 100 con-
secutive patients who suffered from pharmacoresistant
partial epilepsy (11). Every patient was asked to complete
a 42-item questionnaire (The Rush Postictal Psychiatric
Questionnaire) (11) designed to identify the frequency of
26 PPS and five cognitive symptoms during a three-month
period. These included symptoms of depression and of
various anxiety disorders (i.e., general anxiety, panic
attacks, agoraphobia, obsessions, and compulsions),
hypomanic and psychotic symptoms, and neurovegeta-
tive and physical symptoms. These latter two types of
symptoms are common in seizures as well as in depressive
and anxiety disorders. Accordingly, they were recorded
as separate symptom categories, so as not to erroneously
increase the number of postictal symptoms of depression
and anxiety. The postictal period was defined as the
72 hours that followed a seizure. The questionnaire was
also developed to discriminate between interictal and
postictal symptoms and to identify interictal symptoms
that worsened in severity during the postictal period. Each
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question inquired about the frequency of occurrence of
the symptom, and only symptoms identified after more
than 50% of seizures were included in this study, so as
to reflect a “habitual” phenomenon.

Among the 100 patients, the authors identified a
lifetime prevalence of psychiatric disorders in 54 patients,
which consisted of mood disorders in 33, anxiety disorder
in 16 (12 of whom also had a mood disorder), and attention
deficit hyperactivity disorder in five. No patient had expe-
rienced a history of a psychotic disorder. Eleven patients
reported one or more psychiatric hospitalizations.

SEIZURES AND BEHAVIOR

A median of eight postictal symptoms were identi-
fied (range: 0 to 25) corresponding to a median of three
cognitive symptoms (range: 0 to 5) and 5 PPS (range 0 to
22); 74 patients experienced at least one type of PPS, 68
experienced both PPS and cognitive symptoms, and six
reported only PPS. The prevalence of the different types
of PPS and their median duration appear in Table 13-2.

Among the 74 patients with PPS, 60 (81%)
experienced PPS belonging to more than one
psychiatric disorder. The most frequent combination
included postictal symptoms of anxiety, depression, and

TABLE 13-2
Prevalence of Postictal Psychiatric Symptoms in 100 Consecutive Patients with Pharmacoresistant Epilepsy
PosTtICTAL SYMPTOM PREVALENCE MEDIAN DURATION IN HOURS (RANGE)
Symptoms of depression, total 43
Irritability 30 24 (0.5-108)
Poor frustration tolerance 36 24 (0.1-108)
Anhedonia 32 24 (0.1-148)
Hopelessness 25 24 (1.0-108)
Helplessness 31 24 (1.0-108)
Crying bouts 26 6 (0.1-108)
Suicide ideation 13 24 (1.0-240)
Active suicidal thoughts 8
Passive suicidal thoughts 13
Feelings of self deprecation 27 24 (1.0-120)
Feelings of guilt 23 24 (0.1-240)
Neurovegetative symptoms, total 62
Early night insomnia 11 -
Middle night awakening 13 =
Early morning awakening 11 =
Excessive somnolence 43 24 (2-72)
Loss of appetite 36 24 (2-148)
Excessive appetite 10 15 (0.5-48)
Loss of sexual interest 26 39 (6-148)
(not related to fatigue)
Symptoms of anxiety, total 45
Constant worrying 33 24 (0.5-108)
Panicky feelings 10 6 (0.1-148)
Agoraphobic symptoms 29 24 (0.5-296)
Due to fear of seizure recurrence 20 -
Compulsions 10 15 (0.1-72)
Self consciousness 26 6 (0.05-108)
Psychotic symptoms, total 7
Referential thinking 5 15 (0.1-108)
Auditory hallucinations 2 6.0 (0.1-108)
Paranoid delusions 4 0.2 (0.1-0.25)
Religious delusions 3 6.0 (0.1-108)
Visual hallucinations 1 36 (6-48)
Hypomanic Symptoms, total 22
Excessive energy 9 2 (0.15-48)
Thought racing 15 2 (0.1-24)
Fatigue 37 24 (0.1-108)
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neurovegetative symptoms. Of note, the existence of PPS
had been investigated only in seven patients prior to this
study, and only one was offered treatment specifically
directed to the remission of habitual postictal symptoms
of depression.

Clinical Characteristics of PPS and Relation to
Past Psychiatric History

Postictal Symptoms of Depression. Forty-three patients
reported a median of five postictal symptoms of depres-
sion (range: 2 to 9). The median duration of each symp-
tom was 24 hours (0.1-240 hours), with the exception of
postictal crying, which had a median duration of six hours
(0.1-108 hours). Thirty-two patients experienced post-
ictal symptoms of depression of at least 24 hours dura-
tion (18 experienced a minimum of six symptoms lasting
24 hours or longer), five reported symptoms of 1 to
23 hours duration, and only three patients had symp-
toms lasting less than one hour. Thirteen patients reported
habitual postictal suicidal ideation; eight experienced pas-
sive and active suicidal thoughts, while five reported only
passive suicidal ideation. No patient ever acted on these
symptoms. Postictal symptoms of depression always
occurred in combination with other PPS categories,
though correlations were only identified with postictal
symptoms of anxiety, psychotic symptoms, and neuro-
vegetative symptoms.

Among these 43 patients, 25 had a history of a mood
disorder and 11 of an anxiety disorder. There was a signifi-
cant association between a history of depression and the
postictal symptoms of self-deprecation and guilt, while a
significant association with a history of anxiety and post-
ictal guilt was identified. Furthermore, the number of post-
ictal symptoms of depression was higher in patients with
a prior history of depression and anxiety. Of note, 10 of
the 13 (77%) patients with postictal suicidal ideation had
a history of either major depression or bipolar disorder.
Also, postictal suicidal ideation was an indicator of pre-
vious severe psychiatric disorders, as it was significantly
associated with previous psychiatric hospitalization.

Postictal Symptoms of Anxiety. Forty-five patients
reported a median of 2 (range: 1 to 5) postictal symp-
toms of anxiety. The median duration of individual symp-
toms ranged from six to 24 hours (0.1 to 296 hours). In
30 patients at least one symptom lasted 24 hours or
longer (15 patients [33%] reported a cluster of four
postictal symptoms of anxiety of at least 24 hours);
ten patients reported at least one symptom of 1 to
23 hours duration, and five patients had symptoms
lasting less than one hour. Twenty-nine patients expe-
rienced symptoms of postictal agoraphobia; 18 (62%)
attributed these symptoms to the fear of seizure recur-
rence. Nevertheless, the presence of this fear was not

POSTICTAL PHENOMENA IN EPILEPSY

related to the actual occurrence of seizures in clusters.
A prior history of anxiety disorder was identified in
15 patients (33%). There was an association between a
history of anxiety disorder and the occurrence of postictal
symptoms of constant worrying and panicky feelings.

Postictal Psychotic Symptoms.  Seven patients experienced
a median of two postictal psychotic symptoms (range: 1 to
5). Five patients reported referential thinking (“people are
staring and talking about me”); two, auditory hallucina-
tions; four, paranoid delusions; three, religious delusions;
and one, visual hallucinations. The duration of individual
symptoms ranged from 0.2 to 36 hours (0.1-108 hours).
In four of these patients, at least one psychotic symptom
lasted a minimum of 24 hours, two patients experienced
symptoms lasting between 1 and 23 hours, and one patient
reported symptoms of less than one hour duration. These
seven patients also experienced postictal symptoms of
anxiety and depression, and five patients reported postic-
tal hypomanic symptoms. No patient had experienced a
history of interictal psychosis. A psychiatric history was
not significantly associated with the development of post-
ictal psychotic symptoms, but a history of anxiety disor-
der was associated with a greater number of psychotic
symptoms.

Postictal Hypomanic Symptoms.  Postictal hypomanic symp-
toms included excessive energy and racing thoughts, which
were identified in 22 patients: 15 patients reported rac-
ing thoughts, nine reported increased energy, but only
two reported both symptoms. The median duration of
both symptoms was 2 hours (0.1-48 hours). Six patients
experienced hypomanic symptoms lasting 24 hours or
longer. There was no significant association between a
psychiatric history and the development of hypomanic
symptoms.

Postictal Neurovegetative Symptoms.  Postictal neurovegeta-
tive symptoms were among the most commonly reported
postictal symptoms—above all, postictal somnolence and
loss of appetite. Sixty-two patients experienced a median
of two symptoms (range: 1 to 5), and in 12 they were
the only PPS category reported. In addition, early night
insomnia was reported by 11% of patients, middle night
awakening by 13%, early morning awakening by 11%,
and excessive appetite by 10%. These are four symp-
toms not typically associated with the postictal state. The
median durations of individual symptoms ranged from
15 to 39 hours (0.5 to 148 hours). A psychiatric history
did not worsen or act as a risk factor of these postictal
symptoms.

Postictal Fatigue. Thirty-seven patients reported post-
ictal fatigue with a median duration of 24 hours (0.1 to
108 hours).
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Relation between Postictal Cognitive and Psychiatric Symip-
toms. Eighty-two patients experienced a median of four
postictal cognitive symptoms (range: 1 to 5). Fourteen
patients reported only postictal cognitive symptoms, while
the other 68 experienced postictal cognitive and psychiatric
symptoms. The median duration of individual cognitive
symptoms ranged from 1 to 9 hours (0.05 to 108 hours). In
general, the “estimated” duration of PPS was significantly
longer than that of cognitive symptoms. The presence of
postictal symptoms of depression was associated with the
worst postictal cognitive disturbances, as evidenced by a
greater number of postictal cognitive symptoms.

Interictal Psychiatric Symptoms with Postictal Exacer-
bation. Thirty-eight patients experienced a median
of three (range: 1-15) psychiatric symptoms during
the interictal period, 34 of whom had symptoms of
depression (n = 24), anxiety (# = 3) or mixed anxiety/
depression (1 = 6), and four only neurovegetative symp-
toms. Thirty-six of these 38 patients (94%) experienced
interictal symptoms with postictal exacerbation in sever-
ity as well, and in 19, all interictal recorded symptoms
were only coded as such. Furthermore, among these
36 patients, 30 (83%) also experienced de-novo PPS.
Among 20 patients with interictal fatigue, eighteen
reported significant worsening during the postictal
period. Finally, 37 patients reported interictal cogni-
tive symptoms that worsened postictally; all of these
patients also experienced de-novo postictal cognitive
symptoms.

Thirteen patients were taking antidepressant medi-
cations at the time of the study: 10 for the treatment
of an interictal depressive disorder, two for an anxiety
disorder, and one for the treatment of irritability. Being
on antidepressants, however, did not prevent the devel-
opment of postictal symptoms (n = 3) or the postictal
exacerbation of interictal symptoms of depression and/or
anxiety (n = 10), despite a significant improvement of
the interictal disorder.

There was no significant association between the
development of PPS and the location of the seizure focus,
the type of seizures, or the occurrence of seizures in clus-
ters. On the other hand, taking AEDs with negative psy-
chotropic properties (barbiturates and benzodiazepines)
yielded a trend toward a greater likelihood of developing
postictal psychotic symptoms.

Clearly, these data illustrate the relatively high
prevalence of PPS and the very tight relationship
between interictal and postictal symptomatology and
between a prior psychiatric history and the develop-
ment of PPS. Without a doubt, recognition of PPS
is of the essence in the understanding of psychiatric
symptomatology in patients with epilepsy, including
as it pertains to the interpretation of its response to
treatment.

SEIZURES AND BEHAVIOR

Relationship between Ictal, Postictal, and
Interictal Psychiatric Symptomatology

As shown by the foregoing results, postictal and interictal
psychiatric symptomatology are closely related, imply-
ing common pathogenic mechanisms. Further evidence of
such a relationship is supported by the following data.

Mintzer and Lopez compared interictal psychiatric
disorders between 12 patients with TLE and ictal fear and
12 matched controls without ictal fear (65). Patients with
ictal fear were significantly more likely to suffer from
interictal panic disorders and other anxiety disorders than
the control group.

Kohler et al. compared presurgical and postsurgical
psychiatric disorders among 22 patients with ictal fear,
22 patients with auras of a different type (nonfear aura),
and 15 patients without auras, all of whom underwent an
anterotemporal lobectomy (ATL) (66). Pre-operatively,
68% of patients with ictal fear, 55% of those with non-
fear aura, and 57% of those without aura had a history of
mood and/or anxiety disorders. Although fewer patients
experienced mood and anxiety disorders after surgery
(nonfear aura group, 37%; group without aura, 21%),
patients with ictal fear experienced a significant increase
in mood and anxiety disorders (86 %), independently of
the persistence of auras. Although mood and anxiety dis-
orders were more prevalent postsurgically among patients
with persistent seizures, mood and anxiety disorders were
more frequent in the seizure-free patients with presurgi-
cal fear aura than in the other two groups. As expected,
patients in the fear aura group were on psychotropic
medication with a significantly higher frequency than
patients from the other two groups.

By the same token, the occurrence of PIPE was
associated with an increased risk of postsurgical mood
disorders. Thus, in a study of 52 patients who under-
went an ATL, Kanemoto et al. also found that PIPE was
associated with postsurgical mood disorders, present-
ing as manic and depressive episodes during the first 2
postsurgical years (67).

The evolution of PIPE unto interictal psychotic epi-
sodes has also been recognized by several investigators.
Tarulli et al. found that six out of 43 (13.9%) patients
with a history of PIPE went on to develop interictal psy-
chosis (68). Adachi et al. identified patients with both
interictal psychotic episodes and PIPE (69); 10 initially
experienced PIPE and went on to develop interictal psy-
chosis, while four patients experienced an interictal psy-
chotic disorder that remitted and later on developed PIPE.
The mean age was 10.8 = 4.3 years at the onset of the
epilepsy, 24.4 = 6.1 years for interictal psychosis, and
33.8 * 4.5 years for PIPE. Furthermore, these patients
did not differ with respect to the epilepsy-related char-
acteristics found in patients with only PIPE, as the four
patients had bilateral EEG abnormalities and borderline
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(or decreased) intellectual functioning. Kanner et al. com-
pared the development of interictal psychosis between
18 patients with PIPE and 36 controls. Six of the patients
with PIPE developed an interictal psychosis, while none
of the controls did (Kanner et al., submitted). Finally,
Devinsky et al. reported the case of a 49-year-old man
who experienced partial seizures with unpleasant olfac-
tory hallucinations. Following the remission of his ictal
symptoms he developed a disabling delusional syndrome
consisting of a delusional belief that his body was emit-
ting foul odors (70).
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INTRODUCTION

Nonconvulsive status epilepticus (NCSE) is a condition of
continuous or intermittent epileptic activity without con-
vulsions associated with electroencephalographic (EEG)
evidence of seizure. NCSE encompasses a number of clini-
cally distinct groups: (1) complex partial status epilepti-
cus (CPSE), (2) typical absence (a rare subtype), and (3)
status epilepticus (SE) in comatose patients. It may occur
in about 8% of all comatose patients without evidence of
significant motor signs and may persist in 14% of patients
following generalized convulsive status epilepticus. NCSE
is underrecognized and underdiagnosed. However, with
the increasing awareness of varying clinical presentations
of NCSE and access to EEG testing, clinicians should be
better able to identify and manage this challenging group
of disorders.

DIFFERENTIAL DIAGNOSIS AND
CLASSIFICATION

The diagnosis of NCSE traditionally entails the clini-
cal picture of abnormal mental status with diminished
responsiveness, a confirmatory epileptic pattern on
EEG, and, often, an improvement with antiepileptic
drugs (AEDs). Several classification systems have been

Behavioral Aspects of
Nonconvulsive Status
Epilepticus

developed. Older classifications categorize NCSE into
two groups based on EEG findings: (1) absence status
epilepticus (ASE) and (2) localization-related NSCE or
complex partial status epilepticus. However, since mor-
bidity and mortality in NCSE stems from the underly-
ing cause of NCSE rather than clinical or EEG type, an
emerging unifying approach is to divide NCSE based on
whether it is due to a primary epileptic encephalopathy
or due to some other brain pathology. Kaplan developed
a detailed classification using clinical characteristics and
EEG findings to categorize patients (1). This classification
system includes (1) localization-related NCSE, (2) gen-
eralized NCSE (GNSE), and (3) indeterminate or inter-
mediate NCSE. GNSE is further divided as described in
Table 14-1.

Classification of NCSE based on clinical presenta-
tions using exclusion criteria can be problematic. This
difficulty is due to significant overlap among clinical
characteristics of different types of NCSE. EEG patterns
such as paroxysmal lateralized epileptiform discharges
(PLEDs) may present in patients with facial twitching,
subtle limb jerks, and an altered level of consciousness;
however, these clinical signs can occur with SE. Infectious,
toxic, or metabolic encephalopathy as well as psycho-
genic states with staring, mutism, or increased body tone
(such as with benzodiazepine withdrawal encephalopa-
thy, lithium toxicity, serotonin syndrome, and neuroleptic

117



118

III o SEIZURES AND BEHAVIOR

TABLE 14-1
Categories of Nonconvulsive Status Epilepticus

I. Generalized nonconvulsive status epilepticus (GNSE)
A. Absence status epilepticus (ASE)
i. Typical absence status epilepticus (TAS) occurring in idiopathic generalized epilepsies, with 3/sec spike-and-wave
ii. “De novo” reactive (situation-related) absence status in the elderly usually with neuroleptic medications, or
following drug withdrawal
iii. Absence states with degenerative generalized epilepsies; progressive myoclonic epilepsies
iv. Secondary generalized NCSE of frontal or temporal lobe origin
II. Atypical absence status epilepticus (AASE)
Seen in childhood with secondary generalized epilepsy, usually with mental retardation (cryptogenic and
symptomatic) e.g., with Lennox-Gastaut Syndrome. EEG shows “slow” spike-and-wave at < 2.5 Hz
ITa. Simple partial status epilepticus (also see IIb)
i. Frontal lobe simple partial NCSE with affective/cognitive features
ii. Parietal lobe simple partial status with somatosensory features
iii. Temporal lobe simple partial status with autonomic features
iv. Occipital lobe simple partial status with visual features, with or without nystagmus
ITb. Complex partial status epilepticus (CPSE)
i. Frontal lobe (FCPSE)
Frontopolar/frontocentral NCSE, with severe confusion and major behavioral disturbances (supplementary
motor, cingular, orbitofrontal, dorsolateral frontal lobe epilepsies exist, but localized status is rarely documented)
ii. Temporal lobe (TCPSE)
a) Mesial temporal lobe
1) Hippocampal or medial basal, limbic (experiential hallucinations, interpretative illusions)
2) Amygdalar or anterior polar amygdalar (nausea, fear, panic, olfactory hallucinations progressing to
staring with oral/alimentary automatisms)

b) Lateral (neocortical) posterior temporal lobe with auditory or visual perceptual hallucinations progressing to

disorientation, dysphasia, and head movement (nystagmus, staring)
¢) Opercular/insular with vestibular/autonomic hallucinations (progressing to staring and oral/alimentary
automatisms)
ITI. NCSE presentation by age (some overlap with IA and B)
i. Neonatal NCSE
ii. Myoclonic-astatic epilepsy with AASE
iii. Electrical status epilepticus during slow-wave sleep (ESES)
iv. Landau-Kleffner Syndrome (acquired epileptic aphasia)
v. Minor epileptic status of Brett
vi. Rolandic status
vii. NCSE in the elderly (also see IAii)
IV. NCSE presentation with learning delay and mental retardation (some overlap with IA, B, III i)
i. In children
ii. In adolescents
iii. In adults
V. Electrographic status in coma
i. Subtle status usually post convulsive status epilepticus (CSE)
ii. With major CNS damage, often with multi-organ failure (with facial, perioral and/or limb myoclonus), but
without apparent preceding CSE.
VI. Allied ictal states
i. Confusion with paroxysmal lateralized epileptiform discharges (PLEDs) or (PLEDs-plus)
ii. Confusion with bilateral independent paroxysmal lateralized epileptiform discharges (BiPLEDs)
iii. Confusion with bilateral synchronous epileptiform discharges (BPEDs)
iv. Epileptic encephalopathies: altered mental status with disorganized diffuse or multifocal epileptiform features
(e.g. with hypsarrhythmia; “interictal” severe Lennox-Gastaut syndrome; borderline NCSE vs. triphasic wave
toxic encephalopathies [lithium, baclofen, tiagabine])

Reprinted from Kaplan PW. Behavioral manifestations of nonconvulsive status epilepticus. Epilepsy & Behavior 2002;3:122-139.

With permission from Elsevier
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TABLE 14-2
Differential Diagnosis of NCSE

PHYSIOLOGIC BASIS

¢ Mitochrondrial encephalopathies

¢ Post-traumatic amnesia

e Complex migraine

e Transient global amnesia

e Transient ischemic attacks

e Vasculitis

e Toxic or metabolic encephalopathy
e Alcohol or benzodiazepine withdrawal
¢ Hypercalcemia

¢ Hypoglycemia

¢ Neuroleptic malignant syndrome

e Serotonin syndrome

e Drugs: Lithium, tricyclics, tiagabine

PsycHOLOGIC BAsis

e Acute psychogenic spells
e Somatoform disorders

e Conversion reactions
Malingering

malignant syndrome) may bear a clinical resemblance to
NCSE. In some cases, even with EEG, these states can be
difficult to distinguish from NCSE. A diagnosis of NCSE
can be overlooked when it is hidden by a more obvious
condition such as postictal confusion. A differential diag-
nostic list is given in Table 14-2.

THE CLINICAL AND BEHAVIORAL
CORRELATES OF NCSE

A few general distinctions can be made between different
types of NCSE. The following sections will discuss the
clinical and behavioral aspects of various types of NCSE.
Table 14-3 summarizes the differentiating characteristics
of different types of NCSE.

Typical Absence Status Epilepticus (TAS)

TAS is often mistaken for depression, a toxic state, CPSE,
postictal confusion, post-traumatic amnesia, hysterical
behavior, or schizophrenia (2). Three quarters of cases
present before 20 years of age. In one-third of the patients,
TAS heralds epilepsy.

TAS starts abruptly. There are myoclonic eyelid
jerking, gestural and ambulatory automatism with an
unsteady or pseudo-ataxic gait, and myoclonus around
the mouth—which may be pathognomonic for the syn-
drome. The typical behavioral features of TAS are variable

TABLE 14-3
Behavioral Distinction among
Types of Seizure
CLINICAL FEATURES TAS/AASE TCPSE FCPSE
Cognition
Impaired ++++ ++++
consciousness
Fluctuating ++++ ++ ++
consciousness
Slowness ++ = ++
Verbal automatisms = + =
Confabulation = = +
Paranoia = Ir e =
Mood
Brooding i = 1
Mute + - Sk
Ironic - = 14
Laughing = = Ay
Anxious or frightened = ++ =
Angry = +F =
Irritable +++
Agitated + — -
Movements
Simple automatisms +
Complex = S =
automatisms
Wandering = + -
Facial/global +++ = =
myoclonia

Percentage of affected cases: - = <10%; + = 11-25%;
++ 26-50%; +++ >51-90%; ++++ =90%.

TAS = typical absence status epilepticus; AASE = atypi-

cal absence status epilepticus; TCPSE = temporal lobe complex
partial status epilepticus; FCPSE = frontal lobe complex partial
status epilepticus.
_ Adapted from Rohr-le-Floch ], Gauthier G, Beaumanoir A.
Etats confusionelles d’origine épileptique: interét de 'EEG fait
en urgence. Revue Neurologique (Paris) 1988;144:425-436. With
permission from Elsevier

degrees of obtundation, mutism, delayed reactions, and
confusion. Patients often fail to recognize people, and
they appear disoriented and quiet. They have mild cloud-
ing of consciousness, psychomotor retardation, and poor
communication, including nonsense speech. Usually ver-
bal output remains, but there are slowness and paucity of
speech, with brief content. Usually, patients are aware of
the situation with variable amnesia. Patients may notice
visual hallucinations or a dreamlike state, and they may
behave inappropriately.

An example of behavioral aberration in TAS is mak-
ing coffee twice over or putting on pants over the paja-
mas. Patients may also exhibit anger, hostility, aggression,
impulsive behavior, and agitation, with childish behavior
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such as writing on the wall. Therefore, TAS typically
presents with inappropriate rather than retrogressive or
deteriorating behaviors.

Even with some amnesia depending on the severity
of confusion and stupor, patients may remember some
events and be able to perform some quite complex activi-
ties. One patient was able to write thoughts and feelings
and the sequence of ictal events as the attack progressed.
Patients sometimes described seeing the world differ-
ently, “not being there,” having uncontrollable pressured
thoughts, or concern for losing their mind. In one case,
a patient reportedly stared at a poem by Walter Scott,
and the following day—surprisingly—retained the entire
poem without having read it previously (2).

In contrast to CPSE, TAS has no postictal confusion
or cycling in levels of responsiveness. Neuroimaging is
normal. Cognitive compromise is mild compared to the
severity of psychic symptoms.

Atypical Absence Status Epilepticus (AASE)

Atypical absence status usually occurs in patients with
mental retardation or Lennox-Gastaut syndrome (LGS).
The onset of status is often unclear, and interictal states
may be hard to differentiate from ictal ones. AASE is
typified by the relative alteration in attention, behav-
ior, and reactivity. Cognitive impairment is most often
exhibited during AASE. Unlike TAS, tonic-clonic convul-
sions may trigger or terminate SE, though this is rare.
About 50% of patients with AASE have perioral, facial,
or limb myoclonus. Additional discussions are described
in the sections on NCSE in Children and Adolescents
with Delayed Development and NCSE in Adults with
Mental Retardation.

Simple Partial Nonconvulsive Status Epilepticus

Nonconvulsive simple partial status epilepticus may
be difficult to demonstrate because of the usually nor-
mal surface EEG. There may be ictal fear and bizarre
abdominal symptoms with depression, mild confusion,
and resistive or even suicidal behavior. Occipital simple
partial status may show adversive eye movements with
nystagmus, amaurosis, motor paralysis (somatoinhibitory
status), and impairment of spatial perception that may be
demonstrated only on neuropsychologic testing. Simple
partial status is often assumed even in the absence of any
EEG correlate.

Complex Partial Status Epilepticus (CPSE)

Originally described by Gastaut et al. in 1956, CPSE
remained scantly reported, with less than 20 well-
documented cases by the 1980s (3). Several hundred
cases have now been described. It is now widely

SEIZURES AND BEHAVIOR

agreed that CPSE is not a rare condition but is prob-
ably underrecognized.

Video EEG has demonstrated both cyclic and con-
tinuous varieties, with some patients evolving from one
type to the other. Cyclic and continuous clinical patterns
have also been noted in ASE, making differentiation
between these two “types” of SE problematic (4).

CPSE almost always presents with an impairment
of consciousness. Hippocampal, amygdalar, or amygda-
lohippocampal origin may produce a cycling in clinical
behavioral correlates. When hippocampus and amygdala
are involved, lip smacking, chewing, and gesticulatory
automatism are typical. Patients are also noted to have an
ongoing twilight state with impaired consciousness and
some amnesia, motionless staring, and partial or arrested
speech. Sometimes there are borborygmi, vocalizations,
and perseveration.

When the seizure arises from extratemporal loci,
visual illusion and hallucination, dizziness, or unilateral
arm movements can appear. There may be a percep-
tion of warm feeling, nausea, somesthetic hallucination,
facial pallor or suffusion, auditory hallucination, and
jerks and tonic posturing of the arm. With seizures in
the temporo-parieto-occipital region, alterations of vision
and eye deviation with nystagmus can occur. Spreading to
the temporal lobe could produce postural changes with
peculiar limb automatisms, head turnings, or “wandering
or fencing” posture. In contrast to generalized absence
status, patients with temporal lobe CPSE often are mark-
edly unresponsive with strikingly abnormal behavior.

Thomas et al. differentiated two varieties of frontal
NCSE. Type I had mood disturbances, affective disinhibi-
tion or indifference, and mild involvement of cognitive
function, but without overt confusion. EEG revealed
unilateral frontal seizure activity. In contrast, the less
frequent Type II exhibited marked impairment of con-
sciousness, and the EEG showed bilateral asymmetric
frontal foci on an abnormal background.

The unilateral frontal focus (Type I) was seen in
patients who could perform daily tasks including dressing,
eating, and washing and could follow simple commands.
Conversely, complex tasks, such as subtracting serial 7s
or copying simple patterns, could not be performed. Per-
severation and slowing of motor activity also occurred.
Mood was often hypomanic with affective disinhibition
or pressured speech. Some patients manifested indiffer-
ence with a blank facial expression, mutism, or blunt
emotion. Amnesia was typically very mild. A few patients
had cyclic fluctuations, with forced thinking, head or eye
deviation, and, rarely, facial myoclonus. Automatisms
including picking at clothes, rubbing, or scratching were
seen. Complex bipedal or bimanual automatism and oro-
alimentary automatism were never observed.

Type II frontal lobe NCSE with bilateral ictal
foci manifested as marked behavioral disturbances,
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temporospatial confusion, perseveration, distractibil-
ity, and agitation. Behavior was cyclic. Some postictal
patients had catatonia with simple gestural automatisms.
Amnesia was present in all patients.

NCSE PRESENTING ACCORDING TO
AGE OF EXPRESSION

Neonatal Nonconvulsive Status Epilepticus

In general, neonatal status presents differently from that
seen at other ages. Nonconvulsive seizures may occur in
premature and term infants with slight jerking, eye devia-
tion, eyelid fluttering, orofacial movement, autonomic
changes, apnea, and limb movements including boxing,
pedaling, or swimming movements. Seizures may persist
for days, often without clear epileptiform morphologies on
EEG, which may reveal high-voltage slow activity, burst
suppression, or rhythmic activity. Electrographic seizures
may occur without clinical correlate in many neonates.

NCSE in Infants

In patients with West syndrome, diagnosis is often prob-
lematic, as variability in attention can be difficult to
recognize. Developmentally delayed infants may exhibit
decreased affective and visual interaction when there is
hypsarrhythmia. They often present with apathy, stupor,
eye blinking, and salivation.

Primary generalized myoclonic-astatic epilepsy
manifests as NCSE in 30% to 40% of patients. It is
characterized by impairment of consciousness, varying
from apathy to stupor, associated with facial and limb
myoclonus, which is more apparent by palpation than
by visual inspection.

In secondary generalized myoclonic-astatic epilepsy
or LGS, there can be atonia, head nodding, facial myo-
clonia, obtundation, and developmental delay. These
features will normalize with AEDs.

NCSE in Children with Normal Intelligence

Benign rolandic epilepsy rarely manifests as status epilep-
ticus. There have been only a handful of documented cases
to date. This condition is characterized by facial weakness,
speech arrest, drooling, swallowing difficulties, tonic head
deviation, and confusion, with some EEG resemblance
to ESES. Benign occipital nonconvulsive status can cause
nausea, anorexia, and visual hallucination.

Syndromes with NCSE During Childhood

Electrical Status Epilepticus During Slow-wave Sleep
(ESES). Electrical status epilepticus during slow-wave
sleep (ESES) usually occurs in mentally retarded chil-

dren with speech disturbance with nighttime seizures or
as an AASE. More than 60 cases have been published,
with the typical spike-wave discharges occurring during
non-REM sleep. Onset is between 1 and 14 years of age.
Patients’ IQs vary between 45 and 80. Clinical presenta-
tion manifests as hyperkinetic and aggressive behavior,
psychosis, memory impairment, and spatial disorienta-
tion associated with progressive language deterioration.
ESES resembles Landau-Kleffner syndrome, although in
the latter non-REM spike waves are rare, and there is
a different psychologic clinical evolution. It is not clear
whether the EEG findings are an encephalopathic epiphe-
nomenon or whether they are the cause.

Landau-Kleffner Syndrome (Acquired Epileptic Aphasia).
Although Landau-Kleffner syndrome is rare, some 200 cases
have been reported, often in normally developing children
between 3 and 7 years of age. Patients decline clinically
over weeks to years with increasing receptive and expres-
sive aphasia, word agnosia (an inability to understand
the meaning of sound), and decreased speech output or
mutism. The EEG focus does not necessarily correspond
to the hemisphere of language dominance. There may
be hyperkinetic activity, personality changes, and intel-
lectual decline.

Minor Epileptic Status of Brett. A particular syndrome
of minor motor status epilepticus (myoclonic encephalop-
athy) was delineated by Brett in 1966, with obtundation,
head atonia, drooling, and mutism. There were asymmet-
ric eye, limb, and trunk myoclonus with a lurching gait
(pseudoataxia). Many cases resembled Lennox-Gastaut
syndrome.

NCSE in Children and Adolescents with
Delayed Development

NCSE may be difficult to delineate in children and ado-
lescents with learning difficulties because it is often dif-
ficult to differentiate between changes caused by seizures
and baseline cognitive and behavioral function. Patients
may appear less talkative, cooperative, or attentive. Most
patients have Lennox-Gastaut syndrome (LGS), but a rare
case with Landau-Kleffner syndrome has been reported.
Although clinicians are now more aware of the diagnos-
tic challenges of making the diagnosis of NCSE in LGS
patients, few specific characteristics are available to warn
clinicians about the presence of NCSE.

Additionally, NCSE in later childhood may include
ASE, AASE, and CPSE. Reported findings include “some
days he switches off”; “stares vacantly ahead, dribbling,
answers questions very slowly, speech very slow and
deliberate”; “sluggish, uncooperative and drowsy”; and
“has periods of appearing deaf and blind”—referred to
as a pseudodementia (5). Patients have been noted to
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have “pseudoataxia” with impaired balance, bumping
into objects, or walking into doors.

NCSE in Adults with Mental Retardation

As in children, it may be very difficult to recognize ictal
behavioral abnormalities in adult patients with mental
retardation. Frequently, it is also impossible to differ-
entiate continuous lateralized seizure activity (complex
partial seizures) from atypical absences. Most patients
are moderately to profoundly mentally retarded, often
with lifelong epilepsy. In one series, observers describing
NCSE behavioral changes noted “apathy for days; star-
ing vacantly into the air, appeared almost comatose”;
that patient(s) were “extremely stubborn and would not
eat or find the toilet”; that patient(s) “responded after a
considerable delay”; “appeared anxious and insecure”;
“had episodes of faintness with empty staring and peri-
oral movements”; “shut eyes while short lasting jerks or
shivering affected the shoulders for hours”; “were restless
and aggressive” during which time the patient(s) “could
run straight against the wall”; or exhibited “unintelli-
gible verbal outbursts”; “perseverative answering of ‘yes’
to all questions”; “absent mindedness and clumsiness”;
and “eye blinking with generalized shivering.” Patients
universally had Lennox-Gastaut syndrome (6).

In conclusion, diagnosing NCSE in this patient
population is more difficult, simply because it is harder
to recognize deviations from ordinary behaviors in these
patients than in higher-functioning patients. Often, impres-
sive psychiatric features suggest a psychiatric problem
rather than NCSE, as there may be only subtle changes
in attentiveness. There may be a gradual start and stop
to these periods. A typical feature, however, is “regressive
behavior” from the patient’s behavioral baseline.

NCSE in the Elderly

Diagnosis of NCSE in patients over 65 years of age is often
missed or delayed, with the confusional state attributed
to other disorders. Thomas et al. noted that a diagnosis
of status could be delayed for eight hours to five days
(7). The condition presented with clinical features such as
“interrupted speech, catatonia, or slow and ataxic gait.”
In this population of de novo late-onset reactive absence
status, daily activities could still be performed by many
patients, but decision making was impaired. Sometimes,
automatisms such as chewing or compulsive handling of
objects occurred with clinical evidence of frontal release
signs and a Babinski reflex.

A review of patients seen at Johns Hopkins Bay-
view Medical Center and a literature review showed
that almost 75% of patients over 40 years of age were
women, with typical triggers being toxic/metabolic dys-
function, drug withdrawal, or the use of neuroleptic
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and psychotropic medications (8). Although one-fifth of
those patients showed minimal obtundation, two thirds
had some impairment of consciousness, with staring,
unresponsiveness, and catalepsy (waxy rigidity), severe
language dysfunction, mutism, and verbal perseveration.
There often were bizarre behaviors, agitation, aggressive-
ness, emotional lability, and hallucinations. Minor fea-
tures were eyelid twitching or facial and limb myoclonus.
There often was marked clinical variability from patient
to patient.

EEG EVIDENCE OF SEIZURE ACTIVITY

The diagnosis of NCSE requires EEG evidence of seizure.
Without EEG, the diagnosis remains questionable, and
the etiology of behavioral or cognitive change can only
be speculated. Some EEG findings have been discussed
in the preceding section.

In brief, absence SE demonstrates a continuous or dis-
continuous 3-Hz spike-and-wave pattern on EEG. In addi-
tion, irregular spike and wave, prolonged bursts of spike
activity, sharp wave, or polyspike wave patterns may occur.
Complex partial status epilepticus may show focal epilep-
tiform discharges that may be continuous or cyclical, with
failure to regain consciousness between seizures.

The diagnosis of NCSE is straightforward when
the EEG demonstrates typical ictal patterns. However,
in many circumstances, EEG findings are difficult to dif-
ferentiate from other encephalopathic patterns. Differ-
entiation between NCSE and encephalopathies can be
made by unequivocal electrographic seizure activity with
typical evolution of EEG changes with a buildup of rhyth-
mic activity, periodic epileptiform discharges or rhythmic
discharges with clinical seizure activity, and rhythmic dis-
charges with either clinical or electrographic response to
antiepileptic medication.

PROGNOSIS

Prognosis of NCSE patients usually depends on the
underlying etiology of NCSE (Tables 14-4, 14-5). CPSE
in patients with epilepsy often recurs but responds to
oral benzodiazepines. However, with systemic illness
such as hypoxia and ischemic injury, head injury, stroke,
infection, metabolic disorders, or dementia, the prog-
nosis of CPSE largely depends on the underlying ill-
ness. Prognosis is poor with anoxic insult. Patients with
nonconvulsive status epilepticus in coma may require
intensive treatment.

Typical absence SE often ends with a tonic-clonic
seizure and rarely causes neuronal damage. Though oral
benzodiazepines are usually effective, oral or IV sodium
valproate are alternatives in cases where respiratory
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TABLE 14-5
Recommended Treatment for NCSE

TYPE OF SEIZURE TREATMENT CHOICE

ALTERNATIVE

Typical absence SE (TAS)
Atypical absence SE (AASE)  Oral or IV valproic acid
Complex partial SE
Electrical SE during sleep Oral clobazam

Nonconvulsive SE in coma

Oral or IV benzodiazepines

Oral, rectal, or IV benzodiazepines

IV benzodiazepines and phenytoin
(fosphenytoin) or phenobarbital

Acetazolamide or valproic acid

Oral or IV benzodiazepines (with caution),
lamotrigine, or topiramate

IV lorazepam and phenytoin (fosphenytoin) or
phenobarbital

Other benzodiazepines, corticosteroids, or subpial
transection

Concomitant anesthesia with thiopental sodium,
pentobarbital, propofol, or midazolam

IV = intravenous

With permission from Adis International.

Adapted from Wallace MC. Diagnosis and treatment of nonconvulsive status epilepticus. CNS Drugs 2001;15(12):931-939.

depression is a concern. In de novo absence status, ongo-
ing AED treatment is usually not needed.

CONCLUSION

The management of elderly patients experiencing SE
presents many challenges to clinicians. Diagnosis and
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t is a well-known fact that seizures
can be provoked in general by both
physical and mental stress. Physical
stress includes fever, sleep depriva-
tion, hyperventilation, drug or alcohol withdrawal, men-
struation, and physical exercise. Mental or emotional
stress is less clearly demonstrable and can be due to either
happy occasions (birthdays, holiday celebrations, or the
like), or more negative ones (problems at work, major
life events such as death or divorce) (1).

In a recent prospective questionnaire survey among
1677 patients in Denmark, Norway, and the United States
with a mixed epilepsy background, emotional stress
(21%), sleep deprivation (12%), and tiredness (10%)
were the most cited provocative factors (2).

About 6% of epilepsy patients recognize specific fac-
tors as their only or predominant precipitant of seizures.
Usually the triggers are brief and sudden such as flashing
lights, sudden noises, and tapping, provoking myoclonic
jerks especially; they can also be more complex and gradual
such as reading, thinking, listening to music, also with less
sudden seizure expressions (temporal lobe type of seizures).
All these patients have so-called reflex seizures and reflex
epilepsies. If the trigger is exceptionally specific or exotic,
the epilepsy is even named after the provocative factor such
as mah-jong epilepsy, telephone epilepsy, vacuum cleaner
epilepsy, and tooth brushing epilepsy (3-6).

4

Reflex Epilepsies

Overall, the following types of provocative stimuli
have repeatedly been reported in the literature: visual
stimuli, startle, reading, speaking, tactile or somatosen-
sory stimulation, drawing, praxis, listening to music
(auditory), eating, bathing, arithmetic, thinking, decision
making, and gaming (see for reviews 7, 8). Especially
in the more complex type of reflex epilepsies, a general
underlying provocative factor such as stress and emotion
might play an important role: One patient with musi-
cogenic epilepsy, for example, mentioned that seizures
occurred exclusively when a specific part of an organ
recital was played. That piece had been played in the
church during the funeral of his father.

Most commonly, stimuli leading to seizures are
sensory and external; others are internal triggers such
as arithmetic, thinking, and decision making. This dif-
ference in trigger type must undoubtedly have impact
on the behaviors and attitudes toward epilepsy of the
respective patients, although no studies or reports have
been made on this topic.

No patients have been reported in the literature with
a history of more than one type of sensory or motor stimu-
lus; whether it does not exist or simply is not detected as
such is unclear. In this regard, in a recent case a 57-year-old
man with temporal lobe epilepsy had 40% of his seizures
provoked by tooth brushing, looking at the toothbrush,
or even thinking about the brush (9). A somewhat wider
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epileptogenic network seemed to be involved than usually
is considered in the reflex epilepsies.

Apart from the fact that reflex epilepsies are charac-
terized by seizures consistently related to specific modes
of precipitation either with or without spontaneous sei-
zures, specific syndromes among the reflex epilepsies also
have recently been recognized: idiopathic photosensitive
occipital lobe epilepsy, other visual sensitive epilepsies,
primary reading epilepsy, language-induced epilepsy, sei-
zures induced by thinking, eating epilepsy, and musico-
genic epilepsy (10).

The most common provocative factor (5%), well
described (11) and by far the best-studied (12-14), is
visual stimulation in its various forms (flickering sunlight,
television, video games, and striped patterns). There are
several reasons for this:

1. Flickering lights are rhythmic and are therefore
more likely to lead to synchronization and thus to
epileptic seizures than are, for example, music and
bathing.

2. Flickering light is a relative simple and strong sen-
sory stimulus, which can be detected easily in daily
life (flickering sunlight).

3. Epileptic sensitivity to visual stimuli starts usually
around 8 years of age and is at a maximum in ado-
lescence. Lifestyle (disco, TV viewing at close dis-
tances) often leads to the first seizure, with a large
impact as a result.

4. There is a simple equivalent, in the form of Intermit-
tent Photic Stimulation (IPS), that can be applied
during an electroencephalographic (EEG) recording
and easily repeated.

5. Modern daily life is increasingly full of strong,
repetitive visual stimuli, both at work and school
(computer, TV) and during recreation (disco, video
games).

This reflex phenomenon has fascinated clinicians for ages,
and many case reports have been written.

The counterpart of provocation of seizures—reflex
inhibition of seizures by specific actions, such as rubbing
the skin or singing, as described by Vizioli in 1962 (15)—
is rarely mentioned but must exist in a less conspicuous
form in many patients (see also Matsuoka, Chapter 16,
this volume). Vizioli described a boy who could suppress
the generalization of his temporal onset seizures by sing-
ing any melody during his aura.

Reflex epilepsies have mainly been studied to learn
more about the neuro- and pathophysiology of epilepsy.
Behavior is a subject that has not been much touched
upon. Only the self-inducing patients are known to have
behavioral problems, which is not surprising, since it is
rather strange that anyone would want to evoke seizures
instead of suppressing them. Because of the difficulty in

SEIZURES AND BEHAVIOR

treating these patients, some behavioral intervention tech-
niques have been described. Nevertheless, in this chapter
an attempt will be made to highlight the issue of behavior
in patients with reflex epilepsy, since it might help under-
stand and treat epilepsy patients more effectively.

REFLEX SEIZURES AND BEHAVIOR

Psychosocial problems are more common among chil-
dren with epilepsy than among controls (odds ratio
five to nine) and are significantly related to epilepsy
syndrome, main seizure type, age at onset, and seizure
frequency (16).

No studies have been performed in patients with
reflex epilepsies regarding these aspects. It has been
hypothesized that the unpredictability of the occurrence
of seizures especially causes feelings of anxiety and low-
self esteem (17). Patients with reflex seizures do not have
these problems, since there is a clear “explanation” for the
seizures and seizures can be prevented by avoidance of
the stimulus. Many of them are very creative in this respect;
for example, a mother with a baby with hot-water epilepsy
stopped bathing her child and wiped the baby clean with
moist towelettes. A computer specialist figured out which
screens were “safe” to use. A photosensitive patient found
out that, for him, green glasses were the most effective
measure to prevent visually triggered seizures, and this
was later confirmed during an EEG with IPS.

The provocation of seizures by visual stimuli such
as TV and flickering sunlight is rather well recognized
nowadays, thanks to many publications in this field and
dissemination of this knowledge to a broad public. Espe-
cially, outbreaks of photically induced seizures, such as
by the video game Nintendo Super Mario World in 1992
or by the cartoon Pokémon shown in Japan on December
16,1997 (18, 19), have made the general public aware of
the possibility that visual stimuli can provoke seizures in
susceptible persons. Furthermore, inserts in manuals for
video games, for liability purposes, remind the individual
buyers of the possibility that playing video games can
provoke epileptic seizures.

Other, more exotic stimuli are definitely less recog-
nized by patients, family members, and physicians. There-
fore, reflex epilepsy patients are seen by psychiatrists and
psychologists—having a story about a specific trigger lead-
ing to seizures is considered abnormal behavior, and psy-
chiatric consultation is the result. This was the case with a
30-year-old Dutch male patient complaining about simple
and complex partial seizures and secondarily generalized
tonic-clonic seizures (GTCS), all after answering a tele-
phone, including his mobile phone, during both working
hours and a holiday. The seizures started as follows: He
could hear and recognize the voice through the phone but
could not understand the meaning of the spoken words
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(described as “hearing out of phase”; “as if a strange lan-
guage is spoken”). When he tried to answer, his words did
not make sense, and further loss of contact with the sur-
roundings followed (4). His general neurologist sent him
immediately to the psychiatrist, but all neuropsychologic
and psychiatric tests were normal. Later EEGs confirmed
the reflex epilepsy nature of the complaints, and carbam-
azepine treatment was successful.

SELF-INDUCTION OR AUTO-INDUCTION

In General

Very few patients provoke seizures themselves by apply-
ing their reflex mechanism. They are called self-inducing
patients. There is surprisingly little data about the rea-
son why patients self-induce, apart from about 250 case
reports that have been published so far. The vast majority
are children using a visual stimulus. Most parents rec-
ognize the behavior as abnormal. Therapy resistance to
antiepileptic drugs (AEDs) and to attempts to persuade
and re-educate the child is characteristic. Although men-
tally retarded patients are mentioned often, by no means
are they the majority; mentally retarded patients show the
self-inducing behavior more bluntly, and it is also more
accepted as such.

Fabisch and Darbyshire investigated a two-year-old
boy who overbreathed regularly and increasingly in his
bed, evoking a dazed state with eyes upwards and loss
of consciousness. When the hyperventilation-induced
attacks started to become longer, the absences ended in
vomiting and incontinence. Treatment with ethosuximide
(ESM) and primidone (PRM) did not help, but aversion
techniques with drug-induced vomiting did for at least
six months (20).

Voluntary bilateral compression of the carotid
arteries, with jerks and loss of consciousness, has also
been reported in a mentally retarded patient (21). Bebek
et al. described self-induction in 9 out of 34 adolescents
with hot water epilepsy. They poured water over their
heads repeatedly while increasing the temperature of
the water (22).

Other types of reflex mechanisms to self-induce
seizures seem not to have been reported, but most likely
they are not (yet?) recognized as such, since self- induced
seizures are rare and often misdiagnosed as some sort of
tic or strange behavior.

Self-Induction with Visual Stimuli

Radovici described in 1932 the first recognized self-
inducing patient, who used bright sunlight (23). Patients
generally wave hands in front of their eyes or blink with
their heads turned toward the sun (sunflower syndrome).

REFLEX EPILEPSIES

Rhythmic rubbing of the forehead is another way of
producing intermittent flicker, and maybe a somato-
sensory component adds to the effect. A strong artificial
light can also be used. With the introduction of the TV in
the 1960s, use of the screen as a means to self-induction
became relatively popular: Several cases have been
described with children being “drawn like a magnet” to
the screen and being in trance, sometimes in combina-
tion with hand waving and blinking (4). Diagnosis can
be very difficult, since many children are fascinated and
attracted by the TV and therefore go closer and closer,
absorbed in the program. Furthermore, in photo- and TV-
sensitive patients the screen by itself evokes staring and
loss of consciousness. Compulsive behavior and inability
to change the behavior of the child to stay at a greater
distance and use the remote control are strong indicators
of self-induction.

Self-induction with striped and checkerboard pat-
terns with high contrast are even rarer. Circular black-
and-white patterns have also been described recently
(24). The behavior of the child, seeking for patterns and
being absorbed while looking at them, is in these cases
very bizarre and thus easily recognized as self-induction.
The combination of sunlight and curtains and fences can
produce strong stimuli. One patient, an adolescent farmer
boy, discovered that he could obtain certain sensations
from standing in front of a snow fence when the sun was
low and rocking back and forth so as to produce a flicker.
He could also run back and forth under trees, using the
interruption of the sunlight by the branches (25). Most
patients, however, use more convenient methods such
as eye blinking (14), and a change from hand waving to
blinking is often noticed when the child gets older.

Until now the debate continues about whether
the blinking and hand waving should be considered as
part of the seizure itself (26, 27; eyelid movement with
absences) or as the preceding act to evoke epileptiform
discharges. The discrimination between the two is easy
when the child or adult admits that he evokes the dis-
charges and seizures deliberately. However, many persons
feel ashamed of doing this, have developed a reflex type
of more or less unconscious behavior, and thus will not
or cannot tell the doctor.

Sparse EEG studies showed self-induction varying
from 0.01 % (28) to 35% (14) of the 5% of all epilepsy
patients who are photosensitive. Long term video-EEG
monitoring increases the likelihood of finding self-inducers.
In addition to observation of the patient, typical slow eye
closures can be recorded (29).

Psychiatric Evaluation

In the literature there is mention of several reasons to
self-induce: pleasure comparable to masturbation, com-
pulsive behavior, reduction of irritability and anxiety, as
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well as a method to escape difficult situations (4, 235,
30, 31). Some authors have described in more detail the
psychologic backgrounds, searching for reasons for the
self-inducing behavior. Although it is difficult to general-
ize about motivational factors, all describe psychosocial
problems, especially in relationship with the parents. Har-
ley et al. considered them all as sensitive children who
felt “different,” inadequate, and unloved in families with
little warmth (25).

A detailed report of psychoanalysis was given
by Gottschalk of a 10-year-old only child, a boy with
“screen spells” who underwent psychoanalysis for
a period of 28 months with follow-up for another
five years (32). This boy looked out the window into
bright lights, looked occasionally at checkered or striped
patterns on clothes, tablecloths, or drapery, with expres-
sion ranging from staring spells and jerks in the upper
arms up to “grand mal” seizures. The onset of his stereo-
typed behavior occurred at the time his father left home to
enter active duty in the army and his mother treated him
as a man. He was adjudged by the psychiatrist as a very
immature boy with whom it was difficult to establish
close rapport. The boy explained his screen spells as
“hypnotic powers, a habit, very silly.” He considered
these also as “uncontrollable attacks of rage,” precipi-
tated by seemingly trivial frustrating events. It gave him
control and protection. AED treatment with bromides
and phenytoin helped only partially. He felt also a ter-
rible fear of punishment and abandonment for his for-
bidden impulses and primitive tensions. Becoming more
aware of the mechanisms of his behavior, he started to
feel ashamed and guilty and also recognized that he tried
not to do it, but could not help it. After he left home
at age 13 and learned how to handle his tensions, the
spells gradually disappeared. Gottschalk considered the
episodes as a kind of hysterical conversion, without a
clear explanation of it.

No mention has ever been made of psychotic or
manic episodes in patients with self-induced reflex epi-
lepsies. Whether depression is an important reason to self
induce is uncertain.

In the experience of the author, patients (children
and adults) seem to have found a way to cope with daily
life problems by using their escape mechanism. Nearly
always there are problems between parents and children.
Close collaboration with a psychiatrist knowledgeable in
epilepsy is important to help the family (33).

Treatment

Preventive measures such as dark brown- or blue-colored
glasses in photosensitive patients do not seem to work
in self inducing patients; they manage to look around
them or simply lose them. Prospective studies of phar-
macological therapy are lacking. However, the scarce

SEIZURES AND BEHAVIOR

available clinical data suggest that patients respond best
to immediate high dosages of the drugs that prevent
the sensitivity to visual stimuli, such as valproate, in
combination with psychologic treatment and, if neces-
sary, such drugs as fenfluramine (34) and the dopamine-
blocking agent pimozide (35). A prospective trial with
pimozide at low doses of 2 mg was performed in 8
of the 37 invited self-inducing patients. Most patients
were not interested in a trial, since the self-induction
did not bother them; only teenagers wanted to get rid
of their habit because they were nagged by their peers
(35). The last-mentioned trial was performed based
on the assumption that self-induction can be consid-
ered equivalent to self-stimulation in animals. In four
patients a considerable decrease in self-induction rate
was registered in the long-term video EEG recording; in
two an increase was found. It appeared that although a
slight increase in photosensitivity was found in the EEG,
psychiatrists should not worry too much about anti-
psychotic treatment worsening the seizures. Increased
fatigability and dystonia, however, were indeed found.
Most remarkable was the complete lack of interest of
the participating patients in the outcome of the trial.
It was clear that they liked the attention they received
during the trial very much but did not bother about its

TABLE 15-1

Issues to Consider in the Evaluation of
Self-Inducing Patients

History

e Short-lasting seizures are repeatedly evoked by
waving or blinking in bright sunlight or by looking at a
close distance at the TV or at patterns.

e Episodes have a very high frequency; although GTCS
might occur, usually the seizures are of very short
duration, such as absences and jerks in the arms.

¢ During these episodes the self-inducer is lost in him-
self, and attention can be gained only by shouting or
by touching.

e Compulsive stimulus-seeking behavior is exhibited.

e Psychosocial and learning problems are common.

e Intelligence can be normal or (slightly) abnormal.

Investigations

¢ EEG: Long-term video EEG recording with periods of
inactivity and lack of attention, preferably in a sunny
environment

e Psychiatric evaluation

¢ Ophthalmologic evaluation

Treatment

¢ High-dosage AEDs from the start, and dark glasses in
addition

e Psychosocial support

¢ Neuropsychiatry drugs such as pimozide and
fenfluramine if nothing seems to help
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outcome. They all lost the diary. Noncompliance is a
well-known problem in self-inducers.

SUMMARY AND CONCLUSIONS

Behavioral and psychiatric disorders are very little
studied or described in patients with reflex epilepsy.
No epidemiological, controlled, or prospective studies
exist, possibly not only because a minority (6%) of
epilepsy patients have a diversity of reflex seizures, but
also because behavioral problems seem uncommon. On
the other hand, the behavioral component in the self-
inducing patients is recognized at large, albeit hardly
studied, let alone treated as such. In many cases, the
relationship between parents and child is disturbed
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ehavior is the manifest aspect of

mental activity. It remains unclear

how much mental activities have an

‘ impact on each epilepsy or seizure,

since standard electroencephalographic (EEG) examination

usually includes only sleep, hyperventilation, photic stimula-

tion, and opening and closing of the eyes, but not systematic

mental tasks. Reflex epilepsies induced by daily behaviors

such as movement, tapping, toothbrushing, eating, bathing,

reading, singing, calculating, speaking, writing, drawing,

game playing, and thinking have been described in the lit-

erature, but such triggers are considered to be uncommon.

For example, standard EEG recordings at the Mayo Clinic

in the United States included a mental arithmetic calcula-

tion task, but only 1 patient showed an EEG effect out of

patients screened in over 100,000 recordings (1).

On the other hand, it has been pointed out that various

daily mental activities can facilitate or inhibit seizure occur-
rence beyond expectation in patients with epilepsy (2).

REFLEX EPILEPSY INDUCED BY BEHAVIORS

Special EEG Activation Method
(“‘Routine NPA”)

To examine how much behavioral activities influence
epileptic EEG discharges, we devised a particular EEG

Behavioral Precipitants
of Seizures

activation protocol, which we call neuropsychologic EEG
activation (NPA), that tests for various mental activities
(3-5). “Routine NPA” comprises reading silently and
aloud, speaking, mental calculation, written calculation,
writing, and spatial construction. Detailed descriptions
of these activities were as follows.

1. Reading silently: Subjects silently read three Japanese
sentences that were printed on a sheet of paper and were
quoted from the Japanese version of the Binet test.

2. Reading aloud: Subjects read the same sentences out
loud that they had read silently.

3. Speaking: Subjects described from memory what
they had read silently and aloud.

4. Mental calculation: Subjects responded aloud with
answers to four arithmetic problems. When a calcu-
lation was difficult for the subject, an easier problem
was presented.

5. Written calculation: Subjects responded in writing
to one arithmetic problem.

6. Writing: Subjects were asked to write out two
Japanese sentences in phonograms (kana) and three
Japanese phrases in ideograms (kanji).

7. Spatial construction: Subjects were instructed to
draw a fish, a human face, and a clock, and they
performed the block design test using 9 blocks of the
Wechsler Adult Intelligence Scale-Revised (WAIS-R)
(see Table 16-1 for more details).
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TABLE 16-1
Routine Neuropsychologic EEG Activation

(1) Reading silently
Last night a fire broke out about 10 o’clock at
Asakusa in Tokyo. The fire was put under control for
an hour, in which 17 houses were destroyed. When
a fireman rescued a girl who was sleeping soundly
on the second floor, his face was burned.

(2) Reading aloud
(use the same sentences as (1))

(3) Speaking
(use the same sentences as (1))

(4) Mental arithmetic calculation
18 — 7,23 +48,11 X 11,125 +5

(5) Written arithmetic calculation
15 X 67 X 23 X 48

(6) Writing
There is a large tree on the top of a mountain.
The sun rises in the east.
The 4 cardinal points
The 4 seasons
The Prime Minister

(7) Spatial construction
Drawing figures
Block design test

It took 10-20 minutes for each patient to accom-
plish the routine NPA. A surface electromyogram was
often monitored to detect myoclonic seizures. Simultane-
ous video-EEG monitoring during the routine and detail
NPA was utilized for later analysis.

Influence of Behavior on Epileptic Discharge

We studied 480 patients with epilepsy (247 males and
233 females), after obtaining each participant’s informed
consent (5, 6). All but 18 patients were treated with anti-
epileptic drugs (AEDs), and 25 patients were also given
neuroleptics for psychiatric disturbances. At the time of
EEG examination, mean age and standard deviation of
the sample was 26.3 = 10.8 years (range 10-66 years).
The mean duration of illness was 10.8 * 9.5 years (range
1-59 years). Criteria for sample selection and classifi-
cation of epilepsies and epileptic syndromes have been
shown in detail elsewhere (5).

To exclude the contamination of incidental dis-
charges unrelated to activation, we defined the NPA effect
operationally, based on the EEG in a state of relaxed
wakefulness (including opening and closing of the eyes),
known as the awake EEG.

When no discharge was found on the awake EEG,
“an NPA provocation effect” meant that one or more
tasks induced paroxysmal discharges and that its repro-
ducibility was confirmed by retrial. No discharge in
the awake or NPA condition was judged as “no NPA
provocation effect.”

When epileptic discharges were found on the
awake EEG, the activation rate was calculated for each
task as follows. The number of discharges per record-
ing time (number per minute) in each task condition
that induced paroxysms was divided by the frequency
(number per minute) in the awake condition. We ten-
tatively defined the “provocative NPA effect” as above
2.0, “inhibitory NPA effect” as below 0.5, and “zero
NPA effect” as between 0.5 and 2.0, according to the
activation rate.

NPA showed an inhibitory effect in 133 (63.9%) out
of 208 patients with paroxysms in the awake EEG. On
the other hand, the provocative effect of NPA tasking was
observed in a total of 38 (7.9%) out of 480 patients, com-
prising 18 patients without paroxysms and 20 patients
with paroxysms in the awake EEG.

Triggers identified by NPA were writing in
26 patients, spatial construction in 24, written calcula-
tion in 21, mental calculation in 3, and reading aloud
or silently in 2. One patient with temporal lobe epilepsy
among 38 patients sensitive to NPA showed nonspe-
cific psychic tension, unrelated to the NPA tasks, to be
a trigger. These triggers were almost the same as those
identified by the previous history in these patients.

Epilepsy and Seizure Type
Related to Behavioral Precipitants

The patients who were examined in our study showed a
wide distribution of epilepsies and epileptic syndromes
(5), with 36 out of the 38 patients showing provocative
NPA effects being classified as having idiopathic gen-
eralized epilepsy (IGE). The remaining 2 patients were
classified as having temporal lobe epilepsy (cryptogenic
localization-related epilepsy). The percentage of patients
with provocative NPA effect was 24.7% in IGE, and
1.0% in cryptogenic localization-related epilepsy.
Among IGE patients, NPA provocative effects were
found in 22 (46.7%) with juvenile myoclonic epilepsy
(JME); 6 (15.8%) with grand mal seizures on awakening
(GMA); 3 (16.7%) with juvenile absence epilepsy (JAE);
1 (7.1%) patient with childhood absence epilepsy (CAE);
and 4 (12.9%) with other generalized idiopathic epilep-
sies not defined above. Since four epileptic syndromes
(JME, GMA, JAE, and CAE) overlap in their manifes-
tations and the boundaries between them are obscure,
there may be a nosologic relationship between these IGE
subtypes (7, 8). Seizure susceptibility to mental activities
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TABLE 16-2
Seizure Types in 146 Patients with Idiopathic Generalized Epilepsy

COMBINATION SEIZURES

ToTAL NUMBER OF PATIENTS

NUMBER (%) OF PATIENTS WITH
Provocative EFrect OF NPA

MS only 12
MS with GTCS 21
MS with AS and GTCS 25
MS with AS 19
GTCS only 26
AS with GTCS 34
AS only 9
(total) 146

6 (50.0%)
9 (42.9%)
10 (40.0%)
7 (36.8%)
2(7.7%)
2(5.9%)
0(0.0%)
36 (24.6%)

NPA: neuropsychologic EEG activation; MS: myoclonic seizure; GTCS: generalized tonic-clonic seizure; AS: absence seizure

in IGE suggests a pathophysiological similarity between
syndromes.

According to the combinations of myoclonic seizure,
absence seizure, and generalized tonic-clonic seizure, the
IGE patients were divided into 7 groups as shown in
Table 16-2. The groups comprising patients with myo-
clonic seizure showed higher provocative NPA effect rates
(minimum; 36.8%, maximum 50.0%) than the others
(minimum; 0.0%, maximum 7.7 %).

MECHANISM OF BEHAVIORAL
PRECIPITANTS

We conclude that certain behaviors such as reading,
speaking, calculating, writing, drawing, and thinking
inhibit and provoke seizure activity of the patients with
epilepsy in 63.9% and 7.9%, respectively, and that the
provocative effects were closely related to the epilepsy
subtype (JME among IGE) and seizure type (myoclonic
seizures). Such relevance may be linked to the patho-
physiology of seizure-induction mechanism by behavioral
activity (5, 6, 9).

Special EEG Activation Method (“Detail NPA”)

When the routine NPA induced epileptic discharges in
our study, a “detail NPA” was conducted to identify
the precipitating factor precisely [3-5]. Table 16-3 out-
lines the detail NPA tasks and their respective cognitive
categories, which are number-coded.

Neuropsychologic Evaluation

From the detailed NPA findings, we identified three activ-
ity types related to seizure induction (Figure 16-1): (1)

hand movement independent of higher mental activity
(motor activity), (2) higher mental activity not requiring
hand movement (thinking activity), and (3) higher mental
activity requiring hand movement (action-programming
activity).

To isolate motor activity as the seizure-inducing
factor, we employed detailed NPA tasks requiring no
higher mental activity (i.e., finger tapping, fine finger
movement, and drawing meaningless lines). If a patient
showed provocation of epileptic discharges during
these tasks comparable to the provocation observed
with writing, written calculation, or spatial construc-
tion, we judged the precipitating factor to be motor
activity.

When motor activity was negligible, we further
explored whether epileptic discharges would be triggered
by thinking activity or action-programming activity. We
carefully analyzed the video-EEG data and employed
detail NPA tasks that did not require hand movement
(i.e., visualizing letters and constructing sentences in the
mind relative to writing, mental calculation relative to
written calculation, and mental construction of a block
design illustrated in the block design test of WAIS-R rela-
tive to spatial construction).

We judged the associated trigger to be thinking activ-
ity when epileptic discharges were induced by the tasks
without hand movement, and we judged the trigger to
be action-programming activity when epileptic discharges
were induced only by tasks requiring hand movement. We
excluded from this analysis any epileptic discharges that
were induced during the testing if a subject was perplexed
or embarrassed, since this made it difficult to identify the
precipitating factor precisely. Based on the task demands
of NPA, we carefully analyzed two activity types related
to seizure induction: linguistic (or verbal) activity and
praxic activity.
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TABLE 16-3
Detail Neuropsychologic EEG Activation

(1) Writing
Spontaneous writing
Dictation
Copying
Spontaneous writing blindfolded
Dictation blindfolded
6. Dictation by foot
Each was examined for Japanese letters (Hiragana,
Katakana, Kanji), Roman letters, and English letters.

S N =

(2) Speaking
1. Spontaneous speaking
2. Reading aloud
3. Repeating
Each was examined in Japanese and English.

(3) Other verbal activities
1. Reading silently
2. Visualizing letters
3. Constructing sentences in the mind

(4) Calculation

1. Written arithmetic calculation

2. Mental arithmetic calculation

3. Calculation using an abacus

4. Calculation using an electronic calculator
Each was examined for subtraction, addition,
multiplication, and division.

5. Uchida-Kraepelin’s psychodiagnostic test

(5) Spatial construction
1. Spontaneous drawing

. Sketching maps

. Copying figures

. Matchstick pattern reproduction

. Block design test of WAIS-R*

. Making plastic models

. Mental construction of block design
(using illustrations of block design test of
WAIS-R*)

(6) Other tests

1. Finger tapping
Fine finger movement (tremolo)
Drawing meaningless lines
Using a screwdriver
Bourdon cancellation test
Undoing puzzle rings
Hand, eye, and ear tests
Finger agnosia tests
Color classification
Humming
. Singing

N OVUl N

© NG Gugs 000

—_ =
— O

WAIS-R: * Wechsler Adult Intelligence Scale—Revised.

CLASSIFICATION OF BEHAVIORAL
PRECIPITANTS

Two Dimension Hypothesis of Reflex Epilepsy

We propose a hypothesis for the seizure-induction
mechanism in IGE patients sensitive to mental activity
(5, 6, 9). Reading epilepsy is excluded in this hypoth-
esis because we had no patients with reading epilepsy.
Precipitating factors were divided into two dimen-
sions: action-programming vs. thinking activity, and
linguistic vs. praxic activity (Figure 16-2). Planned
multiple tasking, such as NPA, is necessary to analyze
precipitating factors as mentioned above. The neces-
sity of hand movements in the seizure-inducing tasks
differentiates the action-programming activity from
the thinking activity. The necessity of language in the
seizure-inducing tasks differentiates the linguistic activ-
ity from the praxic activity.

There was no patient in whom the precipitating factor
was judged to be motor activity rather than mental activ-
ity. Action-programming was critical for the induction of
epileptic discharges in 32 out of the 36 IGE patients with
provocative NPA effects. Among 32 patients, 5 patients
showed the precipitating factor to be restricted to linguistic
activity, that is, writing. The remaining 27 patients were
affected by varying action-programming factors including
both linguistic and praxic activities. In the remaining 4 out
of 36 IGE patients, the precipitating factor was thinking,
predominantly the linguistic task in 1 patient and the spa-
tial task in 3 patients.

Reflex Epilepsies Induced by Thinking and
Action-Programming

From the point of view of the two-dimension hypothesis,
reflex epilepsies reported previously may overlap or inter-
relate with each other.

Epilepsy induced by thinking and spatial tasks (10, 11)
has been described as a rather homogeneous IGE syn-
drome. Generalized seizures in this syndrome are acti-
vated by thinking or decision making, which is common
to calculation, card and board games, and spatial tasks,
and neuropsychologic analysis of the stimuli points to
parietal cortical participation in seizure induction. The
clinical profile of the condition is suggestive of JME
or JAE. Writing has not been identified as a trigger
in the form of reflex epilepsy, and action-programming
activity associated with use of the hands is little empha-
sized (11). In our study, 4 IGE patients (3 JME and
1 GMA) showed susceptibility to thinking activity
without action-programming activity and may have a
pathophysiology similar to the reflex epilepsy induced
by thinking and spatial tasks. Therefore, it is likely that
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FIGURE 16-1

Decision process to identify the three precipitants. Motor activity, thinking activity, and action-programming activity are identi-

fied by the detail neuropsychologic EEG activation.

IGE seizures induced by mental activity consist of at
least two forms: seizures induced by thinking and spatial
tasks, and seizures induced by writing, written calcula-
tion, or drawing requiring action-programming activity.
These two forms would either show distinct mechanisms
of seizure induction or represent two ends of a patho-
physiological continuum.

Inoue et al. (12, 13) reported patients with reflex
epilepsy in whom myoclonic seizures mainly involv-
ing the arms were precipitated by a nonlinguistic
praxic activity accompanied by calculation, game
playing, writing, drawing, construction, or copying.
They stressed “a combination of complicated process

thinking
linguistic praxic

action-programming
')

v
motor
FIGURE 16-2

Two-dimension hypothesis. Reflex epilepsy in idiopathic gen-
eralized epilepsy would be sorted by the two dimensions:
thinking vs. action-programming activity, and linguistic vs.
praxic activity.

of thinking (decision-making) along with voluntary
motor activities (including ideation of voluntary acts)
involving the fingers and arms” as the seizure induc-
tion mechanism. In contrast with the reflex epilepsy
induced by thinking and spatial tasks (10, 11), Inoue
et al. (12, 13) listed writing as one of the major pre-
cipitating factors and emphasized requisite hand move-
ment in seizure induction, factors that were quite simi-
lar to our action-programming activity provocations.
Based on the NPA tasking results and detail analysis of
habitual seizures, we confirmed precipitating factors
to be action-programming activity in 32 out of the 36
patients with IGE; linguistic activity alone in 5, both
linguistic and nonlinguistic activity in 20, and nonlin-
guistic activity alone in 7. Therefore, the mechanism of
action-programming seizure induction would have two
forms related to linguistic and nonlinguistic activities as
the endpoints on a pathophysiological continuum. This
is supported by the induced spike activity in a patient
reported by Hasegawa et al. (14), which predominated
over the dominant central EEG site with letter writing
and over the nondominant parietocentral EEG site with
spatial construction.

Figure 16-3 summarizes the position of reflex
epilepsy induced by various mental activities. Decision-
making epilepsy (4, 15) is characterized as the thinking
activity at the interface between linguistic and praxic
activities. Epilepsy induced by thinking and spatial tasks
(10, 11) is classified as a praxic thinking activity. Epilepsy
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FIGURE 16-3

Two-dimension hypothesis and various reflex epilepsies. Various reflex epilepsies induced by mental activities are positioned
based on the two dimensions. Reading epilepsy and language-induced epilepsy are excluded.

induced by nonlinguistic praxic activity (12, 13) would
be classified as the praxic activity interfaced between
thinking and action-programming activities. Graphogenic
epilepsy (16) is classified as linguistic action-programming
activity. Epilepsy induced by action-programming (4-6),
observed in 27 out of 36 IGE patients with provocative
NPA effects in our study, is classified as the action-
programming activity interfaced between linguistic and
praxic activities.

Language-Induced
Epilepsy and Reading Epilepsy

Geschwind and Sherwin (17) described a case of language-
induced epilepsy, in which seizures were precipitated by
three language functions: speaking, writing, and reading.
These observations made us expect reading to trigger sei-
zure activity in our patients with epilepsy. However, read-
ing aloud and silently were less provocative, and none of
our patients were diagnosed with reading epilepsy (18)
or language-induced epilepsy. Therefore, these types of
reflex epilepsies may not be sorted in terms of the two-
dimension hypothesis.

Since prolonged reading is usually necessary to induce
seizures in reading epilepsy (19), the rarity of “reading”
as a precipitating factor in the present study might stem
simply from the activation method. However, we failed
to find any suggestion of reading epilepsy in our series,
despite our great interest in reflex epilepsy. This rarity
might be characteristic of Japanese patients. We must
consider ethnic variation, as noted in the genetic study of
JME, or linguistic features specific to the Japanese written

languages. To clarify this question, NPA tasking should
be applied in other languages to different sample groups
of different racial backgrounds.

CONCLUSION

In the management of epilepsy, not only antiepileptic
drug therapy but also identification and regulation of
seizure-precipitating or -inhibiting factors are important
for achieving successful treatment. Seizure-precipitating
or -inhibiting factors have varying influences upon the
diverse epilepsies and epileptic syndromes because of
close relationships between these factors and the under-
lying pathophysiologic characteristics that differentiate
the various forms of epilepsies. For elucidating the patho-
physiology of epilepsy in any patient, it is important to
know the relationship between seizure-precipitating or
-inhibiting factors and the epilepsy subtype or seizure
type. Neuropsychologic EEG activation confirmed the
notion that various daily mental activities can facili-
tate or inhibit seizure occurrence beyond expectation
in patients with epilepsy. We believe the two-dimension
hypothesis in reflex epilepsy has heuristic value for future
research into the mechanisms behind seizures induced by
behavioral activities.
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John C. DeToledo

pilepsy and behaviors that mimic

epilepsy are both common in the

institutionalized patient with devel-

opmental disabilities (DD). Any
physician caring for these patients in the institutions
knows how much diligence and time it takes to separate
one from the other. This diagnostic challenge increases
substantially when these patients are seen in the commu-
nity, where the consultant rarely has access to the entire
medical history, and what is available is often incomplete
and inaccurate.

The classic teaching on the semiology of epileptic
seizures is that seizures are “stereotypic” events and that
there is a correlation between some of these manifesta-
tions and the area of the brain where they are likely to
originate (1). These diagnostic principles were generally
based on, and are applicable to, older children and adults
with otherwise reasonably intact CNS function. The semi-
ology of seizures in other age groups including neonates,
various idiopathic and cryptogenic early childhood epi-
lepsy syndromes (2), and seizures in the elderly has proven
more difficult to diagnose and classify (3). The same is
true for epilepsy in individuals with multiple handicaps.
The presence of diffuse CNS pathology occurring early
in development and the coexistence of complex muscu-
loskeletal deformities can result in atypical presentations
of otherwise typical epileptic seizures. The presence of

Behaviors

Mimicking Seizures in
Institutionalized Persons
with Epilepsy

various repetitive behaviors and the decreased ability to
communicate further contribute to the difficulty. This
chapter, therefore, reviews the characteristics of epileptic
and nonepileptic behaviors in patients with DD.

EPILEPTIC EVENTS

The diagnostic challenges in reference to the diagnosis of
epileptic seizures in the DD population fall basically in one
of two groups: (i) new onset of events in patients without
a previous history of epilepsy, (ii) new type of events in
a patient with previously diagnosed epileptic seizures.
In contrast to the general population, the prevalence of
patients with multiple seizure types is relatively high in
institutions (4). The physician caring for the DD patient
with mixed seizure types, who feels constantly perplexed
by the protean clinical manifestations of these seizures,
should not feel alone. Multiple panels of epilepsy experts
have spent years trying to describe the clinical manifes-
tations and classify these seizures, not always with the
greatest success (5). The International Classification of
Epilepsies and Epileptic Syndromes resorted to terms
such as “cryptogenic (presumed to be symptomatic but
with unknown etiology),” “other symptomatic gener-
alized epilepsies not defined above,” and “epilepsies
and syndromes undetermined as to whether focal or

139



140

III e

SEIZURES AND BEHAVIOR

Behaviors Mimicking Epilepsy in Institutionalized Patients with Multiple Disabilities

STAFF DIAGNOSIS

TYPE OF BEHAVIOR

Absence seizures, petit mal
seizures

Buccolingual automatisms
due to complex
partial seizures

Rule out seizures

Temporal lobe seizures

“Petit mal” seizures

Absence seizures

Petit mal seizures, laughing
seizures

“Petit mal” seizures

Tonic seizures

Periods of decreased
responsiveness
Chewing, lip smacking

Self-stimulation
Self-abuse

Disruptive, aggressive
behaviors

Behavioral “pauses”
Repeated eye blinking
Spontaneous smiling

Spontaneous grimacing
Dystonic posturing

Seizures Simulation of seizures

Drop attacks
“Withdrawal seizures”

Unexplained falls

Increased alertness
(more impatient)

Eye deviation due to seizures  Roving eye movements

Clonic seizures Clonus of extremities

Rule out seizures Tics

TABLE 17-1
NUuMBER OF PATIENTS REMARKS

8 Chronic sleep deprivation, patients
appeared to be taking “naps”

6 (a) Tardive dyskinesia; (b) mouth
breathers seemingly attempting to
wet their tongues

5 Very difficult patients with self-

2 stimulation and abuse; staff
“grasping at straws” trying to find a
treatable cause

5 Difficult behavior patients; staff
“grasping at straws” trying to find a
treatable cause

5 Fatigue, boredom, medication effect

4

4 Profoundly retarded

3 Profoundly retarded

3 Patients with spasticity and severe
contractures of the extremities;
posturing triggered by being
startled (e.g., bath)

3 Higher-functioning patients, often to
be excused from chores (i.e., work)

3 Medication-induced ataxia

2

2 Roving eye movements in blind
patients

2 Patients with spasticity and severe
contractures of the extremities

2

Source: Adapted with permission from DeToledo JC, Lowe MR, Haddad H. Behaviors mimicking seizures in institutionalized individuals
with multiple disabilities and epilepsy: a video-EEG study. Epilepsy Behav 2002;3(3):242-244.

generalized” to classify some of the seizure types seen in
the DD population (2).

Seizures in these cases tend to be more refractory to
medical treatment and more frequently result in status
epilepticus and injuries. The possibility that an unusual
behavior represents seizures is often cause for great con-
cern and anxiety to caregivers, families, and institutional
physicians, and an immediate diagnosis and treatment
are often expected. These pressures can lead to the pre-
mature labeling of nonepileptic events as “epileptic” in
the DD patient.

In those individuals with an established diagnosis of
epilepsy, an occasional cause for confusion arises when
someone, usually a teacher or caregiver, identifies a “new
seizure type” in that person. Fortunately, the development
of a new seizure type in institutionalized patients with a

well-established seizure pattern is not common, and the
majority of the newly identified episodes turn out to be
nonepileptic in nature (Table 17-1) (6). Another cause of
confusion in regard to the DD patient with an established
diagnosis of epilepsy is the fact that, over time, there is
some degree of variability in the severity and duration of
a given seizure type in a given patient. Shorter episodes
of the same seizure may contain only fragments of the
whole episode, and staff may identify the fragments as a
“new seizure type.” Medication changes or concurrent
systemic illnesses are common causes of changes in sei-
zures in the DD patient.

Generalized convulsions may present very asym-
metrically, resembling partial seizures, in patients with
fixed neurologic deficits such as infantile hemiplegia, and
the diagnosis of a partial seizure can be erroneously made.
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Staff is sometimes confused by the fact that patients with
a previous history of generalized convulsions seem to
have developed a new seizure type after having an ortho-
pedic or respiratory problem that requires forced lateral
decubiti. Generalized seizures in these cases are almost
always asymmetric, because only two of the extremities
exhibit the tonic-clonic movements, the other two being
now under the body.

NONEPILEPTIC EVENTS

Reaching the correct diagnosis of nonepileptic events in
the outpatient setting is seldom a straightforward propo-
sition. Parental anxiety, poor training of staff, and poor
communication with and between caregivers are common
problems.

Medication Changes

Episodes occurring during reduction of antiepileptic
drugs (AEDs) can be misdiagnosed by the staff as repre-
senting seizures. A patient’s complacent behavior may be
due to sedation. As barbiturates or benzodiazepines are
tapered and sedation subsides, the underlying personality
emerges. It might be a pleasant one, but it often is not.
Caregivers may mistake the less agreeable personality as
representing seizures or “drug withdrawal.” The new,
more demanding personality often entails more work and
is not necessarily welcome news to overworked staff.

Eye Movements

There are a number of eye movement abnormalities that
can be confused with the manifestations of seizures.
This occurs most often in patients with impaired visual
fixation, as may be seen with amblyopia, congenital
cataract, and congenital retinal degenerations. Perina-
tal anoxia, postmeningitic encephalopathies, and con-
genital rubella are common etiologies. The nature of the
movements usually varies according to the position of
the eyes. When the gaze is directed forward, the move-
ment is largely pendular; with lateral gaze there may be
a period of conjugate deviation of gaze accompanied by
jerky nystagmus. These episodes can be differentiated
from epileptic tonic deviation of gaze by the fact that
the latter can be broken by rotation of the head in the
horizontal plane. Other elements that help the diagnosis
is the fact that these patients are blind or nearly so and
that the nystagmus has been present for years.

Buccolingual Movements

These types of movements become a concern when staff
is partially educated about seizures and fear the movements

INSTITUTIONALIZED PERSONS WITH EPILEPSY

may represent epileptic automatisms. Causes for these
movements are many, but most often cases are due to
medication side effects or anatomic restrictions for nasal
breathing. Buccolingual dyskinesias consisting of chew-
ing, swallowing, smacking of lips, and protrusions of
the tongue are a common complication of the long-term
use of various antipsychotics. These movements occur
intermittently during the day and vary in intensity with
levels of anxiety. Facial tics, usually affecting the eyes
and both side of the face, are frequently seen in the same
individual. The correct diagnosis is established by the
previous history of exposure to these drugs, the fact that
awareness is preserved during the episodes, and the bilat-
eral occurrence of tics in the same patient.

In a smaller group of patients, mouth breathing
seems to be the reason for the buccolingual movements.
Individuals with shallow nasal cavities and high palates
seem to be at greater risk. This combination is often
present in individuals with Down syndrome, and the
lingual movements may be related to the dryness of
the mouth.

Rumination can have a similar presentation. Rumi-
nation usually occurs shortly after feedings and presents
as a hyperextension of the neck, with repetitive tongue
thrusting and swallowing. As with the previously described
episodes, the patient is alert as the movements occur.

Nonepileptic Head Drops

Isolated head drops are seldom the only manifestation of
epileptic seizures in DD patients but are a common source
of diagnostic confusion. They are more often reported by
staff who interact with the patient during activities that
require sustained levels of attention, such as the work-
shop or school. Epileptic head drops (or head nods, as
they are more commonly referred to) are usually one of
several seizure types seen in a given patient. They can be
seen in patients with infantile spasms, atypical absences,
atonic seizures, and complex partial seizures. The coexis-
tence of head drops with other seizure types should raise
the level of suspicion for an epileptic etiology.

A common cause of head drops in the institutional-
ized DD patient is drowsiness. Chronic sleep deprivation,
boredom, and high doses of AEDs are the usual causes.
Allowing patients to sleep longer hours and reducing
AEDs rather than increasing AEDs is the treatment in
these cases.

Daydreaming and “Absences”

Episodes of decreased alertness during the day are occa-
sionally reported by workshop and school, with the con-
cern that they may represent “absences or subclinical
seizures.” In a series of 8 cases in whom medication side
effects were ruled out, video electroencephalographic
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(EEG) evaluation showed no evidence of subclinical
seizures (7). Erratic nocturnal sleep was again the likely
explanation. These individuals were found to have
repeated awakenings during the night for medications,
repositioning to avoid skin breakdown, and diaper chang-
ing. The fact that a given patient did not sleep during
the night might have been known to the night staff but
not communicated to daytime staff or the physician.
These patients improved as every-6-h medication sched-
ules changed to “while awake” schedules and sleep was
no longer interrupted. Excessive somnolence in some
cases appeared to be secondary to prolonged periods of
“forced” wakefulness. These patients were expected to
stay awake for long periods during school or work and
were probably chronically sleep deprived (4). Somnolence
and behavior problems improved after daytime naps were
“prescribed.”

Migraine and Head Pains

Earaches, dysfunction of the temporomandibular joints,
and toothaches are common in the DD population. These
usually do not pose great diagnostic difficulties if the treat-
ing physician is mindful of them. Migraine, on the other
hand, can be extremely difficult to diagnose in the more
severely impaired DD patient. Symptoms of migraine can
be very subjective and impossible to elicit in some cases.
The presence of migraine equivalent symptoms helps with
the correct diagnosis. Episodic confusion accompanied by
vomiting, cyclic vomiting interspaced with normal health
intervals and in the absence of other GI explanations
for the symptoms, and episodes of transient lateralized
weakness (hemiplegic migraine) accompanied by vomit-
ing may be caused by migraine and usually respond to
the appropriate treatment.

Apnea and Breath-Holding Spells

Of the two classic presentations of pediatric breath-
holding spells, the pallid breath-holding attacks, although
infrequent, can be seen in the adult institutionalized set-
ting. These attacks follow minor trauma or startle and
are accompanied by profound pallor. The individual may
become hypotonic and may go into a convulsion as a
result of the cerebral hypoperfusion. The diagnosis in
these cases is made by the consistent association of the
attacks with specific triggers.

With the increased survival of more fragile patients
and aging of patients living in institutions, physicians car-
ing for these patients are managing a growing number of
DD patients with breathing disorders. Sleep apnea is com-
mon in patients with Down syndrome and those with skel-
etal deformities resulting in limited excursion of the chest.
The usual symptoms of mental confusion and excessive
daytime somnolence are seen in this population as well.

SEIZURES AND BEHAVIOR

Of some concern is the association of sleep apnea with
increased irritability and episodes of confused aggression.
Aggressiveness and confused behavior can be episodic
and unprovoked and may be mistaken for seizures. These
are the DD patients that staff remember being more pleas-
ant and lively, who became grouchier and irritable as they
aged. Chronic sleep deprivation that accompanies sleep
apnea may result in increased risk for seizures in some
patients. Treatment for the sleep apnea should amelio-
rate all symptoms if the apnea is the primary cause of
the problems.

Syncope

Syncope can mimic epileptic events in any age group.
Presyncopal episodes can present as periods of agita-
tion and confusion accompanied by autonomic symp-
toms that resemble complex partial seizures. Loss of
consciousness can be gradual or abrupt, depending on
posture and underlying etiology of the syncope. Syn-
copal episodes lasting longer than 10-12 seconds can
be accompanied by salivation, tonic posturing, upward
deviation of gaze, and, in some cases, multifocal clonic
jerks (convulsive syncope). Syncope typically occurs in
the upright or seating position, but this is not always
the case. Cardiac arrhythmias and hypoglycemia of sud-
den onset can result in convulsive syncope in a recum-
bent patient. Convulsions that occur while eating are
suggestive of glossopharyngeal neuralgia and typically
occur in the absence of gagging symptoms. Carotid
sinus hypersensitivity has also been reported in the DD
population.

Spasticity and Clonus

The increased muscle tone and the jerking that accom-
pany clonus can be confused with seizures. This is more
often reported by staff involving in bathing, feeding, or
suctioning the patient. The mechanism in these three situ-
ations is essentially the same: the distress produced by the
unexpected contact of the body with water, the coughing
and choking during feeding in dysphagic patients, and
the coughing and discomfort produced by orotracheal
suctioning.

The presence of clonus in DD patients with chronic,
severe spasticity often results in contractures, and musculo-
skeletal deformities can be mistaken for seizures. A simple
maneuver can clarify the diagnosis. If during the episode
of clonus, the affected extremity is repositioned so that the
agonists of the movement are unloaded (i.e., move the limb
toward the direction of the movement), the clonus will
improve or totally subside.

Reduction of sedatives such as barbiturates and
benzodiazepines in patients with contractures can result
in more noticeable hypertonia and clonus that may be
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confused with seizures by inexperienced staff. Hyper-
excitability, tremors, irritability, and insomnia are usually
but not always present and may persist for a few weeks
after cessation of the drug.

Psychogenic Seizures

Simulation of seizures is more likely to occur in higher-
functioning DD patients. It may occur “de novo” in
patients with a previous diagnosis of epilepsy and also in
patients without epilepsy who may “learn” the behavior,
presumably attempting to change external circumstances.
The episodes often have clinical features suggestive of
malingering, with a voluntary production of symptoms
and signs aiming at a secondary gain. Motivations are
many, ranging from being excused from workshop and
other chores all the way to trying to circumvent restrictions
(i.e., smoking). Factors that help to differentiate epileptic
and nonepileptic events when both coexist in the same
patient include the following: (i) The epileptic seizures
are the “older” seizures, usually going back several years,
whereas the psychogenic events tend to be the more recent
type of events; (ii) the clinical manifestations of the simu-
lated episode are usually different from what is reported
with the epileptic seizures; and finally, (iii) the presence of
situational triggers also suggest a psychogenic etiology.

Anxiety and Affective Disorders

Anxiety and affective disorders are common in the DD
patients. Diagnostic confusion with complex partial
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mong the cognitive problems that
may be associated with epilepsy, its
cause, and its treatment, memory is
among the most serious. Surveys of
persons with epilepsy consistently reveal elevated rates of
complaints and concerns regarding cognitive function in
general, and memory in particular (1-9). The degree to
which those concerns reflect objective memory impair-
ment has been the subject of investigation and will be
discussed in this chapter, but complaints and concerns
regarding mental status are prevalent. To better under-
stand the problem of memory impairment in epilepsy,
this chapter will briefly review the taxonomy of memory
and the place of memory impairment in the context of
cognitive impairment in epilepsy in general, followed by
an empirical examination of declarative and procedural
memory in persons with epilepsy in an attempt to under-
stand and characterize patterns of cognitive morbidity in
chronic epilepsy.

4

MODELS OF HUMAN MEMORY

Strictly defined, memory is the “the faculty by which the
mind stores and remembers information” (10). It is now
recognized that there are many types of memory and that
they are dependent on varying neurobiological substrates.

Memory Impairment and
Its Cognitive Context in

Contemporary research has provided a taxonomy of
human memory function (see Figure 18-1) and the per-
tinent underlying neural circutry (11). A fundamental
distinction in human memory is the ability to consciously
recollect facts and events, which has been termed declara-
tive memory, in contrast to nonconscious learning ability
(nondeclarative memory), which is expressed primar-
ily through various types of performances. Declarative
memory is especially pertinent to the discussion here, as
some forms of epilepsy directly affect the neural regions
involved in declarative memory processing.

Declarative memory for events (so called episodic
memory) involves the recollection of events that occur
in a temporal and spatial context, or what we would
otherwise refer to as short-term memory. This form of
memory is tested clinically by administration of either
verbal (word lists, prose passages, word-pairs) or visual
(geometric designs, faces, complex scenes) types of mate-
rial, which assess the rate and degree of new learning
and the ability to retain newly acquired information over
delay intervals of varying lengths.

Another type of memory that will be presented
for purposes of contrast is one form of nondeclarative
memory: classical conditioning. Classical conditioning, a
fundamental form of associative learning in humans and
animals, is one type of nondeclarative memory, and con-
ditioning of the eyeblink response is the most commonly
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LONG-TERM MEMORY
NONDECLARATIVE (IMPLICIT)
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MEDIAL TEMPORAL LOBE STRIATUM NEOCORTEX AMYGDALA CEREBELLUM  REFLEX
DIENCEPHALON PATHWAYS

FIGURE 18-1

A contemporary taxonomy of memory.

investigated conditioning paradigm. The neural circuitry
underlying this associative learning has been well char-
acterized and shown to be dependent on the cerebellum
(12). In that chronic epilepsy is known to increase the risk
of cerebellar atrophy (13), it is possible that nondeclara-
tive memory may be affected in epilepsy, and data to that
effect will be presented.

In summary, there are actually many different types
of memory, each with its own neural circuitry, procedures
for assessment, and likelihood of impact by epilepsy and
its treatment. We will turn first to the issue of declarative
memory.

DECLARATIVE MEMORY AND
TEMPORAL LOBE EPILEPSY

The issue of memory dysfunction in temporal lobe epi-
lepsy has been of special interest. Temporal lobe epi-
lepsy is a common syndrome, frequently with onset in
childhood or adolescence, and often with a prolonged
and intractable course (14, 15). Cognitive pathology is
typically characterized by significant memory impairment
(16); however, it is now appreciated that other neuropsy-
chologic impairments may be observed as well (17, 18).
In fact, comprehensive evaluation of patients with chronic
temporal lobe epilepsy has revealed an average or mean
pattern of relatively generalized cognitive dysfunction,
with poorer performance compared to controls across
all tested cognitive domains, including memory (19).

While informative, characterization of the average neu-
ropsychologic profile of patients with chronic temporal
lobe epilepsy does not provide insight into the possible
distinct groupings or cognitive typologies that may exist
within this common form of epilepsy. Further, the degree
to which memory is impaired, in comparison to other
cognitive abilities, remains to be characterized.

A yet untapped approach to understanding cogni-
tive morbidity in epilepsy is taxonomic in nature. This
involves addressing the question of whether empirically
derived groupings of persons with similar profiles of
cognitive function can be identified either within or
across epilepsy syndromes. Taxonomies facilitate reli-
able clustering of individuals into meaningful groups,
provide a common language and organizing influence
in the field, and set the stage for further investigation of
clinical and neurobiological correlates. To date, taxo-
nomic approaches have rarely been used to advance
understanding of the neurobehavioral complications of
the epilepsies (20). That is, rather than grouping patients
on the basis of clinical seizure characteristics (e.g., sei-
zure frequency or seizure type) and examining the rela-
tionships of individual clinical seizure characteristics
to cognition, one derives a grouping of patients based
solely on their pattern of performance across several
cognitive domains.

As an example of the potential utility of this
approach, we recently applied cluster analysis to a large
sample of patients with temporal lobe epilepsy and identi-
fied distinct cognitive subgroups or phenotypes. Patients
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were administered a comprehensive battery of neuro-
psychologic tests, assessing the domains of intelligence,
language, perception, memory, executive function, and
cognitive and psychomotor processing speed. Adjusted
(age, gender, education) z-scores were computed based on
the performance of the controls, and domain scores were
constructed for the epilepsy patients. The data for the
epilepsy patients then were analyzed by cluster analysis,
and several aspects of those findings are briefly presented
here (21).

COGNITIVE PROFILES

First, from a neuropsychologic perspective, three distinct
cognitive profiles were uncovered (Figure 18-2), suggest-
ing that there are distinct groupings of patients with rela-
tively characteristic cognitive profile types: (1) minimally
impaired, (2) memory-impaired, and (3) memory-, execu-
tive-, and speed-impaired.

Cluster 1 (minimally impaired) consisted of approxi-
mately half (47%) the temporal lobe epilepsy subjects,
who exhibited the most intact cognition of the three
cluster groups. That said, their performance was sig-
nificantly worse than controls across several cognitive
domains including language, immediate and delayed
memory, executive function, and psychomotor speed
domains. While statistically significant, the pattern was
one of mild but discernable cognitive dysfunction. Cluster
2 subjects (predominantly memory-impaired) consisted
of 24% of the patient sample. They exhibited marked
impairments in immediate and delayed memory, in the
context of significantly poorer performance than controls
across all other cognitive domains. Thus, memory was
the most striking cognitive abnormality, but it occurred

in the context of a mild generalized depression of overall
cognition compared to controls. Finally, Cluster 3 (gen-
erally impaired) consisted of 29% of the temporal lobe
epilepsy subjects. They exhibited the poorest cognition
across all domains compared to controls and also dem-
onstrated significantly poorer performance across all
cognitive domains compared to both Clusters 1 and 2.
The most striking impairments in this group fell in the
areas of executive function and cognitive/psychomotor
speed. Thus, an underlying taxonomy characterized by
the nature, pattern, and severity of evident cognitive com-
plications can be identified. Memory impairment figures
prominently in these groupings, but it occurs in the con-
text of other cognitive pathology.

CLINICAL AND MORPHOMETRIC
VALIDATION OF COGNITIVE PROFILES

Validation of these cognitive phenotypes was addressed
by examination of the profiles of demographic features
(age), clinical seizure features (duration of epilepsy, anti-
epileptic drug [AED] polytherapy), and brain volumet-
rics (segmented whole-brain and lobar tissue volumes,
cerebrospinal fluid [CSF], and hippocampus). In brief
summary of the findings, the volumetric findings par-
alleled the cognitive findings (Figure 18-3). The most
intact group (Cluster 1) showed significant abnormality
in hippocampal volume with minimal change in other
morphometric measurements. As the degree of cogni-
tive impairment increased there was a pattern of cor-
responding volumetric abnormality, including greater
hippocampal atrophy, and culminating in Cluster 3,
where there was evidence of widespread volumetric
abnormality.

1 T

o

Cluster 1
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—g— Cluster 3
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FIGURE 18-2

Cognitive profiles in temporal lobe epilepsy.
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MRI volumetric findings in cognitive profile groups.

A closer examination of volumetric abnormality was
undertaken. Looking specifically at the distribution of
white-matter volume abnormality (Figure 18-4), Clus-
ters 1 and 2 showed primary abnormality in the tempo-
ral lobe, with secondary and milder abnormality in the
frontal and parietal lobes. Cluster 3, on the other hand,
clearly exhibited diffuse white-matter abnormality that
was evident across all lobar regions.

In addition, the most cognitively impaired group (Clus-
ter 3) was older, had the longest duration of epilepsy, and
took more medications than the other groups, especially
Cluster 1. There were also meaningful but statistically

nonsignificant trends in regard to other clinical seizure fea-
tures. Cluster 3 had the highest proportions of patients with
histories of >50 lifetime generalized tonic-clonic seizures,
status epilepticus, and severe initial precipitating injuries.
Thus, this appears to be a group that is most likely to have
incurred both an earlier neurodevelopmental insult and a
more protracted and severe course of epilepsy.

Thus, while mean profiles of cognition and volumet-
ric abnormality are helpful and point to a relatively diffuse
pattern of abnormality, discrete subgroups can be identi-
fied in terms of both cognition and volumetric abnormali-
ties, with an interesting concordance between them.
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FIGURE 18-4

MRI white-matter volumetric abnormalities in cognitive profile groups.
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PROSPECTIVE MEMORY CHANGE

Cross-sectional studies, as valuable as they may be, can-
not provide insight into the prospective course of the
disorder. Of considerable interest, but still controversial,
is the degree to which abnormalities in mental status
may progress over the duration of the disorder. The
issue of cognitive progression in temporal lobe epilepsy
is important, because curative surgical treatments exist
but are frequently delayed (14, 22, 23). Patients with
medication-resistant temporal lobe epilepsy often pres-
ent with considerable cognitive and behavioral handicap
when finally referred for surgical consideration, unfortu-
nately sometimes after decades of unsuccessful medical
management (24, 25).

Prospective cognitive studies of patients with epi-
lepsy date back to the early part of the twentieth century
(26), but these are often characterized by rather limited
assessment of cognition (often IQ only), the inclusion
of mixed seizure types, varying test-retest intervals, lack
of control groups, and other methodological shortcom-
ings. More common are cross-sectional studies (18, 27,
28), which, while informative, suffer from the obvious
limitation of providing an indirect evaluation of neu-
ropsychologic change over time, cohort effects, and
other methodologic problems that prevent a clear and
unequivocal characterization of the cognitive course of
epilepsy (29). A recent review (26) concluded that pro-
gressive cognitive decline does occur in a proportion of
patients and appears to be associated with markers of a
difficult epilepsy course (e.g., number of lifetime general-
ized tonic-clonic seizures).

1.00

MEMORY IMPAIRMENT

In this sample of patients, a subset of controls and epi-
lepsy patients underwent cognitive reassessment four years
later, and examination of their prospective memory and
cognitive performance was undertaken. The statistical pro-
cedures used (regression-based norms for change) correct
for sources of error in test-retest settings, such as regression
to the mean, while comparing expected versus obtained
performance based on the retest patterns of controls. Fur-
ther, all test scores and cognitive domains are placed on
the same metric, which allows comparison of relative per-
formance across tests and cognitive domains.

We examined the implications of cluster member-
ship for prospective cognitive course, including memory
fucntion. Of the original sample, 45 epilepsy patients and
64 controls completed prospective cognitive reassessment
4 years following baseline assessment. Regression based z-
scores (30-32) were calculated, and the three cluster groups
were compared by MANOVA. Negative z-scores reflect
lower-than-expected retest scores. All three cluster groups
showed a poorer cognitive course compared to controls
across the cognitive domains (Figure 18-5). However, Clus-
ter 3 exhibited a significantly poorer course than Clusters 1
and 2 across all cognitive domains except intelligence, while
Clusters 1 and 2 did not differ from each other on any of the
cognitive domains. Thus, the cluster groupings have some
predictive utility for cognitive prognosis.

We have examined only patients with temporal
lobe epilepsy, and it is necessary to determine whether
a similar phenotype classification can be detected in
other epilepsy syndromes or whether there are different
characteristic cognitive profiles. While a predominantly
memory impaired group was observed in this sample of
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FIGURE 18-5

Prospective cognitive change in chronic temporal lobe epilepsy (regression-based norms for change).
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subjects with temporal lobe epilepsy, it is conceivable that
syndrome-specific typologies may be identified in other
localization-related epilepsy syndromes (e.g., profiles of
impaired executive function in frontal lobe epilepsy) and
primary generalized epilepsies (29, 33, 34).

More generally, these results suggest that it is pos-
sible to derive meaningful neurobehavioral phenotypes
of patients with temporal lobe epilepsy. Classification
systems (i.e., seizure syndromes) have served the epilep-
sies well, and cognitive and neurobehavioral taxonomies
might prove to be a useful addition for both clinical and
research purposes.

Although cluster analysis is a powerful technique
for simplifying a complex data set (35), the relatively
small sample size examined here may limit the repre-
sentativeness of patients with temporal lobe epilepsy.
Additional phenotypes of patients with temporal lobe
epilepsy may be obtained with larger and more repre-
sentative samples. Further, the reproducibility of cognitive
phenotypes across samples varying in patient character-
istics, administered test batteries, data reduction proce-
dures, and other methodological details will speak to
the robustness of specific cognitive phenotypes across
cohorts of epilepsy patients.

PROCEDURAL MEMORY AND
CEREBELLAR ATROPHY

Cerebellar atrophy is a recognized complication of
chronic epilepsy, including temporal lobe epilepsy (13).
The traditional view of cerebellar function is that it con-
tributes primarily to movement and motor control; how-
ever, converging animal and human studies indicate that
the cerebellum contributes to a variety of higher cognitive
abilities, including specific types of memory (36, 37),
especially nondeclarative memory—a rarely studied form
of memory in epilepsy.

To examine procedural memory in epilepsy patients,
we used a task involving classical conditioning of the
human eyeblink response—an often-used task in the proce-
dural memory literature. Following established procedures
(38), classical eyeblink conditioning consisted of pairing a
conditioned stimulus (CS, a headphone-delivered 75-dB
1-kHz tone), with an unconditioned stimulus (US, a 5-psi
air puff to the left eye) that elicited the unconditioned
response (UR, an eyeblink). Special glasses contained
an air puff delivery system and an infrared photobeam
that recorded eyeblinks. Seventy acquisition trials were
presented, and every tenth trial was a CS-alone trial to
evaluate the conditioned eyeblink response (CR). The
remaining trials were CS-US paired presentations. The
tone CS was presented for 500 ms and co-terminated with
the 100-msec US, producing a 400 msec interstimulus inter-
val (ISI) (technically termed “delay conditioning”). The
intertrial interval ranged from 8 to 16 sec (M = 12 sec)

with a background 65 dB white noise between trials.
Following established procedures, a CR was defined as
an eyeblink amplitude exceeding 10% of the subject’s
baseline UR amplitude (based on the mean UR ampli-
tude for 10 US-alone trials presented prior to acquisi-
tion trials) occurring between 200 and 400 msec after
CS onset. Eyeblinks occurring prior to 200 msec after
CS onset (i.e., short-latency, tone-evoked nonassociative
responses) were not counted as a CR. An experienced
investigator made all decisions regarding CRs while
blinded to group membership and MRI findings. Percent-
age of CRs exhibited during the acquisition phase was
the primary dependent variable. Also assessed were CR
latency and amplitude for CS-alone trials. Distributions
of these variables were examined, and transformations
performed when necessary.

Raw cerebellar volumes (cm3) were 137.3 (12.6) for
controls and 129.05 (13.95) for epilepsy subjects (6%
reduction) (p < 0.01). Adjusted (for total ICV) cerebellar
volumes were 135.7 for controls and 130.5 for epilepsy
subjects (3.8% reduction, p = 0.028). Examination of
relationships between classical eyeblink conditioning and
brain volumetrics demonstrated a specific association
between this form of learning and the cerebellum. Among
healthy controls, conditioning performance was signifi-
cantly associated only with cerebellar volume (r = 0.49,
p < 0.005), with no significant association with other
brain regions including total lobar tissue volumes (fron-
tal, temporal, parietal, occipital) or total cerebral tissue
or CSF volumes (Figure 18-6). In contrast, there was no
association between classical conditioning performance
and cerebellar volume in patients with chronic temporal
lobe epilepsy. There was no relationship between any
aspect of medication treatment (e.g., number, type) with
conditioning performance or cerebellar volume.

Thus, other forms of memory may be affected by
the neuropathology that may be associated with chronic

epilepsy.
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FIGURE 18-6

Correlation of classical conditioning with lobar volumetrics
in chronic epilepsy and controls.
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SUMMARY

Memory problems are a common neuropsychologic
morbidity in epilepsy, but they appear in the context
of other cognitive pathology. Reliable groupings of
patients (clusters) with memory and other cognitive
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umerous studies have documented

cognitive dysfunctions in children

and adults with epilepsy. The neu-

ropsychologic deficits cover a wide
range of brain-behavior domains, including attention,
memory, mood, language, visuospatial and executive func-
tions, intelligence, and social skills. Memory impairment,
mental slowing, naming difficulties, and attentional
deficits are the most frequently reported subjective com-
plaints of cognitive dysfunction, but research has indi-
cated that epilepsy patients tend to underestimate their
cognitive impairments (1, 2). The exact cause of cogni-
tive impairment in patients with epilepsy is difficult to
establish given the vast number of factors that contribute
to the resulting cognitive profile of an individual patient.
The neuropathology underlying the epilepsy; the type,
frequency, and duration of paroxysmal epileptic activ-
ity; and the adverse side effects of therapeutic interven-
tions are considered the most relevant factors that give
rise to the cognitive impairment. Because of the strong
interrelations between these factors, it has proven very
difficult to assess the relative contribution of each fac-
tor to the final neuropsychologic outcome. In humans, a
number of methodological strategies have been used to
disentangle the cognitive consequences of the different
factors involved. Studies comparing the effects of differ-
ent antiepileptic drug (AED) treatments or the pre- to

postsurgical changes on cognitive test performance aim
to elucidate the impact of treatment variables. Cross-
sectional and longitudinal neuropsychologic studies
of strategically selected patient subgroups aim to dif-
ferentiate the effects of lesion localization, epilepsy syn-
drome, and seizures. In general, these studies reveal that
the AEDs’ cognitive side effects predominantly affect
attention and that the adverse effects are increased with
rapid initiation, higher dosages, and polytherapy (3-5).
Successful epilepsy surgery can arrest cognitive decline,
but left temporal resections carry the risk of additional
memory deficits (6). In addition, evidence has accumu-
lated that idiopathic epilepsies show little if any clinically
relevant cognitive impairments, whereas cryptogenic and
symptomatic epilepsy disorders are accompanied by focal
cognitive deficits that mirror the specific functions of the
damaged brain areas. Early onset, long duration of the
disease, and poor seizure control are associated with poor
cognitive outcome (6).

This chapter focuses on the contribution of clinical
neuropsychology to the assessment and description of
cognitive deficits in the individual patient suffering from
chronic epilepsy. Taking the different cognitive domains
as a starting point, the major neuropsychologic obser-
vations for different types of epilepsy in children and
adults are reviewed. The cognitive effects of therapeutic
interventions, such as pharmacotherapy and epilepsy
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surgery, will not be discussed in detail here but can be
found elsewhere in this volume.

INTELLIGENCE

Intelligence tests were initially designed to predict
educational achievement in school-aged children. The
success of this prediction popularized the concept of intel-
ligence and broadened its use to adults, for whom it is
widely regarded as a measure of general cognitive abil-
ity or problem-solving skills. An intelligence test is usually
composed of different subtests that confront the individual
with increasingly difficult problems within a specific skill,
such as verbal reasoning, arithmetic, object assembly, and
figure matching. Together, the performances on the entire
test battery give rise to a single legendary measure: the full-
scale intelligence quotient (IQ). Depending on the selected
IQ test, several other subscales can be calculated, such as
the verbal-scale IQ or the performance-scale IQ of the
widely used Wechsler batteries measuring the performance
for the verbal or performance subtests, respectively. Since
IQ tests were not designed to investigate brain-behavior
relationships, these measures may underestimate changes
in a broader range of cognitive functions. It is also impor-
tant to distinguish the intelligence batteries we described
above from tests that offer an estimate of the 1Q, such
as the frequently used National Adult Reading Test. Tests
of the latter category are typically short, unimodal, and
psychometrically less grounded.

Adults

There exists very little information of whether cognition
is already affected at the onset of epilepsy. A cross-
sectional study compared 32 patients with temporal lobe
epilepsy and their unaffected siblings, thereby minimizing
genetic and environmental confounders (7). Significantly
lower full-scale IQs of up to 1-2 standard deviations were
found in the epileptic group, with greater differences in
IQ with earlier onset of epilepsy, whereas no relation with
disease duration was found. These results were taken
as evidence that, at least in temporal lobe epilepsy, the
functional impairment is not restricted to temporal func-
tions but may reflect a more general disturbance in brain
maturation that is already present at the time of epilepsy
onset. These results are in line with age-at-onset studies
and animal research (6).

Most prospective studies in adults with epilepsy
reveal no, or only limited, intellectual decline over time
(8-15). A significant association with seizure-related vari-
ables is rarely substantiated, and even status epilepticus
appears to produce no subsequent intellectual decline
(16). Other cognitive abilities seem to suffer more, again
indicating the relative insensitivity of IQ for more specific

cognitive decline (17, 18). Cross-sectional studies showed
that patients with longstanding refractory temporal lobe
epilepsy and disease durations of more than 30 years have
significantly lower full-scale IQs than do patients with a
shorter disease course. The full-scale IQ of patients with
higher educational attainment remained stable for a longer
duration compared to less educated patients (19, 20). A
recent study investigated the effect of seizure frequency on
IQ in patients with secondary generalized seizures with-
out any known etiology. Patients with a lifetime history
of fewer than 10 seizures showed normal I1Qs, whereas a
group with a history of more than 50 seizures performed
below age-matched population norms (21).

Children

In comparison to normal controls, newly diagnosed
children with idiopathic and cryptogenic epilepsies
show no differences in intelligence, despite significantly
worse scores across components of behavior and cogni-
tion (22, 23).

Most prospective studies in children revealed no
significant adverse effects of (cumulative) seizures on
full-scale 1Q, although there appears to be a subgroup of
about 10-25% of children that shows a clinically signifi-
cant intellectual decline (14, 15, 23-29). Children with
generalized symptomatic epilepsies, frequent seizures,
high AED use, and early onset of epilepsy appear at risk
for intellectual decline, although psychosocial factors
may also play an important role (23, 30). Children with
refractory epileptic seizures showed a significant decline
of about 6 IQ points in full-scale and performance-scale
IQ over a 3.5-year-period that was not observed in a
similar adult patient group (28).

Cross-sectional studies reveal more robust findings
of intellectual impairment (31-36). Children with gen-
eralized symptomatic epilepsies appear to be a high-risk
group for intellectual and educational underachieve-
ment. Compared to normal children, even patients with
benign forms of idiopathic epilepsy with centrotemporal
or occipital localization and epileptic EEG discharges
or short nonconvulsive seizures have been reported to
have lower IQs (37-39). In children with centrotempo-
ral spikes, deficits in IQ were associated with frequency
of electroencephalographic (EEG) spikes, and a nega-
tive correlation was observed between the absolute delta
and theta powers of quantitative EEG and performance
IQ (37, 40). In line with the IQ test’s ability to predict
school achievement, children with idiopathic and crypto-
genic epilepsies more often repeated a year at school and
required significantly more special educational assistance
than a healthy control group (22).

In severe childhood-onset epilepsies (West and
Lennox-Gastaut syndromes), mental retardation is often
an inherent part of the syndrome, and only few patients
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will achieve normal intelligence in adulthood. In rare
childhood epilepsy syndromes with ongoing subclinical
epileptiform discharges, the effect on IQ may be highly
variable. In acquired epileptic aphasia (Landau-Kleffner
syndrome), intellectual capacities often remain preserved,
whereas in epilepsy with continuous spike-waves during
sleep, global mental deficiency is common (41, 42).

ATTENTION

Clinically, several manifestations of attention can be evalu-
ated. Focused attention is the ability to concentrate on a
particular subset of the surrounding stimuli (focusing) and
at the same time actively ignoring other stimuli (select-
ing). Increased distractibility or reduced concentration are
typical complaints. The Stroop task, in which a person
is asked to name the (incongruent) print color of color
words, is a classical example of a focused attention task,
because the reader must concentrate on the print color
and suppress the overlearned tendency to read the color
words. The ability to divide the attention between two (or
more) simultaneously performed tasks is another mani-
festation of attention, and patients may report reduced
proficiency when performing simultaneous tasks. Part B
of the Trail Making Test, in which the individual has to
alternate quickly between the numerical and alphabetical
series to perform the task, is often used to evaluate divided
attention. Finally, sustained attention is the ability to keep
up the attentional effort over a period of time. This aspect
of attention is frequently evaluated by investigating shifts
in speed and accuracy during simple but lengthy cancel-
lation tasks (43). Patients may complain about increased
tiredness following a sustained mental effort or about the
inability to read a book or watch a movie.

Adequate attention is a prerequisite for most cog-
nitive tasks, and even subtle impairments may have an
adverse effect on cognitive functions that are sensitive
to this requirement, such as encoding and recall, nam-
ing, and the planning of behavior. Unlike other cognitive
functions, attention has proven very difficult to localize in
the brain, because many cortical and subcortical regions
appear to contribute to this function, as can be derived
from the impact of many different brain lesions on the
attentional state.

Impaired attention is a frequent complaint in patients
with epilepsy. It is often considered as an adverse side effect
of AEDs. The complaints include impaired vigilance, dif-
ficulty focusing attention and maintaining this effort over
time, and reduced mental and psychomotor speed.

Adults

On simple cancellation tasks (sustained attention) or on
the Trail Making Test (divided attention), patients with
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frontal lobe epilepsy perform significantly worse than
normal controls, but not always different from patients
with temporal lobe epilepsy, although the frontal patients
tend to be slower. Interestingly, patients with frontal lobe
epilepsy reveal deficits in response inhibition on visual
and verbal tasks of selective attention that are signifi-
cantly worse than in patients with temporal lobe epilepsy
(44-46). Attention deficits may be more prominent in
patients whose epilepsy was caused by traumatic brain
injury, and difficulties with divided attention and reduced
information processing speed have been reported (47).

Children

Compared to normal controls, children with idiopathic
occipital lobe epilepsy performed significantly worse on a
battery of attention tests, including verbal span and visual
search tasks (48). Heterogeneous samples of children with
idiopathic generalized epilepsies display reduced process-
ing time of semantic information in complex phonetic
or semantic stimuli (but not in tonal or simple phonetic
stimuli) and show impaired visual and auditory sustained
attention (49, 50).

Among focal epilepsies, attentional dysfunctions are
particularly prominent in children with frontal lobe epi-
lepsies. Slowed visual search, poor response inhibition,
and impaired sustained attention and performance speed
differentiate children with frontal lobe epilepsy from chil-
dren with other types of epilepsy. Successful surgery is
reported to improve sustained attention in children with
frontal and temporal lobe epilepsies (51-54).

Investigations on the cognitive effect of paroxysmal
epileptic activity in children revealed that epileptiform
EEG discharges have an independent but mild effect that
is limited to transient mechanistic cognitive processes
such as alertness and mental speed (55). Children with
frequent epileptic EEG discharges displayed significant
slowing of information processing speed, as demonstrated
in simple and complex reaction-time tests, and visual
searching speed. This effect can be distinguished from the
effect of disease-related characteristics of epilepsy (such as
type of epilepsy) on stable cognitive functions. However,
it is argued that in certain cases, high seizure frequency or
frequent epileptic EEG discharges have an accumulative
effect that disrupts attention, leading to impaired acqui-
sition and retention of new information and gradually
worsening impairment of traitlike aspects of cognition,
such as intelligence and educational achievement (55).

MEMORY

Memory encompasses the encoding, storage, and retrieval
of information and has been particularly associated with
frontal and temporal networks. Clinical assessment
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usually focuses on the evaluation of episodic (time- and
context-dependent) memory by requiring the patient to
learn lists of words or pictures, stories and complex
figures, and by testing the consequent retention of these
stimuli after a short or longer delay either through free
recall or recognition or both. In testing patients with
epilepsy, the evaluation of both verbal and nonverbal
memory performance is essential, since material-specific
memory impairment may indicate lateralization of the
dysfunction with respect to the language-dominant hemi-
sphere. Frequently used verbal episodic memory tests
include the Auditory Verbal Learning Test and subtests
of the Wechsler Memory Scale. The Complex Figure
Test is often used to assess visual episodic memory.
In addition, working memory can be evaluated using
memory span tasks requiring the immediate repetition
of increasingly longer lists of verbal or spatial stimuli
or by using specific working memory paradigms such
as the Sternberg task (43).

Adults

Memory impairments have been commonly associated
with (medial) temporal lobe epilepsy due to structural
lesions of the hippocampal formation (47). Lesion and
functional neuroimaging studies have revealed stronger
involvement of the medial temporal lobe structures of
the language-dominant (usually the left) hemisphere in
the encoding of verbal material and of the nondominant
(usually the right) hemisphere during the retention of
visuospatial material. Numerous investigators using a
variety of approaches have documented a close asso-
ciation of both left-hemispheric temporal lobe epilepsy
and left temporal lobectomy with verbal memory defi-
cits, and a similar association of the right hemisphere
with visuospatial memory deficits, although the latter
association has been much more elusive (17, 56-58). In
patients with right temporal lobe epilepsy, impairments
on memory tasks using face stimuli have been most fre-
quently reported (6). Left-sided temporal lobe epilepsy
is commonly associated with impaired learning of sto-
ries or word lists, and also with reduced verbal working
memory. Memory deficits have been reported in newly
diagnosed and previously untreated adult patients with
temporal lobe epilepsy suggesting that these dysfunctions
cannot be attributed to the effects of AEDs or the chronic
effects of recurrent seizures (59, 60). Poor performance
on memory tests, including face recognition, word rec-
ognition, verbal recall, and complex figure recall, has
also been reported in patients with idiopathic generalized
epilepsy, suggesting that memory deficits in epilepsy may
be due to neuronal dysfunction secondary to epileptic
activity itself in the absence of any macroscopic brain
abnormalities in the temporal lobes (61). The memory
deficit is characterized by a reduced capacity to learn new

information (although the slope of the learning curve
is similar to that of normal controls; initial retention is
significantly reduced and never catches up on repeated
trials) and impaired delayed recall (59, 60). Deficits in
retrograde memory have also been reported in patients
with temporal lobe epilepsy (62). Prospective studies
on cognition in adults with temporal lobe epilepsy have
documented a selective and gradual decline in visual and
verbal memory performance over time (63). Associations
with seizure-related variables are rarely substantiated,
but in several cases persistent amnesia following status
epilepticus has been described (8, 14). Follow-up stud-
ies after surgical treatment for temporal lobe epilepsy
also reported progressive postsurgical memory decline,
especially in patients with ongoing seizures or following
anterior temporal lobectomy (64, 65).

Patients with frontal lobe epilepsy are also reported
to show similar episodic memory deficits (impaired learn-
ing and delayed recall) as temporal lobe epilepsy patients.
Compared to patients with temporal lobe epilepsy,
patients with frontal lobe epilepsy also reveal significant
problems with working memory, including significantly
reduced verbal and visuospatial memory span. These
deficits are in agreement with the involvement of frontal
regions in human working memory (44-46). Significantly
reduced activation in the dorsolateral prefrontal cortex
and posterior parietal cortex during a Sternberg working
memory paradigm has been described in patients with a
high lifetime frequency (>50) of secondary generalized
seizures. A similar group of patients with low frequency
of seizures (<10) showed a brain activation pattern simi-
lar to that observed in healthy controls (21).

Impaired learning of new material and retrieval
problems are more prominent in epilepsy patients with
an etiology of traumatic brain injury and herpes sim-
plex encephalitis. In the latter, and because of frequent
medial temporal involvement, dense memory deficits
have been reported, including anterograde and retro-
grade amnesia (47).

Children

Material-specific memory deficits have been described in
both children and adults with unilateral temporal lobe
epilepsy. An early age of disease onset (<5 years-of-age)
appears associated with more severe verbal and nonverbal
memory deficits, and successful surgery before puberty
can limit the postsurgical memory deficits that are found
in adults (66, 67).

Memory problems have been reported in children
with benign idiopathic partial epilepsies. Children with
epilepsy with centrotemporal spikes display problems
with verbal learning and recall, and children with occipi-
tal lobe epilepsy show impaired memory for verbal and
visual material (38, 48).
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Tests of the execution of verbal commands (e.g., the Token
Test); of the ability to retrieve the names of animals,
objects, and actions (e.g., the Boston Naming Test); and
of the ability to generate words fluently according to a set
of prespecified rules (e.g., the Controlled Oral Word Asso-
ciation Test) constitute some of the tasks used to evaluate
problems with speech comprehension, naming, and verbal
fluency (43). Speech and language are lateralized cognitive
functions, implying that one hemisphere (in right-handed
individuals, usually the left hemisphere) is dominant for
the processing of linguistic operations. Speech and lan-
guage deficits have been frequently reported following
frontal and temporal damage of the left hemisphere.

Adults

Despite the localization of important language areas in
the epilepsy-prone frontal and temporal lobes, obvious
language dysfunctions are rarely reported in adults with
late-onset epilepsy. Patients with temporal lobe epilepsy
in the language-dominant hemisphere frequently show
naming deficits, supposedly as a result of spreading
of the epileptic activity to lateral temporal areas (17).
Functional neuroimaging has corroborated the findings
of the intracarotid amobarbital procedure (Wada test)
that atypical language dominance is more common in
patients with early-onset epilepsies, in particular in those
with left temporal lobe epilepsy. These findings suggest
that the brain appears to be able to reorganize itself by
relocating functions normally assigned to areas that were
rendered dysfunctional by seizure activity to other, most
often contralateral homologous, regions. Although there
is evidence that the younger the brain, the more readily
this relocation takes place, it remains to be determined
whether relocation guarantees normal function and what
criteria predict better outcome (68).

Left-sided hemispherectomies to achieve seizure
control carry the risk of language dysfunction, particularly
regarding expressive language and reading, even if surgery
is performed before the age of 10 (69). The cognitive side-
effects of AEDs are another treatment-related factor with a
potential adverse effect on language. Higher doses of topi-
ramate have been associated with deterioration of verbal
IQ, word fluency, and verbal learning (3). Biochemical data
and functional brain imaging suggest that treatment with
topiramate disrupts frontal processing, leading to mental
slowing and impairments of language production (21).

Children

The most dramatic language difficulties associated
with epilepsy can be observed in children with the
Landau-Kleffner syndrome (acquired epileptic aphasia). In
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this rare syndrome, 3- to 7-year-old children present with
a gradual or sudden loss of the ability to understand and
use spoken language, despite intact hearing and apparently
normal previous development. All children with Landau-
Kleffner syndrome show coincident abnormal electrical
brain activity over both hemispheres, and the majority
show seizures that usually occur at night. It remains unclear
whether the paroxysmal EEG changes are causally related
to the observed language dysfunction. Usually the seizures
disappear and the EEG returns to normal by the age of 15.
Language may improve, but receptive language problems
usually continue into adulthood, and prognosis on language
recovery is worse with an earlier disease onset (41, 42).

Minor language difficulties have been reported in
children with idiopathic benign epilepsy with centrotem-
poral spikes (reduced verbal fluency) and idiopathic gen-
eralized epilepsy (increased processing time of semantic
information) (38, 49, 70-72).

VISUOPERCEPTUAL AND SPATIAL SKILLS

Tasks that require the free drawing or copying of objects
or figures, the comparison of figures or faces (e.g., the
Facial Recognition Test), the construction of two- or
three-dimensional assemblies (e.g., the Complex Figure
Test or the Wechsler-subtest Block Design), and the
orientation in space (e.g., the Money Road-Map Test,
the Judgment of Line Orientation) often combine the
use of visuoperceptual, motor, and spatial abilities. It is
important to distinguish between the different functions
underlying the impaired performance by comparing the
performances of several visual-spatial tasks (43). The
expression of visuospatial dysfunction is generally asso-
ciated with damage to the right hemisphere, in particular
with a more posterior localization.

Adults

Although visuoperceptual and spatial deficits can be expected
in patients with occipital and parietal lobe epilepsies, there is
little if any systematic information on the cognitive profile of
these rare epilepsy types. Patients with frontal and temporal
epilepsies may present with impairments on visual-spatial
tests, but qualitative assessment should consider the possible
contribution of mental and psychomotor slowing in the
interpretation of these findings. On the other hand, struc-
tural brain imaging reveals widespread anatomic changes
in patients with uncontrolled temporal lobe epilepsy includ-
ing the parietal areas. In agreement with these findings,
temporal lobe epilepsy patients perform significantly worse
on visuoperceptual and spatial tasks compared to normal
controls. Visuospatial performance correlates significantly
with quantitative magnetic resonance imaging (MRI)
volumetrics (17, 73, 74).
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Children

Occipitoparietal lobe epilepsy is also rare in children, and
the cognitive effects await specification. Visuoconstruc-
tive difficulties have been reported, especially in children
with posterior epilepsy (67).

PSYCHOMOTOR SKILLS

Psychomotor skills consist of speed, strength, manipulative
agility, and adequacy of learned movements on intentional
motor tasks. The Finger Tapping Test, the Purdue and
Grooved Pegboard Tests, and visual and auditory reaction
time tests are some typical examples of timed speed tests.
Gesture copying and sequencing and imitation or panto-
miming of learned movements evaluate higher-order motor
behavior (43). Motor dysfunctions, such as pronounced
performance deviations between the two hands despite
intact capacity for normal movement, can be used as indi-
cators for lateralized brain damage. In epilepsy research,
manual dexterity tests measuring speed are most often used.
These timed speed tests may help to differentiate between
deficits underlying an abnormal performance, since many
neuropsychologic tests also have a motor component.
Adequate intentional motor behavior is generally associ-
ated with an intact parietofrontal network.

Adults

Compared to healthy controls, unmedicated patients with
newly diagnosed idiopathic and cryptogenic epilepsies
perform significantly worse on visual and auditory reac-
tion time tasks and complex timed manual dexterity
tests with the dominant and the nondominant hand. The
bimanual involvement is suggestive of a general slowing
of the motor performance rather than an effect of later-
alization. These findings also suggest that psychomotor
slowing is an initial symptom of the disease that is unre-
lated to long-term disease effects or AED treatment (75).
AEDs may show an additional effect on psychomotor
speed. In particular, low doses of topiramate have been
associated with psychomotor slowing (3).

Patients with frontal lobe epilepsy are frequently
reported with psychomotor deficits, including impaired
uni- and bimanual hand movements, impaired gesture
sequencing, and reduced psychomotor speed (44—46).

Children

Impairment of fine motor skills has been reported in children
with benign epilepsy with centrotemporal spikes. These dys-
functions may be subtle, since they become manifest only in
the more difficult psychomotor tasks (37, 40, 76).

In agreement with the findings in adults, psycho-
motor dysfunctions are also reported in children with

frontal lobe epilepsy. Compared to children with tem-
poral lobe epilepsy and generalized epilepsy, they show
more problems with complex motor coordination and
motor sequences (77).

EXECUTIVE FUNCTION

Executive function consists of the adaptive organization
of actions and mental flexibility. Although it is difficult
to assess this behavior outside the complexity of everyday
life, there are test procedures that require flexible adapta-
tion to the task (e.g., Wisconsin Card Sorting Test), reveal
inadequate cognitive planning (e.g., Tower of London),
and provoke perseverative behavior (43). Executive dys-
functions are frequently observed in patients with damage
in the prefrontal regions.

Adults

Reduced mental flexibility also qualifies as an initial
symptom of the disease, because newly diagnosed and
unmedicated idiopathic, cryptogenic, and symptomatic
epilepsy patients perform significantly worse than normal
controls on tasks that require flexible strategy shifting
and resistance to cognitive interference (75, 78).

Patients treated for idiopathic or symptomatic gen-
eralized epilepsies demonstrate limited mental flexibility
and poor working memory (79, 80). Both functions require
prefrontal mediation, and their impairment is in line with
evidence (from electrophysiological studies and functional
and structural brain imaging) of a frontal role in generating
epileptic activity in generalized epilepsies (47, 81, 82).

Compared to IQ-matched patients with temporal lobe
epilepsy, adult patients with a history of idiopathic juvenile
myoclonic epilepsy perform significantly worse on executive
tests measuring concept formation, planning, and organiza-
tion (80). Again, this finding is in line with the predominant
frontal pathology reported in this syndrome (83).

Not surprisingly, patients with localization-related
frontal epilepsies show an impaired performance on many
executive tests compared to patients with temporal lobe
epilepsy and normal volunteers. Reduced response inhi-
bition, decreased resistance to cognitive interference,
impaired planning and abstract reasoning, slowed con-
cept formation and concept shifting, increased impulsivity
and perseverative behavior, and reduced mental flexibility
are often reported (44-46). The differential pattern of
more severely impaired executive and psychomotor skills
in frontal lobe epilepsy patients compared to patients
with temporal lobe epilepsies has been questioned by
other studies, because many patients with temporal lobe
epilepsy display robust executive and psychomotor defi-
cits (81). Careful interpretation of individual test profiles
thus remains warranted.
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Children

Similarities of the alleged adult neurocognitive profile of
frontal lobe epilepsy have been reported in children (84).
Compared to age- and IQ-matched children with tem-
poral lobe epilepsy and generalized epilepsy, the frontal
lobe group reveals significantly more impaired planning
and impulse control as well as psychomotor disturbances.
Conceptual shifting does not differentiate between the
epilepsy groups (52, 77, 85).

CONCLUSIONS

Cognitive dysfunctions are frequently reported in patients
with epilepsy, although it is important to point out that

COGNITION

there is no single cognitive deficit or profile that char-
acterizes epilepsy. In addition, it has proven difficult to
distinguish between different types of epilepsy on the basis
of their neuropsychologic profiles, especially in the indi-
vidual patient. Several factors will influence a patient’s
cognitive performance, resulting in a very heterogeneous
clinical presentation of cognitive profiles in epilepsy.
Detailed information on the location of brain pathology,
nature and frequency of seizures, and AED treatment is
essential for the interpretation of the resulting neuropsy-
chologic profile. On the other hand, studies comparing
more or less homogeneous groups of epilepsy syndromes
or epilepsy-related variables have shown that some cogni-
tive functions may be more frequently or more severely
disturbed in some forms of epilepsy than in others. These
trends are summarized in Table 19-1.

TABLE 19-1
Impact of Epilepsy Type and Epilepsy-Related Variables on Major Cognitive Domains

Lennox-Gastaut syndromes)

following status epilepticus

frontal lobe epilepsy

convulsive status epilepticus

dominant hemisphere

Intelligence e Moderate to severe mental retardation in severe childhood epilepsies (West and

e Increased possibility of reduced intellectual abilities in symptomatic epilepsies, in particular
when bilateral, of early onset (<5 yrs), of very long duration (>30 yrs), or refractory; and

¢ Normal to near-normal intelligence in idiopathic epilepsy syndromes

Attention e Manifest impairment of attention in symptomatic epilepsies (frontal > temporal localization),
and more prominent in children than in adults
e Poor attention in (benign) idiopathic epilepsies in children
¢ Reduced mental speed in children with frequent epileptic EEG discharges

Memory e Marked and often material-specific deficits of episodic memory performance in adults and
children with medial temporal lobe epilepsy
¢ Problems with working memory and episodic memory frequently found in patients with

e Increased possibility of impaired memory in symptomatic epilepsies, in particular when
bilateral, of early onset (<5 yrs), of very long duration (>30 yrs), or refractory; and following

e Memory dysfunction in (benign) idiopathic epilepsies in children

Language e Dramatic language difficulties in acquired epileptic aphasia (Landau-Kleffner syndrome)
e Language dysfunctions associated with epilepsy surgery on the language dominant
hemisphere and with AED treatment
e Relatively mild naming difficulties in patients with temporal lobe epilepsy of the language

Visuoperceptual
and spatial skills

Psychomotor skills

Executive function

Minor language difficulties in (benign) idiopathic childhood epilepsies

Visuospatial impairments in patients with temporal and frontal lobe epilepsies (no systematic
data are available for patients with occipital or parietal lobe epilepsies)

Psychomotor deficits frequently reported in adults and children with symptomatic epilepsies
(frontal > temporal localization)

Psychomotor slowing observed in newly diagnosed patients with idiopathic epilepsies
Psychomotor slowing associated with AED treatment

Marked executive dysfunctions reported in adults and children with symptomatic epilepsies
(frontal > temporal localization)
Reduced executive skills observed in patients with (newly diagnosed) idiopathic epilepsies
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The ecological validity of neuropsychologic impair-
ment is an important issue in the clinical management of
the patient. In fact, many patients who have been diag-
nosed with epilepsy and respond favorably to drug treat-
ment will not spontaneously report cognitive problems.
Sensitive neuropsychologic measures may reveal subtle,
yet significant discrepancies with normal performance
that may be irrelevant for normal daily functioning. On
the other hand, subtle deficits may manifest themselves
in intellectually demanding professional or educational
circumstances. Even in patients with well-controlled idio-
pathic epilepsy who maintain regular jobs, objective and
subjective cognitive complaints can be demonstrated that
have an impact on quality of life. Patients that are referred
for neuropsychologic investigation often show a history
of refractory or intractable symptomatic epilepsy. On this
end of the spectrum, a much clearer relation between for-
mal neuropsychologic assessment and ecologically valid
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his chapter will explore the rep-
resentation of language function
in the brains of patients with epi-
‘ lepsy. In epilepsy, while abnormal
electrical activity may disrupt brain function, there
may be reorganization of functional units over time so
that cognitive ability is preserved. Epilepsy therefore
provides an interesting model in which to explore
functional organization and neurologic response to
injury. We investigate language function in particular
because there is extensive knowledge of structural-
functional relationships in this cognitive domain.
Language function is made up of multiple linguistic
subfunctions associated with particular brain regions,
which, through interconnections, are thought to work
together to generate language (1). Thus the study of
language lends itself to a “neural networks” approach
to brain reorganization.

There are various forms of epilepsy, with different
seizure semiology, age of onset, severity, and underly-
ing pathology. This chapter will focus on two types of
epilepsy, both of which have been associated with lan-
guage disturbance and functional reorganization: (1)
hemispheric epilepsy of childhood requiring hemispher-
ectomy, and (2) focal epilepsy, including mesial temporal
lobe epilepsy (MTLE).

Atypical Language
Organization in Epilepsy

HEMISPHERIC EPILEPSY OF CHILDHOOD

Hemispheric epilepsy of childhood is characterized by a
structural abnormality in one hemisphere, resulting in sei-
zures arising from that hemisphere. Congenital etiologies
include perinatal stroke, hemimegalencephaly, Sturge-
Weber disease, and migrational disorders. Acquired
causes include infection, Rasmussen encephalitis, head
trauma, and vascular insults. Patients may have a com-
bination of seizure types including tonic-clonic, atonic,
focal motor, and complex partial seizures. Children with
hemispheric epilepsy may be treated with hemispherec-
tomy, in which one of the cerebral hemispheres is surgi-
cally removed or disconnected. Substantial improvement
in seizure control is seen in 78-95% of patients after
hemispherectomy (2).

It is striking that despite removal of the dominant
hemisphere, language function is not devastated in most
patients. Although children with a variety of unihemi-
spheric abnormalities have baseline language impairment,
function is often no worse after dominant-side hemispher-
ectomy (2). Linguistic function may in fact improve post-
operatively, in some cases from near-mutism to almost
normal speech (2-35).

Indeed, if there is little to no linguistic consequence
of hemispherectomy, it is assumed that the operated
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hemisphere is not necessary for language and that lan-
guage is represented in the intact contralateral hemi-
sphere. This notion has been supported by brain mapping
techniques showing atypical language representation in
patients with hemispheric epilepsy, including direct elec-
trocortical stimulation (DCS) (6), intracarotid amobarbi-
tal testing (IAT, Wada test) (3), and functional magnetic
resonance imaging (fMRI) (6).

Although many studies report impressive speech
outcomes after hemispherectomy, some investigators have
demonstrated impairment in particular linguistic domains.
For instance, deficits have been observed during syntactic
and morphological tasks in patients who have undergone
left hemispherectomy (5, 7). In a study by Boatman et al.
(7), language was assessed preoperatively and then fol-
lowed after left hemispherectomy in six children with
Rasmussen encephalitis. The authors noted that phoneme
discrimination was intact in the immediate postoperative
period, after which time the children showed single-word
speech and improved comprehension. Naming continued
to be impaired, and patients’ speech remained largely
telegraphic. These observations suggest that certain lin-
guistic subfunctions may be inherent to or “hard wired”
in a hemisphere and may be more or less readily reorga-
nized to the contralateral hemisphere. Overall, there is
likely some functional cost to transferring language to a
formerly nondominant hemisphere.

There is significant discussion in the literature about
the time course of language reorganization in patients
with hemispheric epilepsy. When intact language func-
tion is observed immediately after hemispherectomy, the
assumption is that language was already represented in
the contralateral hemisphere or that language was trans-
ferred before surgery. In the latter case, language trans-
fer could be induced either by seizure activity or by the
presence of a structural lesion. On the other hand, when
patients are significantly impaired postoperatively, and
language function develops over time, the assumption
is that language is gradually acquired by the nonoper-
ated hemisphere after surgery. It is possible, however,
that language was at least partially transferred preop-
eratively but was not immediately manifest after surgery
because of “stunning” of the remaining hemisphere or
time needed for reinforcement of connections that were
not used while the dominant hemisphere was in place
(7). Interestingly, in many patients there are significant
preoperative linguistic deficits despite functional mapping
techniques demonstrating preoperative language reorga-
nization. Possible explanations include interference from
seizure activity, transcallosal inhibition by the dominant
hemisphere, expected functional level given overall cog-
nitive development, medication effect, and insufficient
preoperative language testing (4, 7).

Transfer of language may be influenced by patient age,
both at seizure onset and at hemispherectomy. In general,
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the older the patient, the less likely language transfer is
to occur (8). The literature reports older children and ado-
lescents with good postsurgical linguistic outcomes, sug-
gesting that in some cases sufficient plasticity is sustained
into adolescence to enable effective language reorganiza-
tion (3, 6, 7). In contrast, Loddenkemper et al. (8) report a
55-year-old man who underwent left hemispherectomy for
intractable seizures due to trauma sustained at age five. This
patient suffered significant postoperative aphasia despite a
preoperative left IAT demonstrating intact language func-
tion. One explanation for this discrepancy is reduced neu-
ronal plasticity in middle age, causing language to be less
completely transferred to or less readily executed by the right
hemisphere. However, other considerations are the subcorti-
cal location of the lesion (thought to induce less extensive
functional reorganization and to be less completely inacti-
vated by amobarbital relative to a cortical lesion ) and intra-
hemispheric transfer of language to more posterior regions
less reliably inactivated by IAT (8). Functional MRI may
have provided more information than IAT in this case.

Curtiss et al. (9) emphasize etiology as predictive of
language outcome after hemispherectomy. The authors
show that postoperative language is superior in children
with acquired lesions relative to those with developmental
pathologies. Moreover, the various demographic factors
thought to predict outcome (e.g., age at seizure onset or
surgery, duration of epilepsy, side of seizure focus, pre-
operative cognitive function, and postoperative seizure
control) have differential influence depending on etiology.
They present etiology as an “all-inclusive variable” that
can account for the effects of the other factors.

FOCAL EPILEPSY

Typically, focal epilepsy is secondary to a structural lesion
in the brain such as tumor, stroke, vascular malformation,
mesial temporal sclerosis, or focal dysplasia. However,
focal epilepsy can be cryptogenic (i.e., no underlying
lesion is identified) or associated with a specific epilepsy
syndrome. Seizures may be focal or secondarily general-
ized, with clinical characteristics largely related to the
location of the seizure focus and the propagation of ictal
discharges. Mesial temporal lobe epilepsy (MTLE) is the
most common type of focal epilepsy. MTLE can be dif-
ficult to control with anticonvulsant medications, but in
selected patients it can respond well to surgical therapy.

In patients with focal epilepsy, various brain map-
ping techniques have been used to establish typical ver-
sus atypical language lateralization. Atypical language
dominance (defined as right-sided or bilateral language
representation) is more common in patients with epi-
lepsy than in the general population, supporting the
hypothesis that insult to the brain in epilepsy induces
language reorganization.
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IAT has long been the gold standard for language
lateralization in patients with focal epilepsy being consid-
ered for surgical intervention (10). Indeed, IAT has shown
higher rates of atypical language representation in patients
with focal epilepsy than in the general population (11, 12).
The major advantage of IAT is that by deactivating a large
part of a hemisphere, the procedure simulates brain resec-
tion and provides an indication of potential postoperative
deficits. Nevertheless, IAT cannot localize within a hemi-
sphere and therefore has limitations in terms of detailed
language mapping. Moreover, hemispheric inactivation is
biased toward anterior territories, as amobarbital is typi-
cally injected into the anterior circulation via the carotid
artery. Hence, there is the potential to inactivate only par-
tially the more posterior areas involved in receptive lan-
guage function, resulting in preserved linguistic capability
and the false impression that the injected hemisphere is not
critical for all language functions (10).

More recently, functional imaging techniques includ-
ing fMRI, positron emission tomography (PET), and mag-
netoencephalography (MEG) have been used for mapping
cognitive processes in the brain. Functional MRI studies
have shown that atypical language lateralization is more
prevalent in patients with focal epilepsy than in control
populations (1, 13, 14). Moreover, Waites et al. (1) used
fMRI to perform a resting-state functional connectivity
analysis in 17 patients with left temporal lobe epilepsy and
30 healthy controls. Not only did fMRI show higher rates
of atypical language lateralization in patients with epilepsy,
but the authors demonstrated reduced connectivity among
language areas in patients relative to control subjects. PET
and MEG have also shown atypical language representa-
tion in patients with focal epilepsy (15, 16). Pataraia et al.
(16) used MEG to map language function in 12 patients
with temporal lobe epilepsy before and after anterior tem-
poral lobectomy. Although the sample size was small, it
was those patients with atypical (i.e., bilateral) language
representation preoperatively who showed increased right-
sided language function after surgery. This finding supports
the notion of “readiness,” either inherent or acquired, of
the non-dominant hemisphere for language.

Newer imaging techniques such as fMRI, PET, and
MEG differ from IAT in how language localization is
inferred. IAT is a deactivation technique in that it cre-
ates a temporary brain lesion and tests for cognitive and
behavioral changes. The other functional imaging meth-
ods, in contrast, demonstrate activation of brain regions
associated with performance of particular tasks (10). The
main strength of the newer techniques is their ability to
localize function within a hemisphere, yielding detailed
language maps. Furthermore, these methods are less
invasive than IAT and can be repeated for serial assess-
ment of language representation in the brain, which is
essential for capturing the dynamic nature of brain reor-
ganization in patients with epilepsy (10).

ATYPICAL LANGUAGE ORGANIZATION

Nevertheless, there are several important limita-
tions of the newer functional imaging techniques. Func-
tional MRI and PET measure blood flow, from which
(correctly or incorrectly) neural activity—and further,
a cognitive process—is inferred. As MEG measures
magnetic fields induced by electrical neuronal activity,
it assesses brain activity more directly than fMRI or
PET does. Moreover, these techniques highlight those
areas that appear to participate in a given task, but not
necessarily those critical for the execution of that task.
They may therefore be sensitive, but less specific, as
preoperative predictive tools (10). While there is good
concordance with more established techniques such as
IAT, where discrepancy exists, the newer techniques tend
to show bilateral activation when IAT shows robust lan-
guage lateralization (14, 17, 18).

In patients with focal epilepsy, language reorganiza-
tion does not necessarily involve en masse language transfer
to the contralateral hemisphere. This observation is based
on cases of crossed dominance, in which an individual
is right-dominant for some functions and left-dominant
for others. The cases of crossed dominance observed with
IAT primarily show dissociation between expressive and
receptive function in patients with focal lesions involving
anterior or posterior language areas (19). Functional imag-
ing studies have also demonstrated crossed dominance in
patients with focal epilepsy, showing dissociation between
frontal and temporal activation (20). In general, patients
with frontal seizure foci show reorganization of expressive
functions, whereas those with temporal foci show transfer
of receptive functions.

Observations of crossed dominance suggest that lan-
guage function may selectively reorganize away from a
diseased part of the brain but remain localized in a healthy
region. The different reorganization patterns suggest that
one could, in theory, find a wide variety of language net-
works (intra- and interhemispheric) in the brains of indi-
viduals or patient populations. Further studies using diffu-
sion tractography and functional connectivity analysis may
help to demonstrate how language areas work together
within and across hemispheres to generate language.

Language reorganization in patients with focal epi-
lepsy could be induced by seizure activity, the underlying
structural or functional lesion, previous resection attempts,
or some combination of these factors. Nevertheless, shift
of language dominance is not seen in all patients with focal
epilepsy, and patterns of reorganization seem to vary. These
differences are likely due to a number of factors, including
patient age at brain injury or seizure onset, duration of
seizure activity, severity or frequency of seizures, patient
or familial handedness, lesion size and location, and yet
unknown (and likely idiosyncratic) characteristics of neural
connectivity in individual patients’ brains. The literature
contains several discussions of the (often controversial)
effects of these factors (12, 13, 21). Saltzman-Benaiah et al.
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(21) identified predictors of atypical language representa-
tion in patients with focal epilepsy (e.g., left-sided seizure
focus, seizure onset before age five, extratemporal seizure
focus, and left-handedness) and showed that the likelihood
of atypical language representation is related to the number
of these factors present in a given case.

To the extent that language tasks engage particular
brain regions, the choice of task can influence language
localization by any mapping technique. It is therefore
important to use multiple linguistic tasks that assess both
receptive and expressive skills, which can be dissociated, in
order to generate complete language maps (20). Failure to
do so may cause brain areas involved in language function
to be overlooked, with both neuroscientific and neuro-
surgical consequences. Rutten et al. (20) noted that many
studies use only frontal activation to determine laterality
because these areas are more uniformly activated by fMRI
language tasks than temporal regions are. The cases of
crossed dominance emphasize that this may be inadequate
for language localization. This is particularly important
for presurgical planning, as epilepsy surgery most often
involves the temporal lobes. In addition, differences in the
criteria used to establish language dominance may affect
rates of atypical language representation reported by the
various studies as well as the likelihood of identifying
atypical representation in a particular patient (14).

CONCLUSION

Multiple lines of evidence demonstrate atypical language
representation in patients with epilepsy, suggesting that
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Function

Arthur C. Grant

Disturbances of brain function induced by or
associated with the epilepsies may be involved
with an almost infinite variety of disorders of
perception.

G.H. Glaser, 1970 (1)

INTRODUCTION

Only in the last decade has there been broad recognition
that seizures are not the only, and for some patients not
even the most distressing, epilepsy symptom. Interictal
function of the epileptic brain may also be disrupted,
resulting in corresponding cognitive disturbances. This
chapter addresses the impact of epilepsy on human per-
ception, outside of the peri-ictal interval. Although it
may seem logical that olfactory dysfunction is asso-
ciated with temporal lobe epilepsy (TLE) and visual
disturbances with occipital lobe epilepsy (OLE), the
underlying functional anatomy is not always straight-
forward. For instance, patients with medically uncon-
trolled TLE also have impaired tactile spatial acuity.
The presence of specific perceptual disturbances in
focal epilepsy syndromes is consistent with the view
that epilepsy is a network disease, with the potential to
affect neural circuits distant from the seizure focus. The
cause of interictal perceptual dysfunction is unknown,

Interictal Perceptual

but propagating epileptiform discharges may play a
role. This chapter reviews the impact of epilepsy on
each sensory modality. Concluding remarks highlight
the potential for thoughtfully selected psychophysical
perceptual tasks to provide additional insight into the
cognitive impact of different epilepsy syndromes and
of ablative epilepsy surgery.

OLFACTORY PERCEPTION

Most studies of olfaction in epilepsy have been in patients
with TLE because of the close anatomical association of
the olfactory system with limbic system structures often
implicated in mesial temporal lobe epilepsy. In particular,
the entorhinal cortex, prepiriform cortex, and amygdala
are involved in olfactory perception (2, 3). West and Doty
reviewed the literature on epilepsy and olfactory function
in the mid-1990s and highlighted the remarkably incon-
sistent findings from one study to the next (2). They noted
that studies differed with respect to odors used, testing
methods, and subject selection.

A clearer picture has emerged from subsequent
work, combined with a critical assessment of earlier
studies. Epilepsy is not associated with increased olfac-
tory thresholds (decreased sensitivity) to commonly
used test odorants such as 1-butanol and phenyl ethyl
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alcohol (PEA) (2-5). In retrospect, this observation is
hardly surprising in light of the findings in patient H.
M. In this well-known and intensively studied patient,
who underwent extensive bilateral temporal lobectomies
for treatment of uncontrolled seizures, postoperative
odor detection thresholds were normal (6). This case
illustrates that the mesial temporal structures, indeed
the majority of the temporal lobes bilaterally, are not
necessary for normal odor detection in humans.

Epileptic subjects had lower olfactory thresholds
(higher sensitivity) for pyridine, nitrobenzene, and thio-
phene than did controls in one relatively large study of
taste and smell acuity in epilepsy (7). This effect was
most pronounced in the patients with complex partial
seizures (presumably of predominantly temporal lobe
origin) without secondary generalization. There was no
difference in odor detection thresholds between epileptic
subjects who were taking antiepileptic drugs (AEDs) and
those who were medication-free. Although all patients in
this study had abnormal electroencephalograms (EEGs),
specific EEG findings and other diagnostic criteria were
not described.

In contrast to their normal or supranormal odor
detection, epileptic subjects are usually impaired on
tests of odor naming, discrimination, and recall. These
deficits are often (3, 8), but not always (4, 9), found to
be more pronounced in patients with right TLE than
in those with left TLE or other epilepsy syndromes.
Kohler and colleagues examined the monorhinic odor
detection threshold to PEA and odor identification in
40 patients with schizophrenia, 14 patients with right
TLE, 18 patients with left TLE, and 25 healthy controls
matched for age, education, and smoking status (3). All
TLE patients had uncontrolled seizures and were can-
didates for epilepsy surgery. As expected, there was no
difference in PEA detection threshold between groups or
nostrils. The right TLE and schizophrenic subject groups
had impaired odor identification compared to controls.
There were no within-group nostril differences.

Carroll et al. tested birhinic identification and recall
of common odors in 30 patients with epilepsy (10 left
TLE, 10 right TLE, 10 non-TLE) and 10 controls (8). All
three epilepsy subject groups were substantially impaired
in odor identification, but only the right TLE group had
abnormally low retention of nameable odors in com-
parison to non-nameable odors. The authors hypoth-
esized that right temporal lobe structures are crucially
involved in short-term odor retention and that function
of these olfactory memory-encoding circuits is disrupted
in right TLE (8). The specificity of the retention deficit to
nameable odors was speculated to result from lateralized
involvement of the right temporal lobe in autobiographi-
cal memory, as nameable and distinct odors are “encoded
primarily in terms of significant autobiographical epi-
sodes or events” (8).

One study found odor recognition and discrimina-
tion more impaired in left than in right TLE patients,
with both groups performing worse than controls (9). All
TLE patients had uncontrolled seizures and underwent
the psychophysical olfactory testing while implanted with
indwelling depth electrodes for definitive localization of
the epileptogenic focus. In addition to the behavioral
data, amygdalar chemosensory evoked potentials were
recorded. Odors were presented monorhinally ipsilat-
eral to the side of seizure origin. As with previous studies,
impaired performance of the TLE group was attributed to
abnormal olfactory encoding and short-term memory (9).
Interestingly, the performance disparity between left and
right TLE patients was tentatively attributed to group
differences in psychosocial traits, as opposed to any dif-
ference in perceptual or memory processes. Specifically,
the concept that right TLE patients “tended to exaggerate
their desired qualities” while left TLE patients “tended
to exaggerate their weaknesses” was proposed to explain
corresponding differences in response bias and decision
criteria employed in the psychophysical tests (9).

In summary, most research studies indicate that
people with epilepsy have normal or supranormal olfac-
tory thresholds and have impaired odor discrimination,
identification, and recall. These olfactory deficits are
probably more pronounced in right than in left TLE, con-
sistent with the relatively frequent association of olfac-
tory symptoms and disturbances to right TLE patients.
Whether these psychophysically determined deficits result
primarily from a disturbance of perception or of memory
(or both) is not clear, as this distinction is particularly
difficult to make in olfaction because of the central role
of the limbic system in both processes.

TASTE PERCEPTION

Campanella et al. investigated taste acuity as well as odor
detection thresholds (7). Epileptic subjects had substan-
tially increased sensitivity (lower thresholds) to sucrose
and urea compared to controls, while there were no group
differences in sensitivity to sodium chloride or hydro-
chloric acid. The authors suggested that abnormal zinc
metabolism may play a role in both epileptogenesis and
alterations in taste and smell sensitivity.

Taste sensitivity to phenylthiocarbamide (PTC) was
compared in 400 patients with epilepsy (200 idiopathic and
200 symptomatic) and 100 normal controls in northwest-
ern India (10). PTC taste sensitivity is a genetic trait with
autosomal dominant inheritance, and the “goitrogenic”
thiocarbamides are found in edible plants of the Brassica
genus, such as Brussels sprouts, cauliflower, and kale. Both
epilepsy groups had a significantly higher fraction of non-
tasters (idiopathic 35.5%, symptomatic 32.5%) than did
the control group (20.0%). Epilepsy diagnosis was based
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on clinical history, interictal EEG, and brain computed
tomography. The authors hypothesized an elevated risk for
epilepsy among PTC nontasters due to a complicated series
of steps, beginning with increased intake of bitter-tasting
goitrogenic substances and ending with disturbed brain
development in utero or in early childhood (10). Although
the hypothesis is clearly speculative, the data suggest that
specific forms of dysgeusia may have an increased preva-
lence in people with epilepsy.

Recent functional neuroimaging studies may pro-
vide a functional anatomic basis for future studies of taste
perception in TLE, especially mesial TLE. In a review
of functional neuroimaging data from normal subjects,
Small et al. conclude that major gustatory processing
areas include the insula, parietal and frontal opercula,
and orbitofrontal cortex (11). In addition, taste-processing
regions were highly lateralized to the right hemisphere.
A case report from the same group also illustrates the
significance of mesial temporal structures to taste percep-
tion (12). A patient with intractable TLE and bilateral
(right > left) mesial temporal atrophy had normal taste
detection thresholds and intensity estimation but elevated
taste recognition thresholds (12). Functional PET imaging
revealed activation of the left amygdala associated with
an aversive taste stimulus. After a left selective amygda-
lohippocampectomy the patient had a marked selective
loss of taste recognition, while all other aspects of taste
perception were unchanged. Taken together, these two
studies demonstrate the significance of mesial temporal
structures in taste recognition and identification and the
potential for impaired taste function in patients with
mesial TLE. No study has prospectively evaluated taste
in a carefully selected TLE population, and this remains
a potentially fruitful area of research.

SOMATIC PERCEPTION

Three studies have specifically investigated somatic sensa-
tion in epilepsy. Knecht et al. administered a tactile vibra-
tory frequency discrimination task to nine patients with
complex partial seizures (six of whom were not taking
AEDs at the time of testing) and 11 normal controls (13).
Subjects performed worse than controls on both hands,
but performance on the side contralateral to the side of
seizure onset was worse than on the ipsilateral side. The
authors hypothesized that the impaired performance
may be due to dysfunctional cortical plasticity induced
by propagation of prior seizure activity. Since two-thirds
of the epileptic subjects were AED-free, subnormal per-
formance could not be attributed to nonspecific drug-
induced cognitive slowing.

The author and colleagues used a tactile grating ori-
entation (GOT) discrimination task associated with acti-
vation of parietooccipital cortex (14) to investigate tactile

perception in temporal lobe epilepsy (15). The task was
administered at the index fingertip to 15 subjects with
medically intractable TLE and 19 neurologically normal
controls. TLE subjects were severely impaired bilaterally,
with GOT discrimination nearly twice that of controls.
In contrast to the previous study (13), we did not find a
significant performance difference between hands in the
TLE subjects. Mean within-group GOT discrimination
thresholds did not differ in nine subjects tested on and off
AEDs. These findings largely confirm and expand those of
Knechtet al. (13) indicating impaired interictal somatosen-
sory processing in TLE unrelated to AED effects.

Tactile extinction was measured with the Quality
Extinction Test (QET) in 73 patients with epilepsy and
30 controls (16). In the QET the palms of both hands
are brushed simultaneously with two different materi-
als, and the blindfolded subject states which hands were
touched. Subjects included 41 patients with focal epilepsy
and 32 patients with primary generalized epilepsy. There
was no difference between the latter group and controls.
Patients with focal epilepsy had significantly more tactile
extinctions on the palm contralateral to the side of sei-
zure onset. The authors concluded that focal epilepsies
are intrinsically more likely than generalized epilepsies
to disrupt tactile perceptual networks and that this cere-
bral disturbance is more pronounced in the hemisphere
ipsilateral to the seizure focus.

VISUAL PERCEPTION

Historically, visual evoked potentials (VEPs), and to a
lesser extent event-related potentials (ERPs), have been
the primary techniques used to study the effects of epi-
lepsy on the visual system. Although quantitative, the
VEP is behaviorally passive, and group differences in VEP
waveform amplitude or latency do not correlate with
performance on psychophysical visual tasks. Nonetheless,
these studies represent the majority of available data on
visual information processing in epilepsy.

Most VEP experiments included only subjects with
photosensitive epilepsy (PSE) or childhood epilepsy with
occipital paroxysms (CEOP), and focused on changes
in cerebral physiology immediately prior to an induced
photoparoxysmal response or seizure (17). An excep-
tion is an early study by Lucking and colleagues, who
examined flash-evoked VEPs in 40 patients with epilepsy
and 30 controls (18). The patients constituted a hetero-
geneous group with respect to epilepsy syndrome, seizure
types, and EEG findings, but none had PSE. The VEP
was recorded from occipital, central, and temporal head
regions. Compared to controls, patient VEPs had much
higher interindividual variability in all three head regions.
Patients without interictal epileptiform discharges in
their EEG had more uniform VEPs than those with such
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discharges, whether focal or generalized. There were no
obvious morphological or latency distinctions between
the VEPs of nine medication-free patients and 31 patients
receiving AED treatment.

Faught and Lee used pattern reversal stimuli in
18 patients with PSE and 61 normal controls (19). All
18 patients had one or more types of generalized onset
seizures and a photoparoxysmal response (PPR) to inter-
mittent photic stimulation. Mean latency of the P2 wave
was significantly shorter in patients (92.5 msec) than in
controls (97.5 msec). Patients whose seizures were con-
trolled had normal P2 latencies, while those with uncon-
trolled seizures had significantly shorter latencies. When
retested after introduction of valproic acid, six patients
with improved seizure control had a mean increase in P2
latency, while two patients without improvement did not.
It is tempting to draw an analogy between the decreased
P2 latency in PSE patients and the lowered olfactory
thresholds observed in one study of TLE patients (7) and
to suggest that the cortical hyperexcitability associated
with epileptogenesis may heighten perceptual sensitivity
In some circumstances.

More recent studies have capitalized on newly
available methods to record brain responses to specific
stimuli. Masuoka et al. used fMRI to measure occipital
lobe blood flow changes in response to a pattern reversal
visual stimulus in 10 patients with uncontrolled OLE
and nine normal controls (20). Six of the OLE patients,
but only one control subject, had asymmetric activation
patterns, and all six correlated with the side of seizure
onset. The other four patients failed to activate in both
occipital lobes, while the remaining eight controls had
symmetric bilateral activation. These results demon-
strated the potential utility of this technique for seizure
lateralization in OLE.

Magnetoencephalography (MEG) has also been used
to measure photic-induced changes in neuronal activity
(21). MEG was obtained during intermittent photic stimu-
lation (IPS) in 10 patients with idiopathic PSE, three non-
photosensitive epilepsy patients, and five normal controls.
The authors defined a phase clustering index (PCI) and
compared phase synchrony in the gamma band (30-120Hz)
in trials that did or did not evolve into a PPR. The PCI was
much higher and spatially broader when IPS provoked a
PPR than when it did not. The authors conclude that con-
trol of beta- and gamma-band oscillations is labile in PSE
patients and that in the setting of IPS, “local resonances,
excessive synchrony, and spatial spread of synchrony” can
occur, leading to a PPR or a seizure (21).

Limbic ERPs during a visual object decision and nam-
ing task were recorded from bilateral hippocampal depth
electrodes in patients with uncontrolled TLE being evalu-
ated for epilepsy surgery (22). Visual stimuli consisted of
either real or nonsense objects. Mean ERP amplitudes were
significantly different between nonsense and real objects

in the nonepileptogenic hippocampus but were not signifi-
cantly different in the epileptogenic hippocampus, even
in the five patients with normal hippocampal pathology.
These findings indicated that TLE can impair semantic
processing of visual stimuli by the hippocampus.

AUDITORY PERCEPTION

Both ERPs and psychophysical perceptual tasks have
been used to study auditory function in epilepsy. Despite
fairly uniform auditory ERP methodology across research
groups, results have been inconsistent (for instance, see
23, 24). Within-subject changes in auditory ERPs may
be of greater clinical utility than between subject differ-
ences, as shown by Abubakr and Wambacq (24). Preictal,
interictal, and postictal (<6 hours after seizure) ERPs
were obtained in 10 patients with uncontrolled TLE dur-
ing inpatient video-EEG monitoring. Because the authors
were interested in ERP variability in space and time, they
performed a temporal principal-component analysis of
the evoked waveform on 26 scalp electrodes. In 9 out of
10 patients, ERP amplitude was significantly reduced in
postictal compared to preictal recordings in all electrodes
ipsilateral to the epileptogenic focus (24).

Ehrlé et al. examined processing of rapid auditory
information in 18 patients with intractable TLE and
hippocampal atrophy, and six normal controls (25). Sub-
jects performed a two-alternative, forced-choice, auditory
anisochrony discrimination task. In each trial the sub-
ject had to decide whether the first or second series of
five identical tones had one tone out of sequence—that
is, a different interonset interval (IOI), with base IOIs
of 80, 300, 500, 800, and 1,000 msec. There was no
difference between controls, left TLE, and right TLE
groups at 300 msec and longer IOIs, but subjects with
left TLE were impaired with the shortest IOI of 80 msec.
It was concluded that discrimination of rapid auditory
sequences is impaired in patients with left hippocampal
atrophy. The author and colleagues had similar results
with a three-alternative, forced-choice, brief tone pitch
discrimination task administered to 16 TLE patients (11
with uncontrolled seizures) and 15 controls (26). Patients
had higher mean discrimination thresholds than controls
with tone durations of both 10 and 100 msec, but a sig-
nificant “group X tone duration” interaction indicated
that patients were substantially more impaired with the
shorter 10 msec tone. These two studies suggest that inter-
ictal auditory processing in TLE is comparable to that of
healthy controls with stimuli of sufficient redundancy, but
is relatively impaired with low-redundancy stimuli.

Dichotic listening paradigms provide an opportunity
to explore relative hemispheric function in focal epilepsy,
particularly TLE. In a large and well-designed study,
80 patients with medically uncontrolled TLE performed
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worse than 113 controls on a dichotic listening task with
word stimuli (27). Both left and right TLE groups were
impaired with both left and right ear stimuli. When the
subject group was restricted to 51 right-handed, left
language-dominant patients, there was no group difference
in laterality index (a measure of relative ear preference),
with both groups showing a strong right ear preference.
Furthermore, the majority of both right and left TLE
patients had a normal right ear advantage (REA), and dif-
ferences at the group level were due largely to the influence
of a small number of patients with large ear asymmetries.

Using consonant-vowel stimuli in a series of dichotic
listening tasks, Hugdahl and colleagues concluded that
left hemisphere cognitive dysfunction is an independent
and stronger predictor of altered auditory perception
than is side of seizure focus in TLE (28). Interestingly,
the patient subgroup with left hemisphere dysfunction
consistently performed significantly better than the sub-
group with normal left hemisphere function in reporting
stimuli to the left ear. This finding indicated that the left
hemisphere dysfunction group lost the expected REA in
a non-forced-attention condition—that is, when attention
was not directed toward one ear or the other.

Though provocative, these results must be viewed in
the context of the whole experiment. The authors assessed
general, right hemisphere, and left hemisphere cognitive
function using a composite score derived from several
neuropsychologic measures, but primarily the Halstead-
Reitan Battery (HRB). This battery was validated in
patients with known structural brain damage, and its
use in epilepsy populations has been limited. In fact, the
authors found no significant difference between the left
and right TLE subgroups on the composite left hemi-
sphere neuropsychologic deficit scale (28). This result
is clearly at odds with the well-described and clinically
useful correlation between a temporal lobe seizure focus
and ipsilateral hemisphere dysfunction, particularly (but
not exclusively) in the areas of language and memory.

Mazzucchi et al. used both verbal and tonal stimuli
in their study of 84 patients heterogeneous with respect
to type and location of both lesions and seizure focus
(29). In the 33 nonlesional patients, those with a left-
sided seizure focus had a right ear preference for both
verbal and tonal stimuli, while patients with a right-
sided focus had a left ear preference for tonal stimuli
and no significant laterality for verbal stimuli. Differ-
ences between these results and those of other groups
are likely due to corresponding differences in inclusion
criteria and methodology.

PATHOPHYSIOLOGY

The pathophysiology of interictal perceptual dysfunction
in epilepsy is unknown. It is tempting to speculate that

similar mechanisms underlie the well-known regional and
sometimes bilateral lobar hypometabolism seen in uni-
lateral mesial TLE (30). This hypothesis could be tested
by correlating performance on psychophysical perceptual
tasks with extent and severity of interictal hypometabolism
in a group of patients with localization-related epilepsy. It
would also be interesting to know whether performance
on carefully selected perceptual tests correlated with
postoperative metabolic normalization (31, 32). Interic-
tal epileptiform discharges (IEDs) can disrupt cognition,
and they may well play a causative role in disturbances
of perception. If IEDs do disrupt sensory processing cir-
cuits, one might expect that the performance gap between
patients and controls would widen as stimulus redundancy
decreased, as was observed in two studies of low-level
auditory perception (25, 26).

Nonspecific cognitive slowing induced by AEDs
cannot account for altered perceptual function in epi-
lepsy. First, most AEDs have little or no effect on cogni-
tion when used at recommended doses (33, 34). Second,
no effect of AEDs on perceptual function was found in
most studies that specifically addressed this issue (7, 13,
15, 18). Third, the correlation of specific perceptual
disturbances with specific epilepsy syndromes cannot
be explained as a consequence of nonspecific cognitive
slowing induced by numerous AEDs.

FUTURE DIRECTIONS

We have learned a great deal about the relationship
between perception and epilepsy since the prescient com-
ment of Dr. Glaser quoted at the beginning of this chapter.
We know that epilepsy can affect all five senses, resulting
in both impaired and occasionally supranormal sensibil-
ity. The specificity of perceptual disturbances correlates,
albeit somewhat loosely, with the underlying epilepsy
syndrome. Both visual (20) and auditory (24) stimuli,
combined with “recording” techniques of sufficient spa-
tial resolution (e.g., IMRI, MEG, intracranial electrodes),
may be valuable tools for lateralizing and localizing epi-
leptogenic foci in appropriately selected patients. Fur-
thermore, these techniques can provide new insight into
the relationship between sensory stimuli and neuronal
activity at a seizure focus and thus possibly shed light
on the mechanisms of both reflex seizures and seizure
disruption with sensory input. Perhaps most importantly,
the body of evidence reviewed here largely supports the
idea that focal epilepsies (and TLE in particular) are a
network disease, involving brain regions distant from
the seizure focus.

Acknowledgments
Supported in part by NINDS K23NS046347.

173



174

IV e

References

1.

Glaser GH. Epilepsy and disorders of perception. Res Publ Assoc Res Nerv Ment Dis
1970; 48:318-333.

West SE, Doty RL. Influence of epilepsy and temporal lobe resection on olfactory function.
Epilepsia 1995; 36(6):531-542.

Kohler CG, Moberg PJ, Gur RE, O’Connor M]J, et al. Olfactory dysfunction in
schizophrenia and temporal lobe epilepsy. Neuropsychiatry Neuropsychol Behav Neurol
2001; 14(2):83-88.

Eskenazi B, Cain WS, Novelly RA, Mattson R. Odor perception in temporal lobe epilepsy
patients with and without temporal lobectomy. Neuropsychologia 1986; 24(4):553-562.
Lehrner J, Baumgartner C, Serles W, Olbrich A, et al. Olfactory prodromal symptoms
and unilateral olfactory dysfunction are associated in patients with right mesial temporal
lobe epilepsy. Epilepsia 1997; 38(9):1042-1044.

Eichenbaum H, Morton TH, Potter H, Corkin S. Selective olfactory deficits in case H.M.
Brain 1983; 106 (Pt 2):459-472.

Campanella G, Filla A, De Michele G. Smell and taste acuity in epileptic syndromes. Eur
Neurol 1978; 17(3):136-141.

Carroll B, Richardson JT, Thompson P. Olfactory information processing and temporal
lobe epilepsy. Brain Cogn 1993;22(2):230-243.

Hudry J, Perrin F, Ryvlin P, Mauguiere F, et al. Olfactory short-term memory and related
amygdala recordings in patients with temporal lobe epilepsy. Brain 2003; 126(Pt 8):
1851-1863.

Pal SK, Sharma K, Pathak A, Sawhney IM, et al. Possible relationship between phenyl-
thiocarbamide taste sensitivity and epilepsy. Neurol India 2004; 52(2):206-209.

Small DM, Zald DH, Jones-Gotman M, Zatorre RJ, et al. Human cortical gustatory
areas: a review of functional neuroimaging data. Neuroreport 1999; 10(1):7-14.

Small DM, Bernasconi N, Bernasconi A, Sziklas V, et al. Gustatory agnosia. Neurology
2005; 64(2):311-317.

Knecht S, Henningsen H, Deppe M, Osinska L, et al. Persistent unihemispheric perceptual
impairments in humans following focal seizures. Neurosci Lett 1996; 217(1):66-68.
Sathian K, Zangaladze A, Hoffman JM, Grafton ST. Feeling with the mind’s eye.
Neuroreport 1997; 8(18):3877-3881.

Grant A, Henry T, Fernandez R, Hill M, et al. Somatosensory processing is impaired in
temporal lobe epilepsy. Epilepsia 2005; 46:534-539.

Scarone S, Gambini O, Pieri E, Canger R. Quality extinction test and lateralized EEG
focality: preliminary observations in a group of epileptic patients. Eur Neurol 1985;24(4):
244-247.

Orren MM. Evoked potential studies in petit mal epilepsy. Visual information processing
in relation to spike and wave discharges. Electroencephalogr Clin Neurophysiol Suppl
1978(34):251-257.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

NEUROPSYCHOLOGIC FUNCTION

Lucking CH, Creutzfeldt OD, Heinemann U. Visual evoked potentials of patients with
epilepsy and of a control group. Electroencephalogr Clin Neurophysiol 19705 29(6):
557-566.

Faught E, Lee SI. Pattern-reversal visual evoked potentials in photosensitive epilepsy.
Electroencephalogr Clin Neurophysiol 1984; 59(2):125-133.

Masuoka LK, Anderson AW, Gore JC, McCarthy G, et al. Functional magnetic resonance
imaging identifies abnormal visual cortical function in patients with occipital lobe epilepsy.
Epilepsia 1999; 40(9):1248-1253.

Parra J, Kalitzin SN, Iriarte J, Blanes W, et al. Gamma-band phase clustering and pho-
tosensitivity: is there an underlying mechanism common to photosensitive epilepsy and
visual perception? Brain 2003; 126(Pt 5):1164-1172.

Vannucci M, Dietl T, Pezer N, Viggiano MP, et al. Hippocampal function and visual
object processing in temporal lobe epilepsy. Neuroreport 2003; 14(11):1489-1492.
Mervaala E, Nousiainen U, Kinnunen J, Vapalahti M, et al. Pre- and postoperative auditory
event-related potentials in temporal lobe epilepsy. Epilepsia 1992; 33(6):1029-1035.
Abubakr A, Wambacq L. The localizing value of auditory event-related potentials (P300) in patients
with medically intractable temporal lobe epilepsy. Epilepsy Bebav 2003; 4(6):692-701.

Ehrlé N, Samson S, Baulac M. Processing of rapid auditory information in epileptic
patients with left temporal lobe damage. Neuropsychologia 20015 39(5):525-531.
Grant A, Fujikawa S, Zeng F, Nelson L, et al. Central auditory function in temporal lobe
epilepsy. Epilepsia 2001; 42 (suppl 7):249.

Lee GP, Loring DW, Varney NR, Roberts R], et al. Do dichotic word listening asymmetries
predict side of temporal lobe seizure onset? Epilepsy Res 1994; 19:153-160.

Gramstad A, Engelsen BA, Hugdahl K. Dichotic listening with forced attention in patients
with temporal lobe epilepsy: significance of left hemisphere cognitive dysfunction. Scand
] Psychol 20065 47(3):163-170.

Mazzucchi A, Visintini D, Magnani G, Cattelani R, et al. Hemispheric prevalence changes
in partial epileptic patients on perceptual and attentional tasks. Epilepsia 1985; 26(5):
379-390.

Henry TR, Votaw JR. The role of positron emission tomography with [18F]fluorodeoxyglucose
in the evaluation of the epilepsies. Neuroimaging Clin N Am 2004; 14(3):517-535.
Spanaki MV, Kopylev L, DeCarli C, Gaillard WD, et al. Postoperative changes in cerebral
metabolism in temporal lobe epilepsy. Arch Neurol 2000; 57(10):1447-1452.
Vermathen P, Ende G, Laxer KD, Walker JA, et al. Temporal lobectomy for epilepsy: recovery
of the contralateral hippocampus measured by 'H MRS. Neurology 2002; 59(4):633-636.
Asconape JJ. Some common issues in the use of antiepileptic drugs. Semin Neurol 2002;
22(1):27-39.

Vermeulen J, Aldenkamp AP. Cognitive side-effects of chronic antiepileptic drug treatment:
a review of 25 years of research. Epilepsy Res 1995; 22(2):65-95.



Helge Bjgrnces
Pal Gunnar Larsson

he frontal lobes occupy more than

one-third of the total cerebral vol-

ume. The prefrontal parts are bidi-

‘ rectionally connected with all areas

of association cortex in the brain, as well as with limbic

structures and subcortical regions, including several of the

thalamic nuclei and hypothalamus. Homotopic regions

in the left and right parts are closely interconnected. This

extensive system of connections makes it possible for

the prefrontal cortex to receive information from prac-

tically all parts of the brain as well as to influence the

information processing in those parts. The simultaneous

processing of both somatosensory and limbic-sensory

information seems to be a unique function of the pre-
frontal cortex.

Studies of children and adults with known affec-
tions of the frontal lobes, animal research, and recent
imaging studies in healthy people and patient groups
have accumulated much knowledge of the role played
by these structures in human behavior. This knowledge
has facilitated the selection of methods in assessing neu-
ropsychologic effects of frontal lobe epilepsy, and it has
pointed out the kinds of deficits to look for, assuming
that epilepsy mimics other kinds of damage.

By and large, the assumed impairments have been
sought within a class of abilities that may summarily
be termed “executive functions.” There are no strict

Neuropsychologic
Aspects of Frontal
Lobe Epilepsy

definitions of the concept, and there is controversy about
whether there is one central agency or several independent
abilities, whether these functions are processed exclusively
in the frontal lobes, and how to measure normal and
impaired executive functions, among others. It is beyond
the scope of the present chapter to discuss these topics.
We adopt a pragmatic point of view in order to shed some
light on the effects of frontal lobe epilepsy on cognition,
mentioning research findings only sporadically, where they
have relevance for the controversies within this field.

A loose description of the kinds of abilities that
may be included in the concept is given by Shulman (1),
who suggests: “Executive processes include (i) focus-
ing attention on relevant information and inhibiting
irrelevant information, (ii) switching focused attention
between tasks, (iii) planning a sequence of subtasks to
accomplish a goal, (iv) monitoring and updating the con-
tents of working memory to determine the next step in a
sequential task, and (v) coding representations in working
memory for time and place of appearance.” This descrip-
tion places weight mainly on the cognitive parts of the
concept, in accordance with the scope of this chapter.
The social and emotional aspects will be discussed in
Chapter 23. We will focus mainly on cognition during
the interictal period here.

It is believed that the prefrontal regions perform
these important processes by means of their extensive
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network of connections to and from other parts of the
brain. When parts of the frontal regions become epi-
leptogenic, these interconnections seem to constitute
part of the problem, as epileptic activity may easily
propagate to contralateral parts of the frontal lobes
and to remote regions throughout the brain, with the
potential to disturb ongoing activity in these regions.
In the same way, epileptiform activity in posterior parts
of the brain may spread to the frontal lobes and disturb
frontal activity.

IMPACT OF FRONTAL LOBE EPILEPSY ON
COGNITION: STUDIES IN ADULTS

From a clinical point of view it is important to under-
stand how frontal lobe epilepsy (FLE) affects the life of
the patients, no matter whether the effects are “pure”
frontal symptoms or not. To delineate these effects, one
needs to compare patients with FLE to healthy controls
on a wide range of relevant measures. This also applies
to the study of neuropsychologic effects.

Unfortunately there is a scarcity of studies describ-
ing effects of frontal lobe epilepsy in general terms on
standard neuropsychologic tests. The findings from these
studies, however, reveal deficits in several neuropsycho-
logic tests, including many of the subtests on the Wechsler
Memory Scale, and tests demanding mental flexibility and
rapid visuo-motor coordination. On the Wisconsin card
sorting test—a test supposed to be particularly sensitive
to frontal lobe dysfunction—the majority of FLE patients
show impaired performance.

Findings indicating that FLE may affect cognition
on a range of abilities are also supported when a series
of tasks supposed to be particularly sensitive to frontal
lobe lesions is administered. Patients with FLE, at least
patients with a relatively severe and lasting seizure con-
dition, reveal impaired performance on tests measuring
different aspects of executive function, including tests
of interference and response inhibition, of anticipation
and planning, of verbal and nonverbal fluency, of con-
cept formation, and of motor sequencing and motor
coordination.

In contrast to deficits in executive functioning, the
effect of FLE on intelligence is not clear. Most studies
indicate that FLE is not strongly associated with reduced
intellectual functioning, although mean IQ values sub-
stantially below average have been reported.

The Question of Localization-Related
Cognitive Deficits

The frontal lobes may be divided in several different
parts, according to their cytoarchitecture, with differ-
ent cortical and subcortical connections. Studies of the
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effects of focal lesions in different parts have shown
that the dorsolateral regions contribute to a range of
cognitive functions, including working memory and
regulatory abilities such as mental and motor flexibility,
whereas the orbitofrontal parts seem to be involved in
emotional and social cognition, appreciation of conse-
quences of action, and inhibitive control of behavior.
It is assumed that epileptic lesions will provoke the
same kinds of deficits depending on location as focal
structural lesions do, but this has not been easily proven
in FLE.

Not even the specialization of the left and right
hemispheres in predominantly verbal and nonverbal
processing, respectively, has been easily demonstrated.
In patients with lateralized frontal lobe damage, a “dou-
ble dissociation” between verbal and figurative fluency
tasks has been demonstrated; patients with left frontal
lobe lesions were impaired on the verbal task, and vice
versa (2). In patients with epilepsy there has been no clear
support for the “double dissociation™ in this respect. To
the contrary, patients with left FLE seem to be impaired
on both the verbal and the figurative fluency tasks, par-
ticularly if the tasks also require additional elements of
set shifting. These findings suggest that the left frontal
lobe (FL) may be particularly involved in set shifting.

The importance of the left FL in complex executive
tasks has been shown in connection with the so called
“20 Questions” task, in which patients with left frontal or
bifrontal epileptic lesions were impaired in the selection
of effective strategies, compared with patients with uni-
lateral right frontal lobe epilepsy and patients with right
or left temporal lobe lesions (3). In this task, patients with
orbitofrontal epileptic lesions, irrespective of side, may
generate more impulsive responses than patients with
dorsolateral lesions.

The Question of Additional Effect of
Seizure Related Factors

In studies of temporal lobe epilepsy (TLE), age at onset
has emerged as an important factor for cognitive deficits.
This has not been equally clear in FLE. Different studies
have shown either no relation between test performance
and seizure-related variables such as age at onset, dura-
tion of seizures, or seizure severity, or findings indicate
an interaction between lateralization of lesion, age at
onset, and type of task. For example, early right onset
seems to be more related to perseverative errors than
early left onset (4).

The Question of Pathognomonic Signs for FLE

Most studies have taken for granted that FLE may be
associated with similar functional disturbances regardless
of etiology. That this assumption probably is correct was
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shown in a study comparing FLE patients with patients
who had frontal lobe tumors (FLT) (5): It was observed
that FLE patients had impaired digit span forward
compared with FLT patients, but no further differences
occurred on any other measure of intelligence, memory,
and attention. The findings agree with the results of a
study of differential effects on neuropsychologic func-
tioning of different kinds of etiology in FLE, including
head injury, tumor, dysplasia, and vascular accidents (6).
Lesions to the frontal lobes seem to disturb cognitive
functions irrespective of etiology.

In summary, FLE may impair a wide range of cogni-
tive functioning, including memory.

Differential Impact of FLE Compared to TLE

Even though findings of cognitive impairments in FLE do
not constitute a firm pattern, evidence suggests that FLE
may affect an array of abilities. Part of these deficits may
stem from the impact of seizure activity on consciousness
and attention, an impact that may be common to seizures
originating in other parts of the brain as well. To scruti-
nize more closely the unique effects of FLE, comparisons
have been performed between groups of patients with
epileptogenic tissue in different cerebral locations. Most
of these studies have focused on patients with frontal
and temporal lobe epilepsy, many with a control group
of healthy people in addition. These studies are of par-
ticular interest for differential diagnosis and for basal
neuropsychologic knowledge.

The neuropsychologic effects of FLE do not seem
to be very different from those of TLE when general
neuropsychologic tests are used. On the great majority of
test measures there are no significant differences between
these two groups. However, both groups of patients seem
to be impaired on most tests relative to the controls. The
results demonstrate that both FLE and TLE can have
devastating effects on cognition.

In order to differentiate neuropsychologically
between patients with TLE and FLE, tests used for
routine assessment may not be optimal, whereas highly
specialized tests may be better suited for this purpose.
For example, tests of emotional facial expressions
have revealed TLE patients to be selectively impaired
in remembering the emotional expressions, whereas
patients with FLE may be impaired in the ability to
remember faces in general.

Further qualitative differences between the two
groups of patients may be obtained if a series of tasks sup-
posed to measure different aspects of executive function
is used. FLE patients tend to perform inferiorly to TLE
patients on most such tasks, but statistical analyses may
reveal different patterns of deficits among the patients.
For example, TLE may be associated with impairment in
speed and attention, whereas FLE may be associated with
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two distinct patterns: either with marked difficulties in
learning, coordination, and alternating motor sequences
or with problems in concept formation, planning, and
response inhibition. Most patients with FLE could be
classified according to one of these two patterns, but
whether the patterns are characteristic for lesions in
special locations within the frontal lobes is yet not estab-
lished (7). In any case, the results speak against the pres-
ence of a unitary executive function.

Still other differences between TLE and FLE
patients have been reported. The different findings obvi-
ously depend on what tests are chosen. Thus, patients
with FLE may be impaired relative to patients with TLE
on tests for motor sequencing, cost estimation, ability
to resist interference, and mental flexibility. Moreover,
greater impairment on these tasks was seen in patients
with left frontal lobe epilepsy than in those with right
frontal epilepsy.

Behavioral Disturbances

We will briefly mention the effects of FLE on behavior
beyond cognition. As the frontal lobes are also involved
in the initiation, planning, programming, and execution
of motor activity, these parts of behavior may also be
disturbed. Most salient are the ictal motor manifestations,
which may range from subtle movements of one finger
or a hand to the most violent, exaggerated movements,
sometimes with vocalization. The violent movements,
usually starting from sleep, may be mistaken as night-
mares. Seizures may also manifest themselves as sudden
changes in mood, agitated behavior, or sudden loss of
spontaneity.

Interictally, patients with FLE, particularly children,
may be hyperactive and impulsive. Conscientiousness,
obsession, and addictive behavior have also been
described in FLE.

Social Cognition

Patients with FLE may also have problems in certain
aspects of what broadly might be called social cognition.
Compared with healthy controls, they may be impaired
in the perception of emotional expressions and in humor
appreciation, but they may perform normally on tests of
so called “theory of mind,” in contrast to patients with
autism (5, 8).

In summary, traditional neuropsychologic tests
show impaired performance both in patients with FLE
and TLE, with few clear differences between the groups.
Experimental tasks may differentiate better between the
two groups. Even though it is demonstrated that most
patients with FLE may be characterized by certain cogni-
tive patterns, these patterns to a large degree depend on
the selected patients and the tests used.
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FLE IN CHILDREN

The maturing processes of the frontal lobes are pro-
tracted. Myelination of the prefrontal lobes, for exam-
ple, is not completed until young adulthood (9). The
consequences of this long-lasting process for neuropsy-
chologic functioning have been discussed. One question
is whether focal lesions in the immature frontal lobes
of children will give neuropsychologic deficits at all or
whether these deficits, if present, will be different from
those found in adults. As these discussions are beyond
the scope of the present paper, we will mention only
briefly findings with relevance for this topic in the fol-
lowing paragraphs.

Brain-imaging techniques combined with experi-
mental neuropsychology have provided new options
for studying the relationships between physiologic and
psychologic maturing processes. There is converging evi-
dence that the development of complex cognitive abilities
partly reflects the development in executive functioning
and the maturation of connections between association
cortices in the posterior parts of the brain and the prefron-
tal lobes (10). Natural questions to be asked then from
a clinical neuropsychologic point of view are about the
consequences for children at different ages of epileptic
lesions in the frontal lobes.

There are very few studies of the general impact of
FLE on cognition in children. In children with no visible
lesions on magnetic resonance imaging (MRI), only a few
circumscribed deficits in verbal and figurative fluency
tasks were revealed (e.g., the ability to rapidly generate
words starting with specified letters [phonemic fluency]
and abstract drawings [design fluency]), whereas mea-
sures of intelligence and verbal memory were normal (11).
As seizure frequency did not seem to play a role for the
deficits, the findings indicate that frontal epileptiform
activity on its own may be sufficient to cause selective
cognitive deficits.

Compared to patients with TLE, children with FLE
seem to be more impaired on measures of performance
speed. They are also more easily affected by distracting
stimuli during learning and recall, as shown, for example,
by making more intrusion errors (i.e., mixing up items
from the learned task and the distracting task during
recall) or by recalling fewer of the recently learned items
after having been introduced to the distracter items. The
increased distractibility may even affect attention, par-
ticularly when preparing for a quick response (12). They
also have deficits in planning and impulse control relative
to children with TLE and thus may be at greater risk for
developing school problems (13, 14).

With respect to memory deficits, there are some-
what contradictory findings, but memory problems are
probably not as pronounced in children with FLE as in
those with TLE.

In summary, children with FLE may show cognitive
impairment on a range of neuropsychologic tasks, similar
to what is found in adults. Moreover, experimental tests
may differentiate also between children with FLE and those
with TLE. The most common deficits in FLE seem to be
in executive functions including planning, impulse con-
trol, and resistance to distracters. As the age range of the
children in the different studies here reviewed is between
5 and 16 years, executive deficits seem to be present despite
incomplete maturation of the prefrontal lobes.

INHERITED FRONTAL LOBE
EPILEPSY AND BEHAVIOR

Autosomal dominant nocturnal frontal lobe epilepsy
(ADNFLE) is associated with behavior disturbances dur-
ing sleep. The reported disturbances include a broad range
of symptoms, from enuresis to violence, and are reported
also in patients with well-controlled seizures on antiepileptic
medication. The nocturnal symptoms present a diagnostic
challenge, and these patients are often misdiagnosed as
having benign parasomnias or psychiatric disorders.

METHODOLOGICAL CONSIDERATIONS

Studies with traditional neuropsychologic tests have
shown impairment in a range of cognitive abilities in FLE
as well as in TLE, with few clear differences between the
two groups. This could mean that the functional contri-
butions of the temporal and the frontal areas of the brain
are not quite unique but to a certain degree overlap. This
may apply even with respect to executive function. For
example, not only children with FLE, but also children
with TLE and generalized epilepsy, may perform below
norms on measures of executive functions. Furthermore,
when compared to healthy controls, even unselected
groups of children with epilepsy or children with dif-
ferent kinds of epilepsy syndromes have been found to
be impaired on a series of tasks supposed to measure
executive functioning (15). Notably, a population-based
study of a large group of children with epilepsy could find
no significant differences in executive deficits in children
with maximum involvement of electroencephalographic
(EEG) pathology over the frontal lobes compared to those
with more posterior pathology (16).

Even more specific findings suggesting that the hip-
pocampus may contribute to card sorting, a test thought
to be sensitive to frontal lobe dysfunction, have been
reported. Thus, children with FLE as well as children
with TLE and presence of hippocampal atrophy may be
impaired on measures from this test relative to children
with TLE without hippocampal atrophy and normal con-
trols. Similar findings have been reported in adults.
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One alternative explanation to the functional
overlap hypothesis introduces the concept of “nocifer-
ous cortex”: propagation of epileptic activity from a
temporal lobe focus may disturb regions outside the
temporal lobe, for example those involved in executive
functions (17).

A third explanation focuses on the “purity” of the
tests used to measure frontal and temporal processing:
The tests may contain elements that tap both kinds of
functions. To expand this view one can consider most,
perhaps all, cognitive tasks to be complex and to require
collaboration of several brain structures. This is in
agreement with recent evidence that cognitive abilities
are organized in functional networks, connecting dif-
ferent brain structures that contribute uniquely to the
processes. For example, the ability to generate a series of
words belonging to a certain semantic category (seman-
tic word fluency) is thought to depend on the interac-
tion of comprehensive neural networks, encompassing
aspects of language functioning, executive processes,
attention, and semantic memory. Damage to parts of
such a network may result in deficits in the subserved
cognitive abilities, but for different reasons: Temporal
lobe damage may affect semantic memory (storage
processes), whereas frontal lobe damage may impair
executive processes (retrieval strategies).

Attempts to provide the patients with tools to com-
pensate for their supposedly specific network deficits
seem to be an interesting approach both to diagnostics
and to treatment. Thus patients with seizures of frontal
origin improved their performance significantly more
than did those with seizures of temporal origin on seman-
tic fluency tasks when provided with structured cuing
aimed at compensating for deficits in retrieval strate-
gies (18). The diagnostic value of providing patients
with frontal lobe dysfunction with cues to compensate
for executive deficits was noted already by Luria and
Tsvetkova in 1964 (19).

Another approach to refining the differential neu-
ropsychologic diagnostics between TLE and FLE is to
increase the load on the assumed unique functions by
making the tasks more demanding or by composing
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tasks in such a way that several subcategories of the
functions in question are challenged at the same time
(e.g., to present tasks requiring both fluency and the
ability for set shifting in attempts to measure deficits in
executive functioning).

Future studies in this field should ameliorate the
limitations seen in most studies so far. The number of
patients with FLE has been small in most studies—too
small to allow further subdivision for statistical analyses.
Moreover, when comparing patients with FLE and those
with TLE, seizure-related variables should be reported, as
such variables may make great differences in the function-
ing of TLE patients. Finally, the most important method-
ological improvements would be to control for remote
functional disturbances, not only as measured with the
EEG, but also by using positron emission tomography
(PET) or functional MRI (fMRI) to evaluate changes
beyond the focus.

Because of the scarcity of studies, conclusions
about cognitive consequences in FLE must be drawn
cautiously.

SUMMARY

FLE may disturb a wide range of neuropsychologic func-
tions including memory and executive function. Apart
from involvement of executive function there is no dis-
tinct pattern of deficits characterizing FLE, probably
because of rapid propagation of epileptic activity. FLE
usually does not strongly affect intelligence. There are
similar deficits in adults and in studied children in the
age range of 5-16 years. FLE may mimic effects of focal
structural lesions but tends to give less circumscribed defi-
cits. There are no clear effects of laterality on cognitive
functioning in FLE. There are less clear effects of seizure
history variables than in TLE.
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Hazel ]J. Reynders

europsychological function in
epilepsy is a well researched field
and has developed our general
understanding of cognitive function
in numerous ways. It is also well established that psycho-
pathology and psychosocial problems are frequent among
patients with epilepsy. It is also widely acknowledged
that there are a number of different factors influenc-
ing social and emotional responses in epilepsy, includ-
ing neurobiological factors such as age of onset, seizure
control, and seizure type; psychosocial factors including
perceived stigma, fear of seizures, and adjustment to epi-
lepsy; and medication factors such as monotherapy versus
polytherapy and the presence or absence of barbiturate
medications. Adults with epilepsy have been found to
have higher rates of social problems and social isolation
difficulties than people in the general population.
Understanding the multi-etiological contributions to
the social and emotional difficulties associated with epi-
lepsy requires a move toward developing biopsychosocial
frameworks for empirical investigation of the psychologic
distress experienced by people with epilepsy. In this respect,
neuropsychologic research acts as a bridging discipline
between neurobiological explanations of emotional dis-
turbance in epilepsy and the social and emotional distur-
bances often associated with the experience of epilepsy.

Social and Emotion
Information Processing

This chapter sets out to explore the evidence for
social and emotional information processing deficits in
epilepsy. The relationship between perception and experi-
ence of emotional responses in epilepsy is also examined,
together with the consequences for future research and
understanding of the multi-etiological contributions to
social and emotional difficulties in epilepsy.

DEFINITIONS OF SOCIAL COGNITION

Over recent years, an evolving discipline of social cognition
has emerged, which has increased understanding of the
cognitive and neurobiological processes involved in social
and emotion information processing within psychosocial
environments.

Social cognition has been defined as encompassing
those skills that are involved in the ability to recognize,
understand, and respond appropriately to socially rel-
evant information. The evidence in the literature sug-
gests that social cognition is mediated by a number of
component cognitive processes that are served centrally,
at a neurologic level, via systems that link the amygdala
with cortical regions including the ventromedial prefrontal
cortex, the cingulate cortex, and the right somatosensory
cortex (1, 2).
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THE PREFRONTAL-AMYGDALAR
SOCIAL COGNITION CIRCUITRY

The amygdala links cortical regions that process sensory
information with the hypothalamus and brainstem effec-
tor systems. Via prefrontal and temporal connections, it
integrates the emotional significance of sensory stimuli
and guides complex behavior. Several findings are linked
to the hypothesis that the human amygdala forms a cru-
cial part of the neural circuitry involved in the appraisal
of danger and the emotion of fear (3). Evidence from
functional neuroimaging studies of healthy volunteers (4)
and participants with socio-affective disorders (5) has
converged with evidence from studies with patients with
lesions in medial temporal lobe structures to identify
temporo-limbic regions, especially the amygdala, as key
components of the circuitry underlying emotion informa-
tion processing in the human brain (6). Areas of research
include perception of emotion expression, emotion and
social experience and behavior, and emotional learning
and memory.

The prefrontal-amygdalar pathways have also been
linked to deficits in theory of mind (7, 8) and decision
making (9), both of which are important aspects of social
cognition. Damage to the ventromedial frontal cortex
may result in profound disruption of social behavior and
inability to observe social conventions, within the context
of often well-preserved intellectual abilities. This region
connects to the anterior cingulate and the amygdala and
influences emotion perception, motivation, and the abil-
ity to make inferences about the mental state of others
(“theory of mind”).

EMOTIONAL PERCEPTION
AND RECOGNITION

A number of investigations have shown the importance of
the amygdala in the perception and processing of social
information associated with negative affect (10). The
consequences of human amygdala damage have been
found to include problems in recognizing facial and
vocal expressions of emotion, and a number of studies
have shown specific impairments in the recognition of
expressions of fear after amygdala damage (11-13) with
sparing of other emotional expressions. Positron emission
tomography (PET) and functional magnetic resonance
imaging (fMRI) techniques have been used to demon-
strate a selective response to facial expressions of fear
in the normal amygdala (14), even when the faces are
masked with neutral expressions to eliminate conscious
perception of the fear stimuli (15).

The majority of the amygdala studies have focused
on patients with bilateral amygdala damage. The evidence
for impairments following unilateral damage is less clear.

Adolphs et al. (11) failed to find any significant deficits in
six patients with unilateral amygdala damage included in
their study. Nevertheless, a number of lesion studies have
found some evidence for fear perception deficits to occur
following unilateral amygdala damage. Again, there are
some contradictory findings in the literature. Whilst most
studies find a right side dominance for emotion percep-
tion, there is the case of D.R. (13), who showed fear
perception deficits with relatively greater damage to the
left side amygdala. Functional studies have also suggested
a left side dominance for fear recognition (15). In con-
trast, Adolphs et al. (16) found significant impairments in
emotion recognition among a subgroup of patients who
had undergone right temporal lobotomies.

There is a growing body of recent research that
shows emotion perception problems among patients with
epilepsy. So far, however, the findings have been mixed.
Meletti et al. (17) found impairments selectively among
patients with right temporal lobe epilepsy. In contrast,
other studies have found no evidence of laterality of
impairments in temporal lobe epilepsy (18, 19). Never-
theless, there is growing evidence that some patients with
epilepsy may be vulnerable to the emotion perception
deficits usually associated with bilateral amygdala dam-
age, even when the structural evidence suggests unilateral
epilepsy-related lesions.

Although subgroups of temporal lobe epilepsy
patients with a unilateral epilepsy focus show emotion
recognition impairments, this may not be enough to sug-
gest that unilateral damage is sufficient to produce fear
recognition deficits. Seizures arising from mesial tem-
poral lesions with clearly defined unilateral foci often
spread to affect contralateral brain regions, and among
patients with epilepsy there is often some compromise
of both cerebral hemispheres. An alternative approach
is to directly investigate the impact of the degree of
amygdala damage in epilepsy on emotion perception
abilities. Preliminary findings by Houghton et al. (20)
indicated that emotion perception deficits, similar
to those in amygdala damage, are related to reduced
amygdala volume in temporal lobe epilepsy. However,
a recent study by Fowler et al. (19) found inconsistent
results. They assessed patients with mesial temporal
lobe epilepsy and asymmetrical amygdala damage.
Although no consistent impairments were found, seven
of the 28 patients had significant difficulties recognizing
emotional expressions.

Although the majority of the epilepsy studies have
focused on assessing perception of facial expressions of
emotion, Fowler et al. (19) extended their investigation
of patients with temporal lobe epilepsy and amygdala
damage to include other tasks known to be associated
with amygdala function: sentences describing emotion-
laden situations, nonverbal sounds, and prosody. In the
subgroup they identified as having emotion recognition
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deficits, they found both auditory and visual emotion
recognition impairments.

Types of Seizures

Few studies have examined the relationship between
types of seizures and emotional recognition deficits. The
amygdala is the mesial temporal structure most frequently
associated with seizure related experiential phenomena,
especially the sensation of fear-related experiences. Ictal
fear is an involuntary emotional response experienced
during seizure onset, and it is characterized by a pro-
found sense of fear or foreboding (21). Further work
links atrophy of the amygdala to symptoms of ictal fear
in temporal lobe epilepsy (22). Two recent studies (18, 23)
have sought to understand whether emotion perceptions
are related to the clinical manifestation of fear occurring
as part of a seizure.

Yamada et al. (23) carried out a single case study
of a patient with left temporal lobe epilepsy and ictal
fear before and after epilepsy surgery. They found that,
although the patient correctly identified emotions before
surgery, the patient attached enhanced emotions of fear,
anger, and sadness to various expressions. After sur-
gery, the patient no longer showed the abnormally high
intensity ratings. The authors interpret their results as
indicative of presurgery interictal hypersensitivity of the
left mesial temporal circuit, including the amygdala, sup-
ported by the evidence of interictal epileptiform activity
in the frontotemporal regions.

Reynders et al. (18) investigated social cognition
based on clinical evidence of individuals with temporal
lobe epilepsy and ictal fear compared with individuals with
temporal lobe epilepsy but no ictal fear and individuals
with idiopathic generalized epilepsy. They found that all
three epilepsy groups had difficulty recognizing fear, with
greater impairments among the patients with ictal fear.
Consistent with a hypothesis of amygdala involvement,
a significant number of patients with temporal lobe epi-
lepsy and ictal fear made errors in fear recognition, often
choosing surprise in place of fear as a response. Although
the evidence suggests that mesial temporal regions are
implicated in epilepsy as being more vulnerable to emo-
tion perception deficits, the findings indicate that they may
not be exclusively so. Reynders et al. (18) found evidence
of emotion recognition difficulties among both temporal
lobe epilepsy patents and those with idiopathic generalized
epilepsy. A further study by Farrant et al. (24) found face
emotion recognition deficits among patients with fron-
tal seizures. In contrast, Meletti et al. (17) found normal
emotion perception among patients with extratemporal
seizure foci, including those in the frontal regions.

The variability found in the evidence of emotion rec-
ognition deficits among patients with epilepsy highlights
the complex potential factors that might contribute to
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social cognition difficulties in a chronic condition such as
epilepsy. In addition, the function of the amygdala may be
compromised by epilepsy conditions, even when there is
no established amygdalar atrophy. Seizures may originate
simultaneously within both the amygdala and the hip-
pocampus even when there is no structural evidence of
an amygdalar lesion (25). Seizures characterized by fear
auras are not produced exclusively by lesions or seizure
foci within the amygdala, although the evidence suggests
that these are usually associated with anterior hippocam-
pal abnormalities or when sclerosis is found of both the
hippocampus and the amygdala (26). Accordingly, it may
be that even when there is no direct neuroanatomical
evidence of amygdalar pathology, it would seem reason-
able to suppose that there could be some compromise of
the social cognition circuitry within which the amygdala
plays a significant role.

Other Seizure Variables

Other seizure-related variables have also been examined.
Meletti et al. (17) found that among all their subjects with
right temporal lobe lesions, the degree of emotion recog-
nition difficulties was related to earlier age of first seizure,
either febrile or afebrile, and age of epilepsy onset. A
significant relationship was also found by Reynders et al.
(18) between anger recognition deficits and age of onset.
The results suggest that there may be a vulnerability asso-
ciated with early onset of seizures or epilepsy.

Duration of illness has also been found to increase
vulnerability for fear recognition deficits among both
temporal lobe epilepsy and patients with idiopathic gen-
eralized epilepsy. Such findings are consistent with those
that show amygdalar atrophy in temporal lobe epilepsy to
be associated with duration of the epilepsy disorder (27)
and total number of seizures experienced (28) rather than
with age of onset or etiology.

Even among patients with generalized seizures, the
impact of seizures or duration of epilepsy may affect the
amygdala’s function via its interconnectedness with other
brain regions such as the thalamus, the hypothalamus,
and the brainstem. Generalized seizures are produced
by an abnormal thalamocortical interaction (29) that
involves pathways that link extensively with the amyg-
dala. When seizures are frequent, longer duration of ill-
ness is likely to produce increasingly adverse effects as
the total number of seizures accumulates. Evidence from
research with other clinical conditions such as schizophre-
nia shows that emotion recognition deficits, particularly
the recognition of fear in others, can occur without clear
evidence of structural damage and that severity of ill-
ness is related to emotion recognition deficits (30). It is
possible, therefore, to view a combination of duration
and seizure frequency as a marker for the overall sever-
ity of epilepsy and as an important factor in producing

183



184

IV e

a general vulnerability for emotion recognition deficits
among patients with epilepsy. It would also account for
the fact that not all patients with epilepsy, even those
with clear evidence of amygdala involvement, have fear
recognition deficits.

EMOTIONAL EXPERIENCE

It is well-established that damage to the amygdala and
surrounding cortex in monkeys has been shown to have
significant impact on social behavior and interaction with
the environment. These changes are more likely to occur
when the damage is early in life. In contrast to the animal
studies, the research suggests that humans with acquired
amygdala damage do not show impaired social behav-
ior. They show a normal subjective sense of emotion in
that they report their emotional states to be similar to
those of control subjects and they are able to demonstrate
appropriate facial expressions of emotion. There seems,
therefore, to be a dissociation between their impaired
abilities to correctly interpret negative emotions in oth-
ers and their intact abilities to experience and express
emotional and social information. One explanation is
that the amygdalar damage in humans is sustained later in
life, because early amygdalar damage is necessary for the
development of adverse alterations in social behavior in
adulthood. When amygdalar damage is acquired later,
individuals may be able to cognitively compensate from
learned experience, and the evidence suggests that there is
a critical period for the development of amygdala-related
social responses (31).

Although impairments in emotional recognition do
not necessarily imply deficits in subjective experience or
in the expression of emotions, a number of researchers
have demonstrated an association between socioaffective
disorders, such as autism (32) and schizophrenia (30),
and abnormalities in the judgment of facial expressions
of emotion. Evidence of the interconnectedness between
emotional perception and affective responses comes from
a different direction in a study by Birbaumer et al. (5),
who found abnormal amygdala activation in subjects suf-
fering from social phobia when they were shown a series
of faces with neutral expressions.

In epilepsy, some individuals may acquire lesions
or compromise to the amygdala early in life, and there
is often reference to a specific personality presentation
in temporal lobe epilepsy, often described anecdotally, as
someone with a tendency to misinterpret social cues in
others and to fail to respond appropriately in social situ-
ations. Although such a description is controversial, there
has been some evidence of personality and social dif-
ficulties associated with temporal lobe epilepsy, particu-
larly when seizures originate within the limbic regions.
As part of their investigation of emotion perception
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deficits in epilepsy, Reynders et al. (18) investigated the
potential relationship between emotion perception and
the experience of emotion, either directly in terms of
the underlying neurobiology of temporal lobe epilepsy
or more indirectly in relation to the impact of emo-
tion and social cognitive impairments on psychosocial
factors such as quality of life or psychologic distress.
Three groups of patients (13 with temporal lobe epi-
lepsy and ictal fear, 14 with temporal lobe epilepsy and
nonfear auras, and 10 with idiopathic generalized epi-
lepsy) completed tests of visual and face processing, face
emotion recognition, and social judgment. In addition,
the epilepsy groups also completed measures of mood
(Hospital Anxiety and Depression Scale [HADS] and
the SCL-90-R) and quality of life (QOLIE-31). Both
the HADS and the SCL-90-R indicated high rates of
affective disorder but did not indicate that patients with
temporal lobe epilepsy are more vulnerable to psycho-
logic disturbance than patients with other forms of epi-
lepsy. The deficits in emotional perception, found in all
groups of patients with epilepsy, did not correlate with
measures of psychologic distress. Neither was interpre-
tation of one’s own emotional experience significantly
related to emotion recognition.

These results provide evidence for dissociation
between the experience and evaluation of one’s own emo-
tional experience and the ability to judge emotions in oth-
ers. The results also suggest that, in relation to emotion
recognition, a dissociation exists between a neurobiologi-
cally driven fear experience without psychologic context
(i.e., a fear aura) and affective responses that, perhaps,
reflect the multi-etiological nature of psychologic disorder
in epilepsy (33). In a chronic neurologic condition such
as epilepsy, psychologic effects and psychosocial impact
interact with the direct effects of medication, lesion site,
and seizure activity on emotional processing systems
within the brain.

SOCIAL INTEGRATION SKILLS

Nevertheless, subtle deficits in social judgment have been
identified among patients with amygdala damage and
also in patients with epilepsy who show fear recognition
deficits. Adolphs et al.’s (34) patients with bilateral dam-
age to the amygdala judged unfamiliar individuals to be
more approachable and more trustworthy than did con-
trol subjects from their perception of facial expressions.
Reynders et al. (18) used the same assessment to measure
social judgment among patients with epilepsy and found
a significant negative correlation between the ability to
recognize facial expressions of fear and the ability to
make social judgments of trustworthiness of strangers
from photographs of faces, regardless of type of epilepsy.
An association was also found between perception of
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facial emotional expressions and subjective assessment
of overall quality of life.

Most of the research in epilepsy has been carried
out with patients with temporal lobe epilepsy. The social
cognition neural circuitry is known to be influenced by
the prefrontal pathways. The orbitofrontal region is par-
ticularly implicated in emotion perception and emotion-
laden interpersonal behavior. The medial frontal area is
associated with deficits in the regulation of emotional and
motivation responses and in the ability to see another’s
perspective (theory of mind). Aspects of social cognition
usually associated with the prefrontal pathways have not
been extensively researched among patients with frontal
lobe epilepsy. Deficits in emotion perception have been
found, particularly in terms of the ability to rate relative
emotional intensity. A recent study by Farrant et al. (24)
used a range of social cognition tasks in addition to neu-
ropsychologic tests to assess patients with frontal lobe
epilepsy. The tasks included a theory of mind task, a faux
pas task, an appreciation of humor in verbal descrip-
tions task, an emotion perception task, and a task that
demanded the inferring of mental states and emotion
from gaze expression. They found no significant impair-
ments on tests of theory of mind or faux pas. However,
they did find that patients with frontal lobe epilepsy had
significant impairments on tests of humor appreciation,
recognition of facial emotions, and perception of eye-
gaze expression.

COGNITIVE ABILITY VERSUS
‘EMOTIONAL INTELLIGENCE”

In the Farrant et al. (24) study, specific impairments
of social cognition and executive function were found
against a background of intact general intellectual abil-
ity and overall cognitive functions. A dissociation with
general intellectual abilities has also been apparent in
other studies of emotion and social information process-
ing, with patients usually well-matched with controls on
IQ tasks. Recent research has explicitly investigated the
relationship between cognitive and emotional “intelli-
gence.” The concept of emotional intelligence has been
developed to measure the multifactorial array of inter-
related emotional, personal, and social competencies that
influence the ability to actively and effectively cope with
daily demands. One of the most widely used measures of
emotional intelligence is the Emotional Quotient Inven-
tory (35). Bar Onet al. (36) used this measure of emotional
intelligence on patients with lesions to the ventromedial
cortex (six patients), amygdala (three patients), and right
somatosensory cortex (three patients), structures hypoth-
esised as being involved in social cognition and emotional
aspects of decision making. All three experimental groups
had significant impairments in the overall measure of
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emotional intelligence in the context of intact cognitive
intelligence. The authors interpret these results as being
supportive of the hypothesis that emotional intelligence is
separate and different from cognitive intelligence, and is
also subserved by neural systems that overlap with other
social cognition abilities.

A recent study by Walpole and colleagues (submit-
ted for publication) aimed to establish the relationship
between cognitive and emotional intelligence in people
with temporal lobe epilepsy. Sixteen patients with tem-
poral lobe epilepsy were matched with fourteen control
subjects in terms of their overall intellectual ability. The
results showed participants with temporal lobe epilepsy
to have lower scores in total emotional intelligence, and
on a number of domains of emotional intelligence, than
control participants.

EMOTIONAL MEMORY

Studies of patients with amygdalar lesions have shown
differential roles in the mesial temporal regions dur-
ing learning and recall of emotionally laden memories,
with a role for the amygdala in the consolidation and
activation of emotional memories. Boucsein et al. (37)
tested 22 patients after temporal lobe epilepsy surgery
and found worse performance by patients with greater
amygdala damage on tests of learning visual facial expres-
sions. There was no effect of lateralization of surgery.
Glogau et al. (38) found that patients with right tem-
poral lobe epilepsy had significantly lower scores than
healthy controls in face memory, whereas patients with
left temporal lobe epilepsy demonstrated impairments
both in face memory and in facial expression memory.
The left temporal lobe epilepsy patients were also selec-
tively impaired in their facial expression perception, and
this significantly influenced their ability to learn facial
emotional expressions. The investigators hypothesized
that functional reorganization of verbal memory in left
temporal lobe epilepsy may compromise visual memory.
They also suggested that patients with right temporal lobe
epilepsy may be able to verbalize visual material more
successfully than those with left temporal lobe epilepsy.

CLINICAL IMPLICATIONS AND
FUTURE RESEARCH

Future research questions might address the complex
relationship between seizure variables and emotion rec-
ognition deficits. Are they related to duration of epilepsy,
regardless of type or age of onset? Do newly diagnosed
patients initially have intact emotion recognition skills
that deteriorate relative to the duration of their disorder?
Is the effect simply one of illness chronicity, or is the total
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number of seizures the major contributory factor? What
role might medication play? What is the impact of using
different tools and procedures for the assessment of emo-
tion recognition deficits?

Patients are largely unaware of their emotion recog-
nition impairments, and there is still little known about
the impact of such impairments on quality of life and psy-
chosocial well-being. The research indicates that assess-
ing social cognition factors should become an integral
part of the neuropsychologic examination of patients. As
such, social cognition deficits need to be identified and
addressed as part of routine neuropsychological examina-
tion and intervention.

It is widely accepted in the literature that, in a clini-
cally complex condition such as epilepsy, there are a num-
ber of neurobiological, psychosocial, and psychologic
factors that could produce psychosocial disturbance.
This acknowledgment has often failed to influence the
research models adopted, and the field remains, to a large
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he classification of psychiatric dis-

orders in epilepsy has always been

controversial. A well-established

‘ system of classification would ensure

effective scientific communication among specialists

around the world. This is especially true in a specialty,

such as neuropsychiatry, with few well-defined para-

meters and diagnostic tests—a specialty that therefore

relies on clear and concise clinical descriptions. Further,

because epilepsy-specific neuropsychiatric disorders are

well described empirically and have clear differences

compared with generic psychiatric disorders, there is a
felt need for a distinct classification (1).

The European psychiatrists of the nineteenth and
early twentieth century were the first to suggest paradigms
of classification for neuropsychiatric disorders in epi-
lepsy. There was considerable disagreement among these
“experts,” which is documented in an elegant review by
Schmitz and Trimble (2). The advent of electroencepha-
lography (EEG) and its widespread use in epilepsy centers
from the 1950s also had a major influence on classification
at this interface. Clinician scientists such as Landolt (3, 4)
at this time described classificatory systems that had EEG
firmly at their helm. Subsequent to this, however, there
have been few serious attempts to develop a classificatory
system and, to our best knowledge, no organized consen-
sus efforts backed by international academic bodies.

Classification of
Neuropsychiatric
Disorders in Epilepsy

The scenario until recently was complicated by other
factors as well. It is noteworthy that both the International
League Against Epilepsy (ILAE) (5) and the World Health
Organization (WHO) classifications of seizures and epi-
lepsy (6) do not take psychopathology of epilepsy into
account. Nor does the psychopathology of epilepsy find
a place in the evolving ILAE classification proposal (7).
Further, any modern attempt at classification of epilepsy-
specific psychopathology may have the onerous task of
having to consider the spectrum of psychiatric diagnoses as
described in the current psychiatric classifications—ICD-
10 (8) and DSM-IV (9)—and relate this to diagnoses at the
seizures and epilepsy interface. The most recent attempt
at developing such a classification came from the ILAE
Commission on Psychobiology of Epilepsy, which had a
dedicated subcommission on classification. The consensus
paper of this commission, which was widely circulated
among experts with an interest in epilepsy neuropsychiatry,
is now in press (10). The approach of this commission is
reviewed here and analyzed for the benefit of the reader.

THE ILAE CLASSIFICATION

The classificatory system of the ILAE has taken a clearly
clinical approach based on semiology. In this the commis-
sion has differed from other, etiology-driven approaches,
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the basic premise being that clinical descriptions, at least
at present, have greater cross-cultural validity than do
etiological associations, whose scientific bases remain
somewhat uncertain. The ILAE classification begins by
differentiating comorbid disorders from epilepsy-specific
neuropsychiatric disorders. The acknowledgment here
is that people with epilepsy can, like their peers in the
community, suffer from both minor and major psychiatric
disorders that are putatively unrelated to the epilepsy
process and mirror well-acknowledged descriptions in
ICD-10 and DSM-IV. While somewhat unusual, this
approach puts the focus of this classification firmly
on neuropsychiatric disorders specific to epilepsy and
ensures that it is in no way competing with established
classificatory systems in psychiatry—a wheel that needs
no reinvention. A parallel can be drawn between this
approach and that taken by surgical epileptologists, who
differentiate “epilepsy surgery” from surgical approaches
that aim to tackle symptomatic seizures, the former being
far more specific than the latter. The comorbid psychiatric
disorders described in this classification include anxiety
and phobic disorders, minor and major depression, obses-
sive compulsive disorder, bipolar affective disorders, and
forms of schizophrenia not recognized as being typical of
epilepsy (for example, disintegrative forms of the condi-
tion). It is recommended that conventional criteria as
described in the psychiatric classificatory systems should
be used to classify these comorbid mental disorders.

Another area about which the commission has chosen
to include a mention in this classification is “cognitive
dysfunction.” Avoiding detailed review of various neu-
ropsychologic constructs in epilepsy, the ILAE classifi-
cation merely seeks to mention cognitive impairments,
including difficulties with memory, language, execu-
tive functions, visuospatial ability, and sensorimotor/
perceptual functions, which may be general or spe-
cific (11). Some specific neurocognitive deficits such as
the Landau—Kleffner syndrome, which can be associated
with specific EEG changes such as electrical status epilep-
ticus of slow wave sleep (ESES) or continuous spike and
wave in slow wave sleep (CSWS) to be included here (12),
find mention here.

The logic in such limited coverage was the admit-
tedly controversial differentiation between neuropsychi-
atric and neuropsychologic disorders in epilepsy, with
the latter being considered outside the purview of the
subcommission on classification. Further, apart from the
observed links between cognitive disorders, behavioral
dysfunction, and intractable epilepsy, with their neu-
robiological underpinnings, the firmest links to emerge
between neuropsychology and neuropsychiatry in epi-
lepsy have been in the learning disability/mental retarda-
tion literature (13), in the observation of both types of
dysfunction with antiepileptic drug treatment (14), and
more recently in the context of “memory complaints that
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are associated with depression rather than actual cogni-
tive impairment” (15).

Although there are different ways of classifying men-
tal states, the clinical approach of observing patients over
a prolonged period of time is by far the most important,
and that approach is the basis of this proposal. Further, as
mentioned earlier, while there is good empirical evidence to
suggest that the psychiatric disorders of epilepsy are clini-
cally distinct, they do not find a place in the current classifi-
catory systems in psychiatry such as ICD-10 and DSM-IV.
Besides, operational rules that exist ensure that they are
subsumed within categories (organic mental disorder, for
example), in a way that may be neither appropriate nor
accurate. Because these disorders are phenomenologically
distinct and may respond to specific therapeutic measures,
as discussed, for example, by Blumer (16), that approach is
clearly unsatisfactory. Modern efforts must be directed at
developing a more comprehensive and acceptable system
of classification for psychiatric disorders in epilepsy.

Thus, with regard to the well-defined ictal and inter-
ictal psychiatric disorders specific to epilepsy, the commis-
sion has chosen to be rather more prescriptive, as a wealth
of empirical observation has accumulated over decades.
Among psychiatric disorders, depression and psychoses
predominate the epilepsy literature, followed by anxiety
disorders and personality trait accentuation/disorder. The
ILAE commission has also chosen to classify largely based
on relationship to ictus: interictal (between seizures with
no presumed specific relationship); preictal (preceding sei-
zures, sometimes serving as an aura or warning); postictal
(following seizures, sometimes after a lucid interval); and
alternate (a paradoxical relationship where either sei-
zures or behavioral dysfunction predominate at different
times). The core elements of the new ILAE classification
with regard to epilepsy-specific disorders are reproduced
in this chapter for the benefit of the reader.

PSYCHOPATHOLOGY AS A PRESENTING
FEATURE OF EPILEPTIC SEIZURES

Psychiatric symptoms are often a feature of the seizure
itself. Auras of simple partial seizures include psychiatric
symptoms such as anxiety and panic, hallucinations in
various modalities, and even transient abnormal beliefs.
Abnormal (sometimes bizarre) behavior can also charac-
terize partial seizures arising from the frontal and tempo-
ral lobes that often do not generalize. Subclinical seizure
activity (often nonconvulsive status) can also present with
catatonic features and other neuropsychiatric manifesta-
tions such as apathy and aggression (17).
Well-defined ictal states are included as follows:

e Complex partial seizure status: presents with
impaired awareness.
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e Simple partial seizure status (aura continua): pres-
ents with intact awareness.

® Absence status (spike-wave stupor): presents with a
stuporous state and at times with minor myoclonic
manifestations.

PSYCHIATRIC DISORDERS WITH
ICTAL ASSOCIATIONS THAT ARE
SPECIFIC TO EPILEPSY

There are disorders that are seen specifically in patients
with epilepsy and have specific ictal associations as well
as distinct clinical descriptions that may respond to spe-
cific forms of treatment. These can be broadly divided
into the following categories:

Psychoses of Epilepsy

Interictal Psychosis of Epilepsy. This is a paranoid psy-
chosis with strong affective components but usually not
affective flattening. Features may include command hal-
lucinations, third-person auditory hallucinations, and
other first-rank symptoms. There is a preoccupation with
religious themes. Personality and affect tend to be well-
preserved unlike in other forms of schizophrenic psycho-
sis. Psychotic features are usually independent of seizures,
although they may become manifest as seizure freedom
lessens (17).

Include: Schizophrenia-like psychosis of epilepsy

Exclude: Cases fulfilling criteria for undifferentiated
or hebephrenic schizophrenia

Alternative Psychosis. The patient alternates between peri-
ods of clinically manifest seizures and normal behavior,
and other periods of seizure freedom accompanied by
a behavioral disturbance. The behavioral disturbance is
often accompanied by paradoxical normalization of the
EEG (forced normalization) (3, 4). The behavioral dis-
turbance is polymorphic, with paranoid and affective fea-
tures. The diagnosis of Alternative Psychosis (18) should
be made in the absence of the EEG. If EEG confirmation
is available, the diagnosis should be qualified further as
“with forced normalization of the EEG.”

Include: Forced Normalization/Paradoxical Normal-
ization (19). Include also cases with relative normalization
as defined by Krishnamoorthy and Trimble (20).

Exclude: Continuing interictal psychosis or postictal
psychosis (recent cluster of seizures); nonconvulsive status
with psychiatric manifestations.

Postictal Psychosis.  This follows clusters of seizures (rarely
single seizures) usually after a 24-48 hour period of rel-
ative calm (the lucid interval). These episodes can last
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from a few days to several weeks but usually subside in
1-2 weeks. Confusion and amnesia may be present. The
content of thought is paranoid, and visual and auditory
hallucinations may be present. Manifestations are often
polymorphic, with affective features and a strong reli-
gious theme (17).

Include: Cases with a clear history of a cluster of
seizures or an isolated single seizure (in a patient who has
been seizure-free). The first manifestation of abnormal
behavior should occur within a 7-day period of the last
seizure (21).

Exclude: Postictal confusion; nonconvulsive status
with psychiatric manifestations.

Affective-Somatoform (Dysphoric)
Disorders of Epilepsy

Intermittent affective-somatoform symptoms are fre-
quently present in chronic epilepsy. They present in a
pleomorphic pattern and include eight symptoms: irri-
tability, depressive moods, anergia, insomnia, atypical
pains, anxiety, and euphoric moods. They occur at vari-
ous intervals and tend to last from hours to 2-3 days,
although they might on occasion last longer. Some of the
symptoms may be present continually at a baseline from
which intermittent fluctuations occur. The presence of
three symptoms or more generally coincides with sig-
nificant disability (16). The same affective-somatoform
symptoms occur during the prodromal and postictal
phases and need to be coded as such if they are of clini-
cal significance.

Interictal Dysphoric Disorder.  Intermittent dysphoric symp-
toms (at least three of those just mentioned) are present, each
to a troublesome degree. In women the disorder is manifest
(or accentuated) in the premenstrual phase.

Prodromal Dysphoric Disorder. Irritability or other dys-
phoric symptoms may precede a seizure by hours or days
and cause significant impairment.

Postictal Dysphoric Disorder. Symptoms of anergia or
headaches as well as depressed mood, irritability, or
anxiety may develop after a seizure and be prolonged
or exceptionally severe.

Alternative Affective-Somatoform Syndromes. Depression,
anxiety, depersonalization, derealization, and even non-
epileptic seizures have been reported as presenting mani-
festations of forced normalization (19). These may be
diagnosed in the absence of an EEG as described previ-
ously, and, in the face of EEG evidence, coded as “with
forced normalization of EEG.”

Include: Brief-lasting but disabling changes in
affect.
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Exclude: Patients fulfilling ICD-10 and DSM-IV criteria
for major depression, dysthymia, and cyclothymia.

Personality Disorders

Patients with chronic epilepsy may show distinct per-
sonality changes that tend to be subtle. Three types are
recognized:

1. A deepening of emotionality with serious, highly
ethical, and spiritual demeanor (22)

2. A tendency to be particularly detailed, orderly, and
persistent in speech and action, viz. viscosity (23)

3. A labile affect with suggestibility and immaturity
(referred to as eternal adolescence) (24)

They may be coded as personality disorders only if pres-
ent to a degree that interferes significantly with social
adjustment.

Hyperethical or hyperreligious groups
Viscous group

Labile group

Mixed (two or more of the above)

Diagnosis should be coded in the category as follows:

* No personality trait accentuation or disorder
e Personality trait accentuation, but not disorder
e Personality disorder specific to epilepsy

Exclude: Patients fulfilling criteria for well-defined
DSM-IV or ICD-10 personality disorders.

Specific Phobic Fears

Specific phobic fears such as fear of seizures (25), ago-
raphobia, and social phobia may occur as a result of
recurrent seizures. They may occur either as part of the
interictal dysphoric disorder, in which case that diagnosis
is preferred, or alone, in which case they should be coded
here. Unlike comorbid psychiatric disorder, the phobic
fears revolve around epilepsy, and the fear of the situa-
tion and subsequent avoidance are linked to the fear of
having a seizure in that situation and the possible con-
sequences.

Other Relevant Information (to be Recorded
in All Patients if Possible)

Relationship to EEG Change. Characteristic changes
in EEG could accompany disorders with psychiatric
presentations such as generalized absence status, simple
and complex partial seizures, or encephalopathy (organic

brain syndrome), or there may be an absence or reduc-
tion of EEG abnormalities compared to previous and
subsequent EEGs, as in forced normalization. The EEG
is thus an important investigative tool, and the findings
at the time of psychiatric disturbance need to be coded
separately as follows:

EEG not available/not done

EEG remains unchanged
Nonspecific EEG change

Specific EEG change (please specify)

Anticonvulsant-Induced Psychiatric Disorders. As
drugs used in the treatment of epilepsy may contribute to
the development of psychiatric disorders, it is important
that this be specified as an additional category. As both
anticonvulsant induction (14) and withdrawal (26) are
known to precipitate behavioral change, this factor needs
to be specified, as does the specific anticonvulsant prob-
ably responsible, if at all possible. This also has prognos-
tic and therapeutic implications, because often the only
course of action available to the treating professional is
withdrawal of the offending agent.

* Details of AED therapy not known/not documented

® No change in AED treatment

e AED institution (in a 30-day period prior to psychiatric
disorder)

® AED withdrawal (in a 7-day period prior to psychiatric
disorder)

® Both AED institution and withdrawal during 30-day
period

* Note: Specify AEDs

CONCLUSIONS

While this classificatory system is by no means the ideal
to which researchers have aspired, its clinical basis, focus
on epilepsy-specific psychopathology, and inherent sim-
plicity are likely to make it applicable in many settings,
both in the developing and in the developed world. This
operational system needs to be piloted, suitably modi-
fied, and validated in several settings before it is widely
acceptable. Nevertheless, it has provided a template that
hitherto did not exist.

The emphasis on clinical semiology is a reminder and
acknowledgment of the importance of clinical descrip-
tions in classificatory systems across medical disciplines.
It also reflects the prevailing view in epilepsy neuropsy-
chiatry that the exponential growth in technological
advances has yet to result in tangible breakthroughs in
our understanding of this interface. Indeed, the paucity of
knowledge about specific etiological factors that influence
the development of neuropsychiatric disorders in epilepsy
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is in itself proof of the neglect that this interface suffers. In
the absence of such specific knowledge and understand-
ing, the ILAE commission has chosen to take the view that
attempting an etiological classification may be fallacious.
Yet the emphasis on EEG change as the predominant fac-
tor retains the biomedical emphasis in this classification.
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Andres M. Kanner

ultiple studies have documented the

high comorbidity between mood

disorders (MD) and epilepsy. Such

comorbidity is not limited to stud-
ies carried out in tertiary centers but can be identified
in population-based studies. For example, Ettinger et al.
investigated the presence of symptoms of depression
among 775 people with epilepsy (PWE), 395 people
with asthma, and 362 healthy controls identified from
a cohort of 85,358 adults aged 18 years and older
using the Centers of Epidemiologic Studies-Depression
(CES-D) Instrument (1). One-third of PWE (36.5%)
had a CES-D score high enough to suggest the presence
of severe or moderately severe depressive episode. The
prevalence rate of such depressive episode was higher
than that identified in people with asthma (27.8%) and
healthy controls (11.8%). The same group of investiga-
tors compared the lifetime prevalence rates of bipolar
symptoms and past diagnoses of bipolar I and II disorder
with the Mood Disorder Questionnaire (MDQ) among
subjects who identified themselves as having epilepsy
and those with migraine, asthma, diabetes mellitus, or
a healthy comparison group (2). Bipolar symptoms, evi-
dentin 12.2% of epilepsy patients, were 1.6 to 2.2 times
more common in subjects with epilepsy than with
migraine, asthma, or diabetes mellitus, and 6.6 times
more likely to occur than in the healthy comparison

Mood Disorders in
Epilepsy: Two Different
Disorders with Common
Pathogenic Mechanisms?

group. A total of 49.7% of patients with epilepsy who
screened positive for bipolar symptoms were diagnosed
with bipolar disorder by a physician, nearly twice the
rate seen in other disorders. However, 26.3% of MDQ-
positive epilepsy subjects carried a diagnosis of unipolar
depression, and 25.8% had neither a uni- or bipolar
depression diagnosis.

Investigators have attributed the high prevalence of
MD to a variety of factors including reactive processes,
iatrogenic causes, genetic predisposition, and seizure-
related endogenous changes impacting neurochemi-
cal and neurophysiologic processes. These have been
reviewed extensively in other review articles by this and
other authors and will not be repeated here (3-5).

For a long time, investigators, clinicians, and patients
have assumed a unidirectional relationship between epi-
lepsy and MD, whereby the presence of the former is a
risk factor for the latter. In fact, several population-based
studies have demonstrated the existence of a bidirectional
relationship between epilepsy and MD. In a population-
based, case-control study carried out in Sweden, Forsgren
and Nystrom found that newly diagnosed adult-onset epi-
lepsy was seven times more frequent among patients with
a history of depression preceding the onset of epilepsy
than among age- and sex-matched controls (6). Similarly,
in a population-based, case-control study of the incidence
of new-onset epilepsy among adults aged 55 and older,
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Hesdorffer et al. found that patients were 3.7 more likely
to have a history of depression preceding their initial sei-
zure than controls were (7). In this study, the authors also
controlled for medical therapies for depression. These
investigators provided further compelling evidence of a
bidirectional relationship between MD and epilepsy in a
population-based study carried out in Iceland (8). In this
study, the investigators identified any psychiatric symp-
tom and disorder that preceded the occurrence of the
seizure disorder in all children and adults with epilepsy
and in a group of age-matched controls free of any epi-
lepsy. They found that a history of major depression (OR:
1.7,95% CI: 1.1-2.7) and a history of attempted suicide
(OR: 5.1, 95% CI: 2.2-11.5) independently increase the
risk of experiencing unprovoked seizures and epilepsy. It
should be noted, however, that the credit for the initial
recognition of a bidirectional relationship between MD
and epilepsy should go to Hippocrates, when he wrote
26 centuries ago that “melancholics ordinarily become
epileptics, and epileptics melancholics: what determines
the preference is the direction the malady takes; if it
bears upon the body, epilepsy, if upon the intelligence,
melancholy” (9).

The bidirectional relationship between MD and epi-
lepsy should not be interpreted to suggest the existence of
a causal relationship between the two. Rather, it suggests
that both disorders share pathogenic mechanisms that, in
turn, may explain their high comorbidity. This chapter
reviews these common pathogenic mechanisms and their
therapeutic implications for treatment of seizure disorders
and of MD in PWE.

NEUROBIOLOGIC BASES OF
MOOD DISORDERS

Neuroanatomy of Primary Mood Disorders

In a review of the literature, Sheline described morphologic
and volumetric changes in neuroanatomical structures that
form a “limbic-cortical-striatal-pallidal-thalamic circuit
in patients with major depressive disorders (MDD)” (10).
She proposed a limbic-thalamic-cortical branch as one
of its arms, which includes the amygdala, hippocampus,
medial-dorsal nucleus of the thalamus, and medial and
ventrolateral prefrontal cortex. She also suggested the
existence of a second arm running in parallel and linking
the caudate, putamen, and globus pallidus with limbic and
cortical regions. Depression in PWE has been associated
more frequently with seizure disorders of temporal and
frontal lobe origin, with prevalence rates ranging from
19% to 65% in various patient series (11-15). It is not
surprising to find structural and functional changes of
frontal and temporal lobe structures in patients with
primary MD.
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Structural changes identified on MRI

Temporal lobe structures. The temporal struc-
tures affected in patients with primary MDD and bipo-
lar disorders (BPD) include the hippocampal formation,
amygdala, entorhinal cortex, and parahippocampal
gyrus (10). In 1996, Sheline et al. reported on the pres-
ence of smaller hippocampal volumes, bilaterally, of
ten patients with a history of MDD in remission when
compared to hippocampal volumes of 10 age-, sex-, and
height-matched normal controls (16). They also iden-
tified large hippocampal low-signal foci (=4.5mm in
diameter), and their number correlated with the total
number of days depressed. A significant inverse corre-
lation between the duration of depression and left hip-
pocampal volume was also demonstrated, suggesting
that patients with more chronic and active disease were
more likely to have hippocampal atrophy. These authors
replicated these findings in a larger study of 24 patients
and 24 matched controls for age, sex, and height, in
which they also found that core amygdala nuclei volumes
correlated with hippocampal volumes. Hecimovic et al.
carried out a review of all the published studies to date
on the volumetric changes of various neuroanatomical
structures (17). These are summarized in Table 25-1. As
shown in the table, Sheline’s findings were replicated
by various investigators but not all. A reduction of the
hippocampal formation was associated with an early
age of onset of the MDD, a greater number of previ-
ous episodes, or longer duration of untreated depression
(17). As shown in Table 25-1, findings of hippocampal
volume change in bipolar disorder have not been uni-
form, as some studies found an increase, but others a
decrease or no change in the hippocampal volume. The
discrepancy in the data may stem from differences in the
technique to measure the neuroanatomical structures, the
number of MDD, the use of antidepressant medication,
and duration of untreated illness (see subsequent discus-
sions). None of the studies showed any significant differ-
ences in the total intracranial volume between patients
with depression and healthy subjects. Nevertheless, most
authors use relative measurements for comparison of
regions of interest or with a total intracranial volume
as a covariate in the statistical analysis.

Some authors have associated the severity of depres-
sion with the development of hippocampal atrophy. For
example, Shah and colleagues compared hippocampal
volumes of 20 patients with treatment-resistant MDD
to 20 patients who responded to therapy and 20 healthy
controls (23). Patients with treatment-resistant MDD
were more likely to have hippocampal atrophy.

Lower verbal memory scores are a functional con-
sequence of hippocampal damage, as demonstrated in a
study by MacQueen and colleagues, who compared hip-
pocampal volumes and hippocampal-dependent memory
tests between 20 patients with first episode that was never
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TABLE 25-1

Volumetric Changes in Primary Mood Disorders

NEUROANATOMIC N FINDINGS OF VOLUME
STRUCTURE TyrE oF MD  CHANGES AUTHOR
Hippocampus- 48 MDD No significant between-group difference Coffey et al., 1993 (18)
amygdala complex
Hippocampus- 40 MDD No significant between-group difference Ashtari et al., 1999 (19)
amygdala complex
Hippocampus 20 MDD Reduction in the volume Krishnan et al. 1991 (20)
Hippocampus 19 MDD No significant between-group difference Axelson et al., 1993 (21)
Hippocampus 19 MDD No significant between-group difference Pantel et al., 1997 (22)
Hippocampus 20 MDD Reduction in the left hippocampal volume Shah et al., 1998 (23)
Hippocampus 24 MDD Reduction in the volume Sheline et al., 1999 (4)
(women)
Hippocampus 34 MDD Reduction in the left hippocampal volume Mervaala et al., 2000 (24)
Hippocampus 38 MDD No significant between-group difference Vakili et al., 2000 (25)
Hippocampus 14 MDD No significant between-group difference Von Gunten et al., 2000 (26)
Hippocampus 66 MDD Reduction in the right hippocampal volume Steffens et al., 2000 (27)
Hippocampus 25 MDD No significant between-group difference Rusch et al., 2001 (28)
Hippocampus 30 MDD Reduction in the right hippocampal volume Bell-McGinty et al., 2002 (29)
Hippocampus 30 MDD Reduction in the volume with a first episode Frodl et al., 2002 (30)
Hippocampus 38 MDD Reduction in the volume Sheline et al., 2003 (31)
Hippocampus 20 MDD Reduction in the volume MacQueen et al., 2003 (32)
Hippocampus 31 MDD Reduction in the volume Caetano et al., 2004 (33)
Hippocampus 38 MDD No significant between-group difference Vythilingam et al., 2004 (34)
Hippocampus 30 MDD No significant between-group difference after Frodl et al., 2004 (35)
1 year follow-up
Hippocampus 40 MDD Reduction in the volume if allele L/L of the Frodl et al., 2004 (36)
5-HTTLPR
Hippocampus 31 MDD Reduction in the total and posterior hippocampal ~ Neumeister et al., 2005 (37)
volume
Amygdala 19 MDD No significant between-group difference Pantel et al., 1997 (22)
Amygdala 27 MDD Reduction in the left amygdala volume Pearlson et al., 1997 (38)
Amygdala 20 MDD Bilaterally reduced core nuclei volumes Sheline et al., 1998 (39)
Amygdala 34 MDD Asymmetry (left smaller than right) Mervaala et al., 2000 (24)
Amygdala 14 MDD Reduction in the left amygdala volume Von Gunten et al., 2000 (26)
Amygdala 30 MDD Increase in the volume with a first episode Frodl et al., 2002 (40)
Amygdala 30 MDD No significant between-group difference after Frodl et al., 2004 (35)
1 year follow-up
Temporal lobe 17 MDD Reduction in the volume on the left and right Hauser et al., 1989 (41)
Temporal lobe 48 MDD No significant between-group difference Coffey et al., 1993 (18)
Temporal lobe 30 MDD Reduction in the left medial temporal volume Greenwald et al., 1997 (46)

*All studies listed are in comparison with healthy controls. MDD: major depressive disorder; BD: bipolar disorder.

treated and normal age-matched controls (32). The same
comparisons were carried out between a second patient
group that included 17 patients with recurrent depressive
episodes and matched controls and the patients with a
single depressive episode. While patients with a single
and multiple episodes had verbal memory deficits, only
patients with multiple episodes had hippocampal atrophy.
As in Sheline’s studies, there was a significant correlation
between the duration of the depressive illness and the
degree of hippocampal atrophy.

Atrophy has also been identified in other mesial tem-
poral structures. Bell-McGinty and colleagues found an
inverse relationship between the volumes of hippocampus
and entorhinal cortex and the time since the first lifetime
depressive episode in a study of 30 patients with MDD
and 47 matched controls (29).

In a recent study, Posener and colleagues suggested
the need to study the shape of the hippocampus in addi-
tion to the measurement of its volume, because the former
can identify structural changes even in the absence of
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volumetric decrements (43). Using the method of high-
dimensional brain mapping, these authors generated 10
variables, or components of the hippocampal shape, in
a study that compared high-dimensional mapping of 27
patients with MDD and 42 healthy controls. In depressed
patients, these authors identified hippocampal deforma-
tion suggestive of specific involvement of the subiculum,
while finding no differences in hippocampal volumes
between the two groups.

As previously mentioned, exposure to treatment
with antidepressant drugs may have an impact on the
development of hippocampal atrophy. Indeed, Sheline
and colleagues demonstrated that pharmacotherapy
with antidepressants may protect patients with MDD
from developing hippocampal atrophy (31). In a study
of 38 female patients, they found a significant correla-
tion between reduction in hippocampal volume and the
duration of depression that went untreated. On the other
hand, there was no correlation between hippocampal vol-
ume loss and time depressed while taking antidepressant
medication or with lifetime exposure to antidepressants.
Vakili and colleagues supported the same findings (25). In
a study of 38 patients with MDD they found no difference
in hippocampal volumes between patients and controls,
yet they identified a possible relationship between hip-
pocampal volumes and disease severity (left hippocam-
pal volumes correlated with Hamilton Depression Rating
Scale at baseline), as well as with treatment response
(female responders to fluoxetine therapy had significantly
larger right hippocampal volumes).

Changes in amygdala.  As shown in Table 25-1, volu-
metric changes of the amygdalae of patients with MDD
are less consistent than those in the hippocampal forma-
tion. This is not surprising, because measurement of the
volume of the amygdala and its nuclei is technically much
more difficult than that of hippocampal structures. She-
line and colleagues found the core volume of amygdala
nuclei, but not its total volume, to be decreased bilaterally
among 20 patients with a history of MDD, free of any
neurologic disorder, compared to those of 20 matched
controls (39). Conversely, Frodl and colleagues found
increased amygdala volumes in 30 inpatients with a
first episode of MDD, compared to matched controls.
The authors attributed these changes to enhanced blood
flow (40).

Structural changes of temporal lobe structures in
PWE are well known and include atrophy of hippocam-
pus, amygdala, entorhinal cortex, and parahippocampal
gyrus in patients with mesial temporal sclerosis (MTS),
the most frequent type of temporal lobe epilepsy (TLE). In
one study of patients with TLE, higher scores of depres-
sion were associated with the presence of MTS (43). In
a recent study, Gilliam et al. investigated the association
of an indicator of hippocampal function measured with

magnetic resonance spectroscopy (MRSI) with severity
of depression symptoms in 31 patients with pharmaco-
resistant TLE (44). They found that the extent of hippo-
campal TH-MRSI abnormalities correlated with severity
of depression but other clinical factors did not.

MRI structural changes in frontal lobes.  Structural
changes have been investigated in various structures of
the frontal lobes of patients with primary MD, includ-
ing the prefrontal cortex and cingulate gyrus as well as
in their white matter, revealing a decrease in volume of
these structures. These data were also reviewed by Heci-
movic et al. (17), and a summary appears in Table 25-2.
For example, Bremner and colleagues found that orbi-
tofrontal cortical volumes of 15 patients with MDD in
remission were significantly smaller than the volume of
orbitofrontal cortex and other frontal cortical regions
of 20 controls (45). Coffey and colleagues also found
smaller frontal lobe volumes in 48 inpatients with severe
depression who had been referred for electroshock ther-
apy, compared to 76 controls (46]. Lai and colleagues
found smaller bilateral orbital frontal cortex volumes in
20 elderly patients with MDD compared to 20 matched
controls (47). Taylor and colleagues also found smaller
orbitofrontal cortex volumes in 41 elderly patients with
MDD than in 40 controls (48). Furthermore, these
authors found that smaller volumes were independently
associated with cognitive impairment. Kumar and col-
leagues found that the magnitude of prefrontal volume
changes was related to the severity of the depression, as
elderly patients with minor depression had lesser changes
than those with MDD (49).

The presence of white matter hyperintensities in
frontal lobes has also been associated with depression in
the elderly. Kumar and colleagues found that decreased
frontal lobe volumes and the number of white matter
hyperintensities on MRI represent relatively independent
pathways to late-life MDD (50). Tupler and colleagues
on their part compared the number and volumes of white
matter hyperintensities on MRI between 69 patients with
late-onset depression, 49 with early onset depression, and
37 controls (51). Patients with late-onset depression had
more severe hyperintensity ratings in deep white matter
than controls or patients with early onset, while both
groups of depressed patients had worse ratings than
controls. Of note, left-sided white matter lesions were
significantly associated with an older age at the onset of
depression.

Functional Changes

Temporal lobes.  The use of positron emission tomog-
raphy (PET) and single-photon emission tomography
(SPECT) studies have yielded significant data suggestive
of abnormal serotonergic activity in primary MD and in
epilepsy, and in particular as it pertains to the serotonin
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TABLE 25-2

Structural Changes in Frontal Lobe Structures in Patients with Primary MDs

BRAIN STRUCTURE

SAMPLE

FINDINGS

AUTHORS

Prefrontal cortex
Prefrontal cortex
Prefrontal cortex
Prefrontal cortex
Prefrontal cortex
Prefrontal cortex

Prefrontal cortex

Prefrontal cortex

Posterior cingulate

Frontal lobe

Prefrontal cortex
Prefrontal cortex
Prefrontal cortex

Prefrontal cortex

Prefrontal cortex
Prefrontal cortex
Prefrontal cortex
Prefrontal cortex
Prefrontal cortex
Prefrontal cortex

Fusiform gyrus

Posterior cingulate
Posterior cingulate

White matter

White matter

White matter

White matter

White matter
White matter

White matter
White matter

White matter
White matter
White matter

23 MDD

30 MDD (young
women)
15 MDD
18 MDD
30 MDD

24 MDD (elderly)

10 MDD (with

psychotic features)

31 MDD

31 MDD

48 MDD
30 BD
17 BD
27 BD

17 BD

27 BD
32 BD
32 BD
36 BD
16 BD (children)
15 BD

32 BD
16 BD (children)
36 BD
36 BD
70 BD

48 MDD

48 MDD

30 MDD
35 MDD

24 MDD (women)
41 MDD (elderly)

115 MDD

133 MDD (elderly)
253 MDD (elderly)

Reduction in the subgenual prefrontal cortex
volume
Reduction in the left anterior cingulate volume

Reduction in the gyrus rectus volume

No significant change in the pregenual area

Reduction in the volume

Reduction in the anterior cingulate, the gyrus
rectus and the orbitofrontal cortex volume

Reduction in the left subgenual prefrontal cor-
tex volume

Reduction in the anterior cingulate volume

Reduction in the volume

Reduction in the volume

Reduction in the midsagittal areas

Reduction in the volume

No significant between-group difference in the
pregenual cortex

Reduction in the left and right prefrontal cortex
volumes

Reduction in the left anterior cingulate volume

Increase in the anterior cingulate volume

Increase in the volume

Reduction in the volume

Reduction in the left anterior cingulate volume

No significant between-group difference in the
subgenual cortex

Increase in the volume

Reduction in the volume

Reduction in the volume

Increase in the white matter hyperintensities

Increase in the hyperintense lesions volume in
the subependymal region, subcortical gray
nuclei, and the deep white matter

Increase in the periventricular white matter
hyperintensities

Increase in the periventricular white matter
hyperintensities

No significant between-group difference

Increase in the left frontal and left putaminal
deep white matter hyperintesities

No significant between-group difference

Increase in the deep white matter
hyperintensities

Increase in the white matter hyperintensities

Increase in the white matter hyperintensities

Increase in the white matter hyperintensities

Drevets et al., 1997 (52)
Botteron et al., 2002 (53)

Bremner et al., 2002 (45)
Brambilla et al., 2002 (54)
Steffens et al., 2003 (55)
Ballmaier et al., 2004 (56)

Coryell et al., 2005 (57)

Caetano et al., 2006 (58)
Caetano et al., 2006 (58)
Coffey et al., 1993 (18)
Coffman et al., 1990 (59)
Sax et al., 1999 (60)
Brambilla et al., 2002 (54)

Lopez-Larson et al.,
2002 (61)
Sassi et al., 2004 (62)
Adler et al., 2005 (63)
Adler et al., 2005 (63)
Nugent et al., 2005 (64)
Kaur et al., 2005 (65)
Sanches et al., 2005 (66)

Adler et al., 2005 (63)
Kaur et al., 2005 (65)
Nugent et al., 2005 (64)
Dupont et al, 1995 (67)
McDonald et al., 1999 (68)

Coffey et al., 1993 (18)
Coffey et al., 1993 (18)

Dupont et al., 1995 (67)
Greenwald et al., 1998 (68)

Lenze et al, 1999 (70)

Kramer-Ginsberg et al.,
1999 (71)

Tupler et al., 2002 (51)

Taylor et al., 2003 (48)

Taylor et al., 2003 (48)

*All studies listed are in comparison with healthy controls. MDD: major depressive disorder; BD: bipolar disorder.
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(5-hydroxytryptamine, SHT) receptor most frequently
involved in MD and epilepsy: the SHT) , receptor. Deficits
in SHT transmission in human MD are thought to be
partially related to a paucity of serotonergic innervation
of terminal areas, suggested by a scarcity of SHT levels in
brain tissue, plasma, and platelets (72-76) and with a def-
icit in serotonin transporter binding sites in postmortem
human brain (77-79). Serotonin stores and transporter
protein are important components of serotonin terminals,
so a combined deficit is a plausible indicator of reduced
axonal branching and synapse formation.

With respect to abnormal serotonergic activity in
functional neuroimaging studies of patients with primary
MDD, Sargent et al. demonstrated reduced SHT 5 recep-
tor binding potential values in frontal, temporal, and
limbic cortex with PET studies using [11C]WAY-100635
in both unmedicated and medicated depressed patients
compared with healthy volunteers (80). Of note, binding
potential values in medicated patients were similar to
those in unmedicated patients. Drevets et al., using the
same radioligand, reported a decreased binding poten-
tial of SHT,, receptors in mesial-temporal cortex and
in the raphe in 12 patients with familial recurrent major
depressive episodes, compared to controls (81). A deficit
in the density or affinity of postsynaptic SHT,, recep-
tors was identified in the hippocampus and amygdala
of untreated depressed patients who committed suicide
(82). In addition, impaired serotonergic transmission has
been associated with defects in the dorsal raphe nuclei of
suicide victims with MDD, consisting of an excessive den-
sity of serotonergic somatodendritic impulse—suppressing
SHT, , autoreceptors (83).

Similar abnormalities have been reported in PWE.
In a PET study of patients with TLE using the SHT ,
receptor antagonist [18F] trans-4-fluoro-N-2-[4-(2-
methoxyphenyl)piperazin-1-yl]ethyl-N-(2-pyridyl) cyclo-
hexanecarboxamide, reduced SHT, 4 binding was found
in mesial temporal structures ipsilateral to the seizure
focus in patients with and without hippocampal atrophy.
Reduced serotonergic activity was independent of the
presence or absence of hippocampal atrophy on MRI,
and reduced volume of distribution and binding remained
significant after partial volume correction (84). In addi-
tion, a 20% binding reduction was found in the raphe
and a 34% lower binding in the thalamic region ipsilat-
eral to the seizure focus. In a separate PET study aimed
at quantifying SHT, , receptor binding in 14 patients
with TLE, a decreased binding was identified in the epi-
leptogenic hippocampus, amygdala, anterior cingulate,
and lateral temporal neocortex ipsilateral to the seizure
focus, as well as in the contralateral hippocampi, but to
a lesser degree, and in the raphe nuclei (835). Other inves-
tigators using the SHT, tracer 4,2-(methoxyphenyl)-1-
[2-(N-2-pyridinyl)-p-fluorobenzamido]ethylpiperazine
(['8F]MPPF) found that the decrease in binding of SHT,

was significantly greater in the areas of seizure onset and
propagation identified with intracranial electrode record-
ings. As in the other studies, reduction in SHT, , binding
was present even when quantitative and qualitative MRI
were normal (86).

In a recent study of 46 patients with TLE, Theo-
dore et al. demonstrated an inverse correlation between
increased severity of symptoms of depression identified
on the Beck Depression Inventory and SHT,, receptor
binding at the hippocampus ipsilateral to the seizure focus
and, to a lesser degree, at the contralateral hippocampus
and midbrain raphe (87).

Reduction in SHT;, receptor binding is not
restricted to patients with TLE. PET studies with the
SHT, , receptor antagonist carbonyl carbon-11 WAY-
100635 ([11CIWAY-100635) found a decreased binding
potential in the dorsolateral prefrontal cortex, raphe
nuclei, and hippocampus of 11 patients with juvenile
myoclonic epilepsy, compared to 11 controls (88).

Frontal lobes. Involvement of frontal lobes in
primary MD has also been demonstrated with func-
tional neuroimaging using PET, SPECT, and neuro-
psychologic studies (89-91). PET studies of major
depression have revealed resting-state abnormalities
in the prefrontal and cingulate cortices. In one of the
leading studies, Liotti et al. investigated common and
differential changes in regional blood flow among three
groups: euthymic unipolar patients in remission, acutely
depressed patients, and never-depressed volunteers (92).
Subjects were studied before and after transient sad
mood challenge with [1SO]JH,O PET after provoca-
tion of sadness with autobiographical memory scripts.
Mood provocation in both depressed groups resulted
in regional cerebral blood flow (rCBF) decreases in
medial orbitofrontal cortex Brodmann’s area 10/11,
which were absent in the healthy group. In the remit-
ted group, mood provocation produced a unique rCBF
decrease in pregenual anterior cingulate 24a. The main
effects in healthy subjects, an rCBF increase in sub-
genual cingulate Brodmann’s area 25 and a decrease
in right prefrontal cortex Brodmann’s area 9, were not
present in the depressed groups.

Executive abnormalities are consistently found
among studies of patients with MDD and are more appar-
ent in more severe depressive disorders. 