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Mesial Temporal Lobe Epilepsy
Volume 7, Number 4, 2001

■ PROGRESS IN CLINICAL NEUROSCIENCE

Mesial Temporal Lobe Epilepsy:
What Have We Learned?
JEROME ENGEL, JR.
UCLA School of Medicine
Los Angeles, California

Mesial temporal lobe epilepsy is the most common form of human epilepsy, and its pathophysiological sub-
strate is usually hippocampal sclerosis, the most common epileptogenic lesion encountered in patients with
epilepsy. The disabling seizures associated with mesial temporal lobe epilepsy are typically resistant to
antiepileptic drugs but can be abolished in most patients by surgical treatment. Anteromesial temporal
resection, therefore, is the most common surgical procedure performed to treat epilepsy, and stereo-
tactically implanted intracerebral electrodes are required in some patients to localize the epileptogenic
region. This clinical setting provides a large number of patients for invasive in vivo research with
microelectrode and microdialysis techniques and in vitro research following surgical resection on a single
epileptic disorder. Consequently, much has now been learned about the fundamental neuronal mechanisms
underlying the epileptogenic properties of the human hippocampus in mesial temporal lobe epilepsy. Paral-
lel reiterative studies in patients and animal models of this disorder indicate that enhanced inhibition, in
addition to enhanced excitation, underlies the appearance of hypersynchronous neuronal discharges
responsible for generating spontaneous seizures. Recent studies have elucidated what may be unique
electrophysiological markers of epileptogenicity, which could have valuable diagnostic utility. Although basic
research on mesial temporal lobe epilepsy may ultimately suggest novel approaches to treatment and pre-
vention, attention must also be given to maximizing the application of available effective treatments. In par-
ticular, the safety and efficacy of surgical therapy has greatly improved in recent years, yet this alternative
treatment remains seriously underutilized worldwide. An appropriate increase in referral of patients with this
surgically remediable syndrome to epilepsy centers will not only relieve a great many patients of their dis-
abling seizures and reduce the burden of epilepsy but will also provide increased opportunities for invasive
research that could ultimately result in even more effective therapies or cures. NEUROSCIENTIST
7(4):340–352, 2001
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Epileptic disorders due to localized structural brain
lesions are referred to as symptomatic (secondary)
localization-related epilepsies (Commission on Classifi-
cation 1989). The syndrome of mesial temporal lobe ep-
ilepsy is the most common, and best-defined, form of
symptomatic localization-related epilepsy and is charac-
terized by epileptogenic abnormalities in mesial tempo-
ral limbic structures (Engel, Williamson, and others
1997). The associated pathological substrate is usually
hippocampal sclerosis (Mathern and others 1997), but
other discrete structural lesions can also be found alone
or in association with hippocampal sclerosis (dual pa-
thology). A recent study at a large epilepsy center in
Paris indicated that half of their patients had a diagnosis

of temporal lobe epilepsy and that half of these had evi-
dence of hippocampal sclerosis on magnetic resonance
imaging (MRI) (Semah and others 1998). Because MRI
is not 100% accurate in identifying hippocampal sclero-
sis, it is likely that this population included an even
greater percentage of patients with this pathological
substrate, confirming that mesial temporal lobe epilepsy
with hippocampal sclerosis is likely to be the most com-
mon form of human epilepsy (Engel 1998a).

In the same study, the authors found that a diagnosis
of hippocampal sclerosis was associated with the worst
prognosis in their patient population. Whereas 50% to
80% of patients with epilepsy can expect to become sei-
zure free with adequate medical treatment (Hauser and
Hesdorffer 1990), only 11% of patients in this series
with a diagnosis of hippocampal sclerosis, and only 3%
with dual pathology, had been seizure free for the previ-
ous year. Consequently, mesial temporal lobe epilepsy
also appears to be one of the most medically refractory
forms of human epilepsy. On the other hand, mesial
temporal lobe epilepsy has, for many years, been the
epileptic syndrome most commonly, and most effectively,
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treated by surgical resection (Engel and Shewmon
1993). Mesial temporal lobe epilepsy, therefore, is the
prototype of what are now called surgically remediable
syndromes (Engel 1996b). These are disorders with a
known pathophysiology and natural history, in which
medical intractability can be predicted when first-line
pharmacotherapy fails, where 70% to 90% of patients
with these disorders can expect to become free of dis-
abling seizures with appropriate surgical treatment.
Some evidence suggests that surgical treatment is also
able to prevent, or reverse, interictal psychiatric and social
disturbances that commonly develop in patients with
mesial temporal lobe epilepsy, but only if effective
intervention occurs early in the course of the disorder
(McLachlan and others 1997; Sperling and others 1996).

Recognition of mesial temporal lobe epilepsy as a
surgically remediable syndrome, and the development
of noninvasive tests to identify the epileptogenic mesial
temporal tissue, has had an important impact on clinical
diagnostic and therapeutic approaches to epilepsy.
Equally important, however, is that epilepsy surgery
programs provide neuroscientists with an opportunity to
carry out basic research into the fundamental neuronal
mechanisms of epilepsy during the course of invasive
presurgical evaluations, and following a resective proce-
dure (Spencer and others 1984), which yields specimens
of epileptogenic tissue (Engel 1998b; Schwartzkroin
1993). In the epilepsy surgery setting, structural and
functional neuroimaging, in vivo electrophysiological
monitoring that permits microelectrode (Fried and oth-
ers 1999) and microdialysis (During and others 1995;
Wilson and others 1996) investigations, and in vitro
electrophysiological, biochemical, molecular biological,
and microanatomical studies of resected specimens have
revealed more about the pathophysiology, at the systems,
cellular, and subcellular levels, of mesial temporal lobe
epilepsy than of any other human epileptic condition.

Although much of the knowledge gained from basic
research on mesial temporal lobe epilepsy can be
extrapolated to other forms of epilepsy, an important
conclusion from this work is that there are many differ-
ent fundamental neuronal disturbances underlying dif-
ferent types of epilepsy and that in some ways mesial
temporal limbic epilepsy represents a unique pathophysio-
logical process. Furthermore, we now also know that more
than one seizure type can occur in the same patient, rep-
resenting different basic epileptogenic mechanisms, and
that individual seizures are composed of a series of
events, each reflecting a different pathophysiological
process and anatomical substrate (Engel, Dichter, and
others 1997). The fact that potential antiepileptic com-
pounds are routinely screened with animal models of
generalized tonic-clonic seizures and petit mal absences
before entering clinical trials (Meldrum 1997) may
explain why mesial temporal lobe epilepsy is so often
intractable to currently available antiepileptic drugs. It is
reasonable to assume that many pharmaceutical agents
that would have been effective treatments for the sei-
zures of mesial temporal lobe epilepsy were discarded

over the years because they did not possess anticonvulsive
or antiabsence properties. The ability to utilize patients
with mesial temporal lobe epilepsy in the epilepsy sur-
gery setting to understand the neurobiological distur-
bances responsible for epileptogenesis and seizure
generation in this condition, therefore, should ultimately
result in the development of more specific and more
effective therapeutic interventions.

Clinical Features

Mesial temporal lobe epilepsy with hippocampal sclero-
sis has a characteristic clinical presentation (Table 1)
(Engel, Williamson, and others 1997). Patients often
have a history of complicated febrile seizures or other
initial precipitating injuries, such as head trauma or
intracerebral infections, within the first 4 or 5 years of
life (Mathern and others 1995), suggesting that brain in-
sults during a critical period of development play a role
in initiating epileptogenic hippocampal damage. There
is also an increased incidence of family history of epi-
lepsy, perhaps indicative of a genetic predisposition to
the characteristic cell loss and neuronal reorganization
presumed to be responsible for seizure generation in
this condition. Spontaneous afebrile seizures usually be-
gin in childhood with either a complex partial or gener-
alized tonic-clonic ictal event. Typically, these seizures
initially respond to antiepileptic drugs, and patients may
be seizure free for several years. In the intractable form,
however, when seizures recur, usually in adolescence or
early adulthood, it then becomes difficult or impossible
to bring them under control again with medication. This
and the fact that interictal behavioral disturbances, par-
ticularly depression, often occur when recurrent dis-
abling seizures persist imply that the underlying
neuropathological process is to some extent progressive
(Engel 1996a; Engel and Shewmon 1991).

The habitual seizures usually begin with an aura,
most commonly a sensation of epigastric rising,
although a variety of autonomic and emotional signs
and symptoms can occur (Williamson and Engel 1997).
Initial elementary motor and sensory signs and symp-
toms are not a feature of the ictal events, with the
exception of olfactory and gustatory auras. Auras invari-
ably occur in isolation, as well as immediately preced-
ing complex partial seizures. This may be a unique
feature of hippocampal seizures apparently reflecting
seizure-suppressing mechanisms in the hippocampus
that are capable of preventing spread of ictal discharge
(Lieb and others 1986). The complex partial seizure
typically begins with motor arrest and staring, followed
by oroalimentary automatisms (e.g., lip-smacking,
chewing) and other purposeless movements. Automa-
tisms of the upper limb can be unilateral due to dystonic
posturing of the hand and arm contralateral to the site of
seizure onset. There can be varying degrees of respon-
siveness to the environment during the seizure, but
postictally there is amnesia for the ictal event, and a
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period of confusion. Reactive automatisms may also
occur during the postictal period.

The laboratory diagnostic hallmark of mesial tempo-
ral lobe epilepsy is interictal anterior temporal spike-
wave discharges on the EEG, which phase-reverse in
basal derivations when recordings are performed with
sphenoidal or true temporal electrodes. These may be
recorded independently from both mesial temporal
areas, even though spontaneous seizures usually are
generated from only one side. The typical EEG ictal
onset pattern consists of a 5 to 8 Hz rhythmic discharge
beginning in one mesial temporal area, either initially or
within 30 seconds of a more generalized electrographic
change (Risinger and others 1989). Depth electrode record-
ings, however, reveal that these EEG changes are pre-
ceded by long periods of ictal discharges in the mesial
temporal structures, often associated with the aura,
whereas ictal changes on the EEG are usually not
observed until after there is sufficient propagation to
produce impairment of consciousness and other observ-
able clinical features of the complex partial seizure.
Depth electrode-recorded ictal onsets from the hippo-
campus are more likely to consist of hypersynchronous
discharges than of the buildup of low-voltage fast activ-
ity or recruiting rhythm, more commonly seen from the
neocortex (Spencer and others 1992; AL Velasco and
others 2000) (Fig. 1). Seizures with both types of ictal
onset can be seen in individual patients, however. The
hypersynchronous discharges are usually restricted to
the hippocampus and adjacent structures and either have
no clinical correlate or correspond to auras (Fig. 2).
Transition to a low-voltage fast ictal pattern appears to
be necessary for the propagation that results in motor
signs and impairment of consciousness.

Because EEG-recorded interictal and ictal epileptiform
abnormalities can be falsely localizing, confirmation of
structural or functional disturbances in the electro-
physiologically identified epileptogenic mesial temporal
area is important when surgical treatment is considered.
Confirmation was initially provided by demonstration of
material-specific memory and learning disturbances on
neuropsychological testing and inability to support
memory with contralateral intracarotid amobarbital
injection. Today, computerized neuroimaging plays a
much more important role (Spencer 1994). Positron
emission tomography with fluorodeoxyglucose (FDG-
PET) was the first modern neuroimaging tool to offer
help in identifying hippocampal sclerosis and other
mesial temporal lesions, which appeared as interictal
temporal hypometabolism (Engel and others 1982a,
1982b). Hippocampal atrophy on T1-weighted images
and mesial temporal signal enhancement on T2-
weighted images of structural MRI scans now readily
indicate the presence of hippocampal sclerosis in most
patients with this condition (Cascino and others 1991;
Kuzniecky and Jackson 1995), although FDG-PET
appears to remain a more sensitive test for hippocampal
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Table 1. The syndrome of mesial temporal lobe epilepsy

History
Higher incidence of complicated febrile convulsions or

other cerebral insults in the first 5 years of life than in
other types of epilepsy.

Family history of epilepsy common.
Onset of habitual seizures usually in latter half of first

decade of life.
Auras commonly occur in isolation.
Infrequent secondarily generalized seizures.
Seizures often remit for several years until adoles-
cence or early adulthood.
Seizures often become medically intractable.
Interictal behavioral disturbances can develop, most

commonly depression.
Clinical features of seizures

An aura is usually present. The most common is
epigastric, often with other autonomic or psychic
symptoms, including emotion (e.g., fear). Olfactory
or gustatory sensations can occur. Auras usually last
several seconds.

Complex partial seizures often begin with arrest and
stare; oroalimentary automatisms and complex
automatisms are common. Posturing of one arm
may occur contralateral to the ictal discharge. The
seizure usually lasts 1 to 2 minutes.

The postictal phase usually includes disorientation,
recent-memory deficit, amnesia for the event, and
dysphasia if seizures begin in the language-dominant
hemisphere. This phase lasts several minutes.

Neurologic and laboratory features
Neurologic examination usually normal except for

memory deficit.
Unilateral or bilateral independent anterior temporal

EEG spikes with maximal amplitude in basal
electrodes.

Extracranial ictal EEG activity only with symptoms of
complex partial seizure; usually initial or delayed fo-
cal rhythmic onset pattern of five to eight per sec-
ond, maximal amplitude in one basal temporal
derivation.

Usually hippocampal atrophy on T1 and mesial tempo-
ral increased signal on T2-weighted magnetic reso-
nance imaging.

Usually temporal-lobe hypometabolism on interictal
positron-emission tomography with fluorode-
oxyglucose, often involving ipsilateral portion of the
thalamus and basal ganglia.

Usually temporal-lobe hypoperfusion or interictal single
photon emission computed tomography and charac-
teristic pattern of hypoperfusion and hypoperfusion
on ictal single photon emission computed tomography.

Usually memory dysfunction specific to the involved
temporal lobe on neuropsychological testing and
amnesia with contralateral intracarotid injection of
amobarbital.

Usually decreased n-acetyl aspartate on magnetic res-
onance spectroscopy.

Adapted from Engel (1993).
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Fig. 1. Examples of depth-recorded mesial temporal ictal onsets. A, Low voltage fast seizure onset. Seizure begins with regional
decrease in amplitude and increase in frequency of left mesial temporal sites and spreads to the contralateral mesial temporal lobe
after 20 sec. Chain montage, with most distal electrode tip of each electrode referred to an adjacent electrode tip. Time calibration
between vertical lines = 1.0 sec, amplitude = 200 µ V. B, Hypersynchronous seizure onset with focal slow spiking, which remained on
the left side for 130 sec before spreading to the contralateral mesial temporal lobe. Spread to the other side occurred after develop-
ment of a high-frequency low-amplitude discharge. An interval of 46 sec was removed between the upper and lower traces. R = right; L
= left; A = amygdala; AP = anterior hippocampus; MP = middle hippocampus; MG = middle hippocampus; PG = posterior hippocam-
pus. Calibrations: time 5.0 sec; amplitude 400 µ V. From AL Velasco and others (2000), with permission.

A

B
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Fig. 2. Forty continuous seconds of an EEG recorded from depth, sphenoidal, and scalp electrodes during a simple partial seizure of
the right temporal lobe. Ictal onset consists of an increase in interictal spike discharges, maximal at the right anterior hippocampal
electrode (left portion of the upper panel). After 8 to 9 sec, these spikes become regular, eventually developing into a 3-Hz
spike-and-wave pattern involving all derivations from the right mesial temporal lobe. Note that no low-voltage fast activity is seen, either
initially or at any part of the ictal episode. The patient reached for the call button at the arrow, at which point regular slow activity is
also seen in the left anterior hippocampus and in the right sphenoidal electrode. The patient then indicated an aura consisting of a
sensation of fear in her stomach. Depth electrode locations indicated as in Figure 1. Superficial contacts from anterior (A), mid (M),
and posterior (P) depth electrodes recorded from cortex of middle temporal gyrus (MTG). Calibration 1 sec. From Engel (1989), with
permission.
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sclerosis (Subramanian and others 2001; Knowlton and
others 1997). A typical pattern of temporal hyper- and
hypoperfusion with ictal single photon emission com-
puted tomography (Newton and others 1995) and a
reduction of N-acetyl aspartate with magnetic resonance
spectroscopy (Kuzniecky and Jackson 1995) also aid in
identifying nonepileptic disturbances associated with
the epileptogenic mesial temporal lobe. Diagnosis of
hippocampal sclerosis and other mesial temporal struc-
tural lesions can now be so reliably identified with these
neuroimaging techniques that they often constitute the
primary diagnostic approach for mesial temporal lobe
epilepsy, with EEG being relegated to a confirmatory
role. EEG remains necessary, however, to demonstrate
that any imaging-identified structural or functional dis-
turbance is epileptogenic.

Historical Perspectives

A hardening of the hippocampus in some patients with
epilepsy and odd behavior was first noted in 1829
(Bouchet and Cazauvieilh 1825), and the classical
microanatomical features of hippocampal sclerosis were
described by the end of the nineteenth century (Bratz
1899; Sommer 1880). It was about this time when
Hughlings Jackson (1898) concluded that epilepsy con-
sisted of more than generalized tonic-clonic convulsions
and that seizures characterized by a “dreamy state”
were associated with a gross lesion in the mesial tempo-
ral area. With the advent of EEG, it eventually became
clear that psychomotor seizures originated in the mesial
temporal lobe (Jasper 1941), but hippocampal sclerosis
was thought to be a result, rather than a cause, of
chronic epilepsy. The EEG also made it possible to lo-
calize temporal lobe epileptogenic abnormalities for sur-
gical resection (Bailey and Gibbs 1951), which in turn
provided opportunities to elucidate the role of hippo-
campal sclerosis. Although many patients with this dis-
order had a history of complicated febrile convulsions,
supporting a conclusion that hippocampal sclerosis is
the result of epileptic seizures, it also became apparent
that patients usually became seizure free following re-
moval of this lesion, suggesting that it might also be the
cause of epilepsy (Falconer 1971).

Hypotheses regarding the epileptogenicity of hippo-
campal sclerosis were pursued in epilepsy surgery pro-
grams, and in-vivo research became possible not only
intraoperatively but also chronically with the common
use of stereotactically implanted depth electrodes to better
localize the epileptogenic region (Talairach and others
1974). Paul Crandall was the first to carry out long-term
depth electrode recordings of spontaneous seizures
(Crandall and others 1963), in association with EEG
telemetry monitoring (Dymond and others 1971), and to
combine this with a standardized presurgical
electrophysiological protocol and detailed investigations
of mesial temporal structures that were removed en bloc.
As a result of a virtual worldwide explosion in recent
years in the number of programs offering surgical treat-
ment for epilepsy, and widespread adaptation of this

research strategy, mesial temporal lobe epilepsy has, for
many years, been the most studied form of human
epilepsy.

Research into Fundamental Neuronal
Mechanisms

For many years, invasive research on basic mechanisms
of epilepsy was limited to experimental animal models.
Studies carried out largely in the neocortical experimen-
tal penicillin focus revealed that the interictal EEG
spike reflected summated paroxysmal depolarization
shifts (PDS) of neuronal membranes that generated ab-
normal bursts of action potentials, whereas the after-
coming slow wave corresponded to membrane after-
hyperpolarization (AH) (Matsumoto and Ajmone-
Marsan 1964a). The PDS appears to be due to calcium
currents, which depolarize the axon hillock, resulting in
generation of rapidly recurring sodium spikes, charac-
terizing the epileptogenic bursting neuron. The mecha-
nisms that terminate this excitatory event and produce
the following inhibitory hyperpolarization in part involve
calcium-dependent potassium currents and in part enhanced
excitation of GABAergic inhibitory interneurons. The
interictal spike-wave complex, therefore, represents in-
creased inhibition, as well as increased excitation
(Engel, Dichter, and others 1997). In this animal model,
transition to ictus is associated with replacement of the
presumably protective AH with a prolonged after-
depolarization, which greatly lengthens the spike burst
duration (Matsumoto and Ajmone-Marsan 1964b). Dur-
ing this time, additional neurons are recruited into the
ictal process with local spread and long-tract propaga-
tion that ultimately results in a behavioral seizure. The
EEG correlate of this process is a buildup of low-voltage
fast activity referred to as a recruiting rhythm. Such
disinhibitory ictal onsets are characteristic of general-
ized tonic-clonic convulsions, and it was presumed from
these experiments that the fundamental neuronal mecha-
nisms underlying generalized convulsions and focal sei-
zures differed only in the spatial extent of the initial
disinhibitory events.

Although it was a prevalently held belief, for many
years, that increased excitation and/or decreased inhibi-
tion were common to all forms of epileptic seizure gen-
eration, it was recognized that at least one seizure type,
the typical absence associated with petit mal epilepsy, is
associated with a rhythmic three-per-second EEG spike-
and-wave discharge that cannot be reconciled with the
disinhibitory type of recruiting rhythm observed with
other ictal events. Furthermore, absence seizures respond
to a different class of antiepileptic medication and can
actually be exacerbated by drugs used to treat general-
ized tonic-clonic seizures. Studies using an experimen-
tal animal model of petit mal epilepsy, produced by
intramuscular injection of high doses of penicillin in the
cat, revealed that the slow waves of the rhythmic
spike-and-wave discharges, like the slow waves of the
interictal spike-and-wave, reflect GABA-mediated inhi-
bition (Giaretta and others 1987). Consequently,
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absence seizures represent abnormal neuronal hyper-
synchrony; rather than involving disinhibitory mecha-
nisms, these phenomena require enhanced inhibition,
along with enhanced excitation. Subsequent investiga-
tions have revealed that this hypersynchrony is mediated
by rhythmic discharges of GABAergic inhibitory neu-
rons in the reticular nucleus of the thalamus and that
these pacemaking events depend on low-threshold cal-
cium channels that rhythmically open during sustained
hyperpolarization (Coulter and others 1989). Anti-
absence medications appear to work by selectively
blocking these channels, whereas drugs that enhance
inhibition may exacerbate absence seizures.

An anonymous investigator once stated that the best
model of a cat is a cat, and preferably the same cat.
Invasive studies of human epilepsy, therefore, should
ideally be carried out in patients with epilepsy rather
than in experimental animal models. As already noted,
invasive in vivo and in vitro basic research on patients
with epilepsy is most easily accomplished in the setting
of an epilepsy surgery program, and the most readily
available human subjects for such investigations have
mesial temporal lobe epilepsy. Detailed electro-
physiological and morphological studies in this condi-
tion have failed to demonstrate evidence for a loss of
inhibition, and indeed inhibition is actually enhanced,
interictally, in the human epileptic hippocampus (Engel
1996c; Engel and Wilson 1986). The threshold for
stimulation-induced afterdischarge is increased in the
hippocampus responsible for generating spontaneous
seizures (Cherlow and others 1977), and paired-pulse
suppression, rather than paired-pulse facilitation, occurs
with perforant path stimulation on this side (Wilson and
others 1998). On examination of the resected hippo-
campal specimen, inhibitory terminals are not only pres-
ent but also increased on surviving principal neurons,
and GABAergic interneurons appear to be selectively
preserved (Babb 1992). Single-cell recordings reveal a
higher degree of neuronal synchrony in the epilep-
togenic hippocampus compared with the contralateral
side, and this synchrony occurs predominantly among
cells that demonstrate prolonged poststimulus inhibition
(Isokawa-Akesson and others 1989).

Evidence for enhanced excitation also exists in mesial
temporal lobe epilepsy. Microanatomical and immuno-
cytochemical investigations of resected hippocampus
reveal that hippocampal sclerosis is characterized by
selective loss of somatostatin and neuropeptide Y contain-
ing inhibitory neurons in the dentate hilus (DeLanerolle
and others 1992) and aberrant sprouting of dentate gran-
ule cell axons, or mossy fibers, which project back into
the region of their proximal dendrites (Sutula and others
1989). Although the recurrent mossy fibers could con-
ceivably produce powerful monosynaptic excitatory
feedback circuits, they could also synapse with inhibi-
tory innerneurons in this region, which would enhance
inhibition (Nusser and others 1998). The role of mossy
fiber sprouting in hippocampal epileptogenesis is con-
troversial in view of the fact that experimental inter-

ventions in animals that prevent sprouting do not impair
the acquisition of epileptic properties (Longo and Mello
1997). In vitro intracellular recordings from sclerotic
hippocampal slices reveal abnormal afterdepolarizations
that generate multiple action potentials in dentate gran-
ule cells exhibiting pathologic changes in dentate mor-
phology, suggest ing that these neurons are
hyperexcitable (Isokawa and others 1997). However, in
acutely dissociated cell preparations from the sclerotic
hippocampus, there is loss of calbindin associated with
reduced excitatory calcium currents (Nägerl and others
2000). Whereas a characteristic of the acute experimen-
tal epileptogenic lesions in animals is a high percentage
of neurons that abnormally burst in synchrony, in vivo
microelectrode recordings from epileptogenic hippo-
campi in patients indicate that bursting neurons,
although present, are only rarely encountered, and syn-
chrony among them is difficult to demonstrate (Colder
and others 1996a, 1996b).

Although the demonstration of increased interictal
inhibition in patients with mesial temporal lobe epilepsy
could be interpreted to reflect a homeostatic mechanism
that maintains the interictal state, the role of inhibition
in promoting synchrony, and its association with other
abnormalities that enhance excitation, suggests that
these disturbances contribute to abnormal hyper-
synchrony, which could then be a mechanism for ictal
generation (Engel, Dichter, and others 1997). Indeed, as
noted previously, depth electrode studies of ictal onsets
in patients with mesial temporal lobe epilepsy reveal
that the initial pattern in the hippocampus is more likely
to be a hypersynchronous one, similar to the spike-wave
discharges of petit mal absences, than the focal
disinhibitory recruiting rhythm observed in the
neocortical penicillin focus (AL Velasco and others
2000). Therefore, at least two mechanisms for initiating
focal seizures in mesial temporal lobe epilepsy exist,
often in the same patient. One appears to be more com-
mon in the hippocampus itself and is characterized by
hypersynchronous discharges, presumably involving
enhanced inhibition as well as enhanced excitation. The
other gives rise to a recruiting rhythm, which is more
often associated with onsets outside the hippocampus
proper, and most likely reflects a loss of protective inhi-
bition. Current research is now focusing on the possibil-
ity that enhanced inhibition, as well as enhanced
excitation, particularly in the entorhinal cortex-dentate
circuit, is responsible for the onset of hypersynchronous
discharges (Bragin and others 2000; Engel and others
2001). These hypersynchronous discharges characteris-
tically do not propagate, perhaps as a result of inhibi-
tory mechanisms involving the dentate hilus, referred to
as the dentate gate (Lothman and others 1991), and they
either have no behavioral correlate or are associated
with auras. Breakdown of the dentate gate may be
reflected by transition to a disinhibitory low-voltage fast
ictal discharge, which usually precedes propagation out
of the mesial temporal structures, producing the clinical
manifestations of complex partial seizures.
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Patients with mesial temporal lobe epilepsy who are
candidates for surgical treatment are already in an
advanced stage of the disorder, which limits the scope
of research that can be carried out in an epilepsy sur-
gery setting. For instance, the development of the
epileptogenic process, the progressive nature of epi-
lepsy, and the pursuit of questions that would require
unethical or highly expensive procedures are not possi-
ble. Consequently, parallel reiterative research involving
appropriate animal models remains an essential part of
any research strategy aimed at understanding basic
mechanisms of this clinical disorder. One animal model
of mesial temporal lobe epilepsy with hippocampal
sclerosis is produced by intrahippocampal injection of
kainic acid, which causes unilateral neuronal loss and
reorganization similar to that encountered with hippo-
campal sclerosis, as well as spontaneous seizures that
originate in limbic structures (Mathern and others 1993;
Bragin and others 1999b, 1999c). Interestingly, as in the
human, there are two discrete electrographic ictal onsets
that can be recorded from these kainite rats, one consist-
ing of hypersynchronous discharges, which is unassoci-
ated with observable behavioral change, and the other
that consists of low-voltage fast activity that propagates
and produces a typical limbic clinical seizure (Bragin
and others 1999c) (Fig. 3). Studies in these animals sup-
port the concept that interictal and ictal hyper-
synchronous epileptiform discharges reflect enhanced
excitation and inhibition within the entorhinal cortex-
dentate circuit, but a unique interictal epileptiform EEG
event was recently observed in the course of wide-band
microelectrode recording (Bragin 1999a, 1999b). Very
rapid (250–500 Hz) oscillations, termed fast ripples,
appear on interictal spikes emanating from areas that
generate spontaneous seizures, but not on interictal spikes
arising from areas that are not capable of generating

spontaneous seizures (Fig. 4). Brief runs of slower
(30–80 Hz) gamma oscillations also occur interictally as
nonspecific epileptiform abnormalities but are associ-
ated with fast ripples to create a fast-ripple tail-gamma
complex only in areas where spontaneous seizures
begin. The fact that fast ripples and tail gamma reflect
epileptogenicity, and not merely structural damage asso-
ciated with the epileptogenic hippocampus, is evidenced
by the fact that spikes that make up hypersynchronous
ictal onsets are initially associated with fast ripples and
eventually fast-ripple tail-gamma complexes in the rat
(Fig. 5), whereas low voltage fast ictal onsets in this
animal begin with a single spike associated with fast
ripples (Bragin and others 1999c) (Fig. 6).

Identical fast ripples and tail-gamma oscillations are
seen with wide-band microelectrode recordings from the
human mesial temporal lobe, and again occur only on
the side that gives rise to habitual ictal onsets (Bragin
and others 1999b) (Fig. 4). Whereas normal fast
(80–200 Hz) oscillations, or ripples, which are believed
to reflect inhibitory activity (Ylinen and others 1995),
are unaltered in the epileptic hippocampus (Bragin and
others 1999a), fast ripples have a different distribution
and relationship to unit activity. These events may
reflect field potentials of clusters of synchronously
bursting neurons (Bragin and others 2000), which are
difficult to detect by single cell recording. Fast ripples,
therefore, could be a much more robust way of localiz-
ing regions of brain tissue containing the synchronous
bursting neurons that characterize epileptogenic tissue.

Future Prospects

The primary objective of investigations into fundamen-
tal neuronal mechanisms of mesial temporal lobe epi-
lepsy, using human material where possible and animal
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Fig. 3. Examples of two different types of seizure onsets in KA-treated rats with recurrent spontaneous seizures. A, low-voltage fast
onset. B, Hypersynchronous onset. 1 indicates records from hippocampus and 2 indicates records from entorhinal cortex. From Engel
and others (2001), with permission.
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models when necessary, is to devise more rational meth-
ods of treatment and prevention. Elucidation of the dif-
ferences between the pathophysiological basis of
epileptogenesis and seizure generation in mesial tempo-
ral lobe epilepsy, and those of neocortical and other
forms of epilepsy, will help us understand why currently
available antiepileptic drugs are often ineffective in this
limbic disorder and suggest alternate interventions di-
rected at defects unique to hippocampal epileptogenesis.
Perhaps gene chip technology will someday identify
which patients are likely to be susceptible to the charac-
teristic cell loss and neuronal reorganization responsible
for hippocampal sclerosis, and drugs, or other treat-

ments, can be devised to prevent this process following
potentially epileptogenic cerebral insults. Recognizing
the importance of enhanced inhibition in the initiation
of hypersynchronous ictal onsets should result in em-
phasis on means of causing desynchronization, rather
than decreasing excitation or increasing inhibition, as a
strategy to prevent limbic seizure generation. These
could be pharmacological or physical, for instance, us-
ing implanted or superficial electrodes to predict sei-
zures (Le Van Quyen and others 2001) or identify ictal
onset as a trigger for direct brain, or distant, stimulation.
There is evidence from one study in patients that electri-
cal stimulation of the hippocampus reduces spontaneous
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Fig. 4. Examples of interictal events in a patient with mesial temporal lobe epilepsy (A) and KA-treated rat (B–D). A1, Tail gamma
oscillation. A2, Fast ripple. B1–3, Interictal spikes. C, Fast ripple. D1, Tail gamma. D2, Fast-ripple tail-gamma complex. The numbers
within dashed boxes show the frequency of oscillations indicated by arrows. Modified from Bragin and others (1999b and 1999c), with
permission.
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seizure occurrence (M Velasco and others 2000), and that
hippocampal kindling increases the seizure generation
threshold in the kainate rat (Bragin and others 2001).

Elucidating pathophysiological mechanisms, and ana-
tomical substrates, of epileptogenesis in mesial temporal
lobe epilepsy will also aid diagnosis. If fast ripples do
prove to be a marker of epileptogenicity, then this phe-
nomenon could have significant clinical value for delin-
eating the epileptogenic region for surgical removal.
Such a marker, whether it be fast ripples or not, could
also be extremely useful for screening the therapeutic
effectiveness of specific antiepileptic agents in individ-
ual patients without necessitating the current tedious
and time-consuming trial-and-error approach, which
requires waiting to see whether another seizure will
occur. Use of fast ripples for these clinical purposes
would be facilitated by diagnostic techniques that per-
mit their identification noninvasively. It is conceivable
that magnetoencephalography (Ebersole and others
1995) may ultimately be capable of recording, and
localizing, such fast-frequency activity. It is also highly
likely that the metabolic correlates of interictal spikes

with fast ripples, which presumably reflect a unique
neuronal mechanism, will be different from the meta-
bolic correlates of interictal spikes that do not contain
fast ripples. If this is the case, then functional imaging
techniques, such as functional MRI approaches that sub-
tract acquisition during interictal spikes from acquisi-
tion when no interictal spikes occur (Krakow and others
1999), will be able to distinguish between spikes gener-
ated in the epileptogenic region and spikes that are
propagated or arise from tissue that cannot give rise to
spontaneous seizures.

In addition to basic and clinical research aimed at
identifying novel pharmacotherapeutic approaches and
alternative therapy for mesial temporal lobe epilepsy,
future investigations also must consider improving the
application of effective therapies that already exist. In
particular, surgical treatment for epilepsy is greatly
underutilized in the industrialized world and, until
recently, considered to be an unattainable luxury in
developing countries with limited resources for health
care. The treatment gap for surgical therapy of epilepsy,
currently the only treatment capable of curing this
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Fig. 5. A, Example of a hypersynchronous ictal discharge originating in the lesioned hippocampus of a KA rat. B, Expanded parts of
the seizure are indicated by dashed boxes. 1, Fast ripples superimposed on positive waves at the beginning of the seizure. 2, An addi-
tional wave appears during development of the seizure (double arrowhead). 3, Fast-ripple tail-gamma complex. All are recorded only
from right posterior hippocampus. R = right; L = left; d = dorsal; p = posterior; Hip = hippocampus; Pir = piriform cortex; EC = entorhinal
cortex. Modified from Bragin and others (1999c), with permission.
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disorder, is huge: perhaps 100,000 to 200,000 people
with intractable epilepsy in the United States are poten-
tial candidates for surgical treatment, whereas only
approximately 2,000 a year actually receive surgery
(Engel and Shewmon 1993). Twenty-five to fifty per-
cent of these potential surgical candidates most likely
have mesial temporal lobe epilepsy (Semah and others
1998; Engel 1998a), and 80% to 90% of these patients
can expect to become free of disabling seizures follow-
ing appropriate surgical treatment (Engel 1996b). Fur-
thermore, most surgical candidates are currently
referred to epilepsy surgery centers too late in the
course of their disorder to reverse or prevent psycholog-
ical and social consequences of disabling seizures that
occur during critical periods of adolescence and adult-
hood, when essential interpersonal and vocational skills
are acquired. Because such patients remain dependent
on family and society, it has been difficult to demon-
strate that surgical treatment is cost-effective.

Early surgical intervention for surgically remediable
syndromes such as mesial temporal lobe epilepsy can
prevent or reverse disabling behavioral consequences of
epilepsy and should be the treatment of choice in these
surgically remediable conditions (Engel 1996b). Further-
more, early surgical intervention for intractable epilepsies
such as mesial temporal lobe epilepsy, where presurgical
evaluation can be performed noninvasively, would be
cost-effective even in developing countries that do not

have facilities for more sophisticated intracranial inves-
tigations. Indeed, in the last few years there has been an
increasing effort to establish epilepsy surgery programs
in the developing world (Wieser and Silfvenius 2000).
The continued reticence of patients and physicians to
consider surgical treatment in industrialized countries,
like the United States, however, is difficult to under-
stand. To a large extent, this may reflect a failure to
educate the medical community about the recent
advances in epilepsy surgery that have made it such a
safe and effective therapeutic alternative. In particular, it
is now essential that referring physicians be disabused
of the outdated view of epilepsy surgery as a last-resort
alternative treatment for medically refractory epilepsy,
and rather view it as the treatment of choice for patients
with surgically remediable syndromes such as mesial
temporal lobe epilepsy. In fact, the recent introduction
of seven new antiepileptic drugs has made the concept
of medically refractory epilepsy meaningless, because it
could literally take a lifetime to try a patient on all pos-
sible drugs alone and in combination.

An important step in promoting early surgical treat-
ment for mesial temporal lobe epilepsy would be to per-
form a multicenter randomized controlled trial of early
surgical intervention for this disorder to determine if it
is superior to continued medical treatment when dis-
abling seizures persist after only two or three first-line
drugs are appropriately administered. An application to
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Fig. 6. A, Example of a low-voltage fast-ictal onset with initial 5-Hz waves in a KA rat that gradually increase in amplitude, transform-
ing into spike-and-wave and spike-burst patterns. This last pattern is more obvious in RpHip; however, it is also visible in REC, RdHip,
and LpHip. B, Expanded examples of the seizure onset (1) and spike-wave (2) and spike-burst (3) patterns in the RpHip are indicated
by dashed boxes. Note that the seizure onset is a single spike with fast ripples. Abbreviations as in Figure 5. Mot = motor cortex. Mod-
ified from Bragin and others (1999c), with permission.
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carry out such a trial has been submitted to the National
Institutes of Health (Engel 1999). It is hoped that the
trial will be approved and funded and that definitive
results will significantly improve the quality of life of
people with mesial temporal lobe epilepsy by making
early surgical intervention the treatment of choice.
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