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Abstract—Different forms of electrical paroxysms in exper-
imental animals mimic the patterns of absence seizures
associated with spike-wave complexes at approximately
3 Hz and of Lennox-Gastaut seizures with spike-wave or
polyspike-wave complexes at approximately 1.5–2.5 Hz,
intermingled with fast runs at 10 –20 Hz. Both these types
of electrical seizures are preferentially generated during
slow-wave sleep. Here, we challenge the hypothesis of a
subcortical pacemaker that would account for suddenly
generalized spike-wave seizures as well as the idea of an
exclusive role of synaptic excitation in the generation of
paroxysmal depolarizing components, and we focus on
three points, based on multiple intracellular and field po-
tential recordings in vivo that are corroborated by some
clinical studies: (a) the role of neocortical bursting neu-
rons, especially fast-rhythmic-bursting neurons, and of
very fast oscillations (ripples, 80 –200 Hz) in seizure initia-
tion; (b) the cortical origin of both these types of electrical
paroxysms, the synaptic propagation of seizures from one
to other, local and distant, cortical sites, finally reaching
the thalamus, where the synchronous cortical firing ex-
cites thalamic reticular inhibitory neurons and thus leads
to steady hyperpolarization and phasic inhibitory postsyn-
aptic potentials in a majority of thalamocortical neurons,
which might explain the obliteration of signals from the
external world and the unconsciousness during absence
seizures; and (c) the cessation of seizures, whose cellular
mechanisms have only begun to be investigated and re-
main an open avenue for research. © 2003 IBRO. Published
by Elsevier Ltd. All rights reserved.
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The origin of electrical seizures that accompany various
types of epileptic fits is hotly debated. This is particularly the
case of seizures characterized by spike-wave (SW) electro-
encephalographic (EEG) complexes at approximately 3 Hz,
as in petit-mal epilepsy, and of seizures with the EEG pattern
of the Lennox-Gastaut syndrome, two forms of brain parox-
ysms on which we focus our research. In the present com-
mentary, we will challenge some conventional ideas, namely,
(a) the thalamic origin of SW seizures, as originally proposed
in the “centrencephalic” hypothesis which was postulated to
account for unconsciousness that occurs in petit-mal epi-
lepsy; (b) the view of EEG “spikes” as exclusively excitatory
events due to excessive neuronal depolarization and firing;
and (c) the suddenly generalized, bilaterally synchronous
feature of these paroxysms, as defined in the classical termi-
nology of SW seizures. Instead, we will claim that these
seizures originate within the neocortex, that they are associ-
ated with inhibition of thalamocortical (TC) neurons via acti-
vation of GABAergic thalamic reticular (RE) neurons, that the
EEG “spikes” contain an important component of inhibition,
and that such seizures obey the rule of synaptic buildup via
short- and long-range projection pathways. Recent data from
our laboratory will also allow us to envisage some mecha-
nisms that may be operational in the cessation of seizures.

Below, we briefly expose some experimental and clin-
ical grounds that explain our viewpoints. In the next section
(Slow-Wave Sleep Oscillations), we expose the neuronal
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circuitry that underlies various types of slow-wave sleep
oscillations of which paroxysmal activities develop. Finally
(in Initiation of Seizures During Sleep Oscillations, Devel-
opment of Cortically Generated Seizures, and Possible
Mechanism(s) for Cessation of Seizures), we discuss re-
cent cellular data on initiation, development and cessation
of seizures, and their clinical implications.

Petit-mal or absence seizures are defined as a paroxys-
mal loss of consciousness, which may be associated with
different degrees of motor components. The term absence is
valid only for those seizures that occur during wakefulness
because during drowsiness and early stages of natural slow-
wave sleep, when there is an increased incidence of SW and
other types of epileptic seizures in macaque monkeys (Ste-
riade, 1974) or humans (Kellaway, 1985; Herman et al.,
2001; Minecan et al., 2002), the subjects prone to these
seizures are already quite absent. The conventional definition
of “suddenly generalized and bilaterally synchronous” sei-
zures stemmed from the concept of a deeply located “cen-
trencephalic” system (Penfield and Jasper, 1954), supposed
to be located “in the diencephalons and mesencephalon”
(Penfield and Rasmussen, 1950, p. 19). The “centrence-
phalic” concept is reminiscent of the 19th century “automatic
apparatus” of Carpenter, who also located consciousness in
the thalamus and brainstem and endowed these structures
with “the guidance of reason” but, noteworthy, only if acti-
vated from cortex (see Walshe, 1957). The hypothesized
“centrencephalic” system does not have an anatomical basis
since thalamic nuclei do not project bilaterally (Jones, 1985)
and mesopontine reticular activating systems with general-
ized projections rather suppress these paroxysms (Danober
et al., 1995). Another source of confusion, which was often
taken as an argument for the thalamic origin of SW seizures,
is an early study showing that, at a critical level of barbiturate
anesthesia, electrical stimulation of midline thalamic nuclei
induces SW-like cortical responses at 3 Hz (Jasper and
Drooglever-Fortuyn, 1949), but no self-sustained activity, as
would be required for bona fide seizure activity.

In contrast to the postulated role of deeply located brain
structures in the generation of petit-mal seizures, experimen-
tal and clinical studies demonstrate the cortical origin of these
paroxysms (Steriade, 2003). The experimental evidence,
based on thalamic lesions and multi-site, extra- and intracel-
lular recordings from cortical and thalamic neurons in vivo, is
fully discussed later (Development of Cortically Generated
Seizures). Clinically, our views, based on intracellular record-
ings and claiming a cortical origin of SW seizures and their
buildup through progressive synaptic propagation (Develop-
ment of Cortically Generated Seizures, Cortical buildup and
time course of spike-wave seizures), are corroborated by
EEG studies and toposcopic analyses in humans, which
indicated that some SW seizures are locally generated and
result from multiple, independent cortical foci (Jasper and
Hawkes, 1938; Petsche, 1962). Topographical analyses of
SW complexes in humans also showed that the EEG “spike”
component propagates from one hemisphere to another with
latencies as short as 12–15 ms (Lemieux and Blume, 1986;
Kobayashi et al., 1994). Such time-lags cannot be estimated
by visual inspection, which probably accounted for the term

suddenly generalized. Thus, SW/PSW seizures may initially
display focal paroxysmal activity, confined to one or few
contiguous cortical fields. Focal abnormalities (O’Brien et al.,
1959) and asymmetrical flash-evoked polyspike-wave (PSW)
responses have been described in patients (Watson and
Bowker, 1960). The idea that some SW seizures may occur
focally is also supported by clinical data on absence epilep-
sies showing that interictal abnormalities may occur within
restricted cortical areas in the frontal lobe (Gomez and West-
moreland, 1987). This explains why absence seizures are
less detrimental than grand-mal epilepsy that implicates more
widespread neuronal manifestations. Indeed, one of the char-
acteristics of SW seizures is that there is little or no disruption
of cognitive abilities after an ictal event. That SW seizures
can be localized within relatively circumscribed neocortical
territories was also shown in naturally awake and sleeping
animals, using measurements of coherent activity recorded
from multiple sites (Steriade et al., 1998a). In those experi-
ments, 4-Hz SW seizures prevalently occurred in one area,
and cross-correlation analyses indicated related activities at
approximately 4 Hz in adjacent, but not remote, cortical ar-
eas.

To anticipate the experimental data based on simulta-
neous recordings from cortex and thalamus, we should
state that, although the origin of SW seizures within the
thalamus or cortex was and continues to be hotly debated,
the congruent conclusion was recently reached that corti-
cal excitability represents the leading factor in controlling
thalamic events during this type of seizures (see Develop-
ment of Cortically Generated Seizures, The leading role of
cortex in the genesis of absence seizures).

The Lennox-Gastaut syndrome corresponds to the
EEG notion of hypsarrhythmia (Gibbs and Gibbs, 1952)
and was also called petit-mal variant (Gibbs et al., 1939) to
differentiate its relatively slow (1.5–2.5 Hz) SW complexes
from the SW complexes at 3–4 Hz occurring in absence
epilepsy. Electrographically, the Lennox-Gastaut syn-
drome is characterized by SW/PSW complexes, often as-
sociated with fast runs at 10–20 or 30 Hz. As this syn-
drome consists of myoclonic jerks, EEG hypsarrhythmia
and mental retardation (but see some cases in Miller and
Ferrendelli, 1990), it is a severe epileptic disorder. Al-
though generally placed in the category of generalized
seizures, focal clinical seizures are not uncommon and,
experimentally, intracellular recordings of an electro-
graphic pattern resembling that observed in clinical Len-
nox-Gastaut syndrome show that the onset of many such
spontaneously occurring seizures occur focally in neocor-
tex, only to spread subsequently to thalamic GABAergic
RE neurons and, consequently, to inhibit TC neurons (see
Development of Cortically Generated Seizures, The lead-
ing role of cortex in the genesis of absence seizures).

Slow-wave sleep oscillations

Neuronal properties and circuits underlying sleep os-
cillations and seizures. The basic circuitry that gener-
ates slow-wave sleep oscillations as well as electrical sei-
zures with SW complexes at approximately 3 Hz and par-
oxysmal patterns accompanying the Lennox-Gastaut
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syndrome include glutamatergic neocortical neurons with
intracortical and thalamic projections, GABAergic RE neu-
rons, and glutamatergic TC neurons. The role of local-
circuit GABAergic neurons is ancillary in the production of
sleep oscillations, but they play an important role during
the paroxysmal depolarizing shifts of seizures (see Devel-
opment of Cortically Generated Seizures, Neuronal sub-
strates of cortical spike-wave and Lennox-Gastaut
seizures).

All corticothalamic axons exert excitatory actions on
both RE and TC neurons. However, during natural slow-
wave sleep, when both these thalamic neuronal types are
hyperpolarized and fire spike-bursts (Hirsch et al., 1983;
Steriade et al., 1986), the effect of cortical volleys on RE
neurons is opposite to that exerted on TC neurons.
Namely, corticothalamic volleys produce excitation and
rhythmic spike-bursts over a depolarizing envelope in RE
neurons, whereas TC neurons simultaneously display
rhythmic and prolonged inhibitory postsynaptic potentials
(IPSPs), occasionally followed by rebound excitations. The
bisynaptic inhibition of TC neurons, induced by cortex via
GABAergic RE neurons, overcomes the direct excitation of
TC neurons (see Fig. 1 in Steriade, 2000). This is due to
3.7 times higher numbers of glutamate receptor subunits
GluR4 at corticothalamic synapses in RE neurons, com-
pared with TC neurons, which underlies a peak amplitude
of corticothalamic excitatory postsynaptic currents 2.5
higher in RE, than in TC, neurons (Golshani et al., 2001).
These differential effects are operational in states during
which RE neurons fire prolonged, rhythmic, high-frequency
spike-bursts, which are the signature of these inhibitory
neurons during slow-wave sleep and SW seizures. The
spike-bursts of RE neurons induce greater IPSPs in TC
neurons than those elicited by single spikes. Such potent
IPSPs, associated with increased in membrane conduc-
tance, may account for the disconnection of TC networks
from the outside world during slow-wave sleep and for
unconsciousness during SW seizures (Steriade, 2003).
The RE-induced powerful inhibition of TC cells also ac-
counts for the steady hyperpolarization and inactivity of TC
neurons during cortically generated SW seizures (see De-
velopment of Cortically Generated Seizures, Inhibition of
thalamocortical neurons during cortically generated sei-
zures). During brain-activated behavioral states, such as
waking and rapid-eye-movement (REM) sleep, when RE
neurons fire tonically with single spikes (Steriade et al.,
1986), or experimentally, with lesions of RE neurons (De-
schênes and Hu, 1990), the direct cortico-TC excitatory
influence may prevail.

The intrinsic properties of cortical, RE and TC neurons,
and the incidence of various types of cortical neurons, are
modulated or overwhelmed by synaptic activities in these
complex networks and during behavioral states (Steriade,
2000, 2001a; Timofeev et al., 2000b). Some data exem-
plify this statement. (a) Intrinsically bursting (IB) cortical
neurons develop their firing pattern into that of regular-
spiking (RS) neurons during brain activation induced by
stimulation of mesopontine cholinergic nuclei (Steriade et
al., 1993a), application of acetylcholine and other activat-

ing neurotransmitters in cortical slices (Wang and McCor-
mick, 1993), or by passing from natural slow-wave sleep to
REM sleep (Steriade et al., 2001). (b) As a consequence of
this modulation by synaptic activity and transformation of
their firing patterns, the incidence of cortical IB neurons is
much higher (up to 40–60%) in cortical slices (Yang et al.,
1996) or cortical slabs in vivo (Timofeev et al., 2000a) than
in the waking state of chronically implanted animals (Ste-
riade et al., 2001) during which they only represent 5% of
the neuronal population. (c) The rhythmic (30–40 Hz)
spike-bursts of fast-rhythmic-bursting (FRB) cortical neu-
rons develop from RS firing patterns and, at a further
depolarized level of membrane potential or during synaptic
volleys from the thalamus, the FRB pattern is transformed
into the tonic discharge pattern, without adaptation, similar
to the firing pattern of fast-spiking (FS) neurons (Steriade
et al., 1998b). The switch from RS to FRB and to FS firing
was also investigated in subsequent computational and
experimental studies, which predicted using multi-com-
partment models that the FRB pattern is favored by en-
hancing the persistent Na� current and reducing a Ca2�-
dependent K� current (Traub et al., 2003). (d) One of the
major intrinsic properties of TC neurons, the Ca2�-depen-
dent low-threshold spike (LTS) de-inactivated by mem-
brane hyperpolarization (Jahnsen and Llinás, 1984a,b; Hu-
guenard, 1996), decreases its expression under the effect
of rapidly recurring excitatory postsynaptic potentials (EP-
SPs) arising in afferent pathways (Timofeev and Steriade,
1997) and is greatly modified by GABAergic IPSPs
(Crunelli and Leresche, 1991; Ulrich and Huguenard,
1997). The time-to-peak of LTS and its amplitude are
graded and influenced by the degree of synaptic activity
(Timofeev et al., 2001a). Other effects of synaptic inputs
on intrinsic properties of cortical and thalamic neurons are
discussed elsewhere (Steriade, 2001b).

Grouping of low-frequency and fast rhythms by cortical
slow oscillation. The cortical and thalamic neurons dis-
cussed above (Neuronal properties and circuits underlying
sleep oscillations and seizures) generate three major types
of sleep rhythms: spindles (7–15 Hz), � potentials (1- or
2–4 Hz), and slow oscillation (approximately 0.5–1 Hz).
Each of these rhythms can be generated, in isolation, by
different structures: spindles by thalamic RE neurons (Ste-
riade et al., 1987), clock-like � by TC neurons (Leresche et
al., 1990, 1991; McCormick and Pape, 1990; Curró Dossi
et al., 1992), and slow oscillation by neocortical neurons
(Steriade et al., 1993d,e; Sanchez-Vives and McCormick,
2000; Timofeev et al., 2000a). However, in the intact brain,
the slow oscillation has the virtue of grouping not only all
sleep rhythms, but also fast oscillations that are conven-
tionally regarded as characterizing waking and REM sleep.

The concept implicating the coalescence of slow-wave
sleep oscillations, as well as fast rhythms, by the cortically
generated slow oscillation has been elaborated using in-
tracellular recording in our laboratory (Steriade et al.,
1993b,c; Contreras and Steriade, 1995; Steriade et al.,
1996a,b) and is now supported by EEG recordings during
human night sleep (Mölle et al., 2002). The slow oscillation
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consists of rhythmic sequences of depolarizations and
hyperpolarizations (Fig. 1A). Its clear-cut distinction from �
waves was shown in our experimental data (Steriade et al.,
1993e) and in human EEG investigations indicating that
the dynamics of the two oscillatory types is different during
night sleep (Achermann and Borbély, 1997). During the
depolarizing phase, neocortical neurons recorded from dif-
ferent areas fire coherently (Amzica and Steriade,

1995a,b). These synchronous discharges impinge on tha-
lamic neurons, with two consequences. (a) Firstly, cortical
firing drive RE neurons that impose IPSPs-rebound se-
quences on TC neurons (Fig. 1A), thus generating spin-
dles, which are transferred back to cortex. The grouping of
slow and spindle oscillations in animals and humans are
illustrated in Fig. 1B, C. (b) Secondly, at more hyperpolar-
ized levels, TC neurons generate clock-like � potentials

Fig. 1. The cortically generated slow sleep oscillation and its coalescence with thalamically generated spindles in cat and human. (A) Slow oscillation
(approximately 0.9 Hz) in dual simultaneous intracellular recordings from RS neuron in cortical area 4 and TC neuron in the ventrolateral (VL) nucleus,
together with surface and depth EEG from area 4. Cat under ketamine–xylazine anesthesia. Arrow points to a LTS-burst in TC neuron. Note
depth-positive (upward) EEG waves are associated with hyperpolarization of cortical and thalamic cells, whereas the sharp depth-negativities are
associated with depolarization and action potentials in cortical cell, while the thalamic neuron display a rebound spike-burst with a delay of 150–200
ms. (B) Intracellular recording of TC neuron from VL nucleus, together with EEG waves from the depth of cortical area 4 where VL nucleus projects.
The excitatory component (depth-negative, downward deflection) of the slow cortical oscillation (approximately 0.9 Hz) is followed by a sequence of
spindle waves at approximately 10 Hz (arrows), generated in the thalamus. This combination gives rise to what are called K-complexes (KC) in human
sleep (see bottom panel). (C) The KC in natural sleep of human. Scalp monopolar recordings with respect to the contralateral ear are shown (see
figurine). Traces show a short episode from slow-wave sleep. The two arrows point to two KC, consisting of a surface-positive wave, followed (or not)
by a sequence of spindle waves. Note the synchrony of KC in all recorded sites. At right, frequency decomposition of the electrical activity from C3
leads into three frequency bands: slow oscillation (S; 0–1 Hz), � waves (�; 1–4 Hz) and spindles (�; 12–15 Hz). Modified from Steriade (1997, A);
Timofeev and Steriade (1997, B); and Amzica and Steriade (1997, C).
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generated through the interplay between hyperpolariza-
tion-activated depolarizing current (IH) and low-threshold
transient Ca2� current (IT; Leresche et al., 1990, 1991;
McCormick and Pape, 1990; Curró Dossi et al., 1992). The
induction and synchronization of thalamic slow and � po-
tentials by the cortical slow oscillation in vivo (Steriade et
al., 1991) are related to data showing mGluR1a-evoked
slow and � oscillation in the cat thalamic slices (Hughes et
al., 2002). Thus, corticofugal influences generate spike-
bursts within the frequency range of � rhythm, which are
fed back to cortex and, in turn, may shape the cortical slow
oscillation.

Slow-wave sleep oscillations and/or their experimental
models can induce plastic changes in neocortical neurons,
even when TC neurons are simultaneously inhibited or
destroyed by excitotoxic lesions (Steriade et al., 1993e).
Medium-term (approximately 10–15 min) potentiation of
neuronal responsiveness follows either augmenting re-
sponses or natural spindles (Timofeev et al., 2002b).
These and other similar data on intrathalamic, TC and
intracortical neuronal plasticity related to slow-wave sleep
rhythms are reviewed elsewhere (Steriade and Timofeev,
2003). Potentials with progressively enhanced amplitudes
elicited by rhythmic stimuli within the frequency range of
sleep oscillations may lead to self-sustained activities that
are similar to those occurring in epileptiform seizures.
These data are reported in the following section.

Initiation of seizures during sleep oscillations

In keeping with the adage “sleep and epilepsy are bedfel-
lows,” spontaneously occurring seizures consisting of SW
complexes at approximately 3–4 Hz, similar to those seen
in absence epilepsy, or compound patterns with SW/PSW
complexes at 1.5–2.5 Hz intermingled with fast runs at
10–20 Hz, as in Lennox-Gastaut syndrome, may develop
without discontinuity from the slow (mainly 0.5–0.9 Hz),
sleep-like, cortically generated oscillation (Steriade and
Amzica, 1994; Steriade and Contreras, 1995; Steriade et
al., 1998a; Timofeev et al., 2002c). The rather high pro-
portion of SW/PSW seizures that occur spontaneously
under ketamine–xylazine anesthesia may be due to the
highly synchronized activity in corticothalamic systems,
which develops grouped sleep-like oscillations (see above,
Grouping of low-frequency and fast rhythms by cortical
slow oscillation) that promote paroxysms. However, similar
electrographic patterns of cortical seizures have been re-
corded during natural sleepiness and slow-wave sleep
(Steriade, 1974; Steriade et al., 1998a). We also consider
the possibility that many spontaneous electrographic sei-
zures in “normal” subjects may not be recognized, and that
those sleeping individuals pass in and out of seizures
during slow sleep oscillations, as we showed for embryonic
SW seizures that develop into overt seizures in cats (see
below, Fig. 21). Needless to say, these are electrical sei-
zures and we refrain from using the term epilepsies. None-
theless, because of the stereotyped patterns of such sei-
zures and their striking resemblances to EEG records in
clinical fits, we claim that the basic mechanisms of these
cortically generated paroxysms are similar to those occur-

ring in genetic models of absence epilepsy (see Develop-
ment of Cortically Generated Seizures) and humans.

In what follows, we will focus on those neuronal events
that, in our view, are major determinants of seizure
initiation.

Shift of balance between excitation and inhibition as
triggering factor in seizure. It is widely accepted that
the development epileptiform activity results from a shift in
the balance between excitation and inhibition toward exci-
tation (Dichter and Ayala, 1987; Tasker and Dudek, 1991;
Galarreta and Hestrin, 1998; Nelson and Turrigiano,
1998). The easiest way to elicit acute seizures is blockage
of inhibition (Matsumoto and Ajmone-Marsan, 1964a,b;
Prince, 1978; Gutnick et al., 1982; Chagnac-Amitai and
Connors, 1989a,b; Steriade et al., 1998a), which is a well-
known approach to elicit experimental seizures (reviewed
in McNamara, 1994; Traub et al., 1996). Other two factors
(increased inhibition and decreased excitation) also may
lead to functional unbalance in cortical circuits; however,
their role in seizure initiation was poorly explored. By in-
creased “inhibition” we mean either increased number of
IPSPs or disfacilitation, i.e. temporal absence of network
activity. By decreased excitation we mean significantly
decreased activity in afferent structures or decreased ef-
fectiveness of EPSPs. If one of the above factors occurs,
it would create conditions that are favorable to seizure
generation.

One condition for seizure generation is the functional
heterogeneity of cortical networks, such as the presence of
two or more different cortical regions with relatively high
and low levels of synaptic activity. Transitory or persistent
reduction in synaptic activity within some cortical foci
would increase the sensitivity of cortical neurons in those
foci and in surrounding areas (Abbott et al., 1997; Desai et
al., 1999) and the synaptic inputs from cortical regions
exhibiting moderate or high levels of activity would lead to
an increased responsiveness in those cortical areas. Evi-
dence from in vitro work suggests that chronic blockade of
activity may modify the synaptic strength and intrinsic neu-
ronal excitability since, after a few days of pharmacological
blockade of activity in cortical cell cultures, excitatory
postsynaptic currents and mEPSCs in pyramidal cells in-
crease in amplitude (Turrigiano et al., 1998; Watt et al.,
2000) and the release probability increases (Murthy et al.,
2001).

The reasoning for disfacilitation through deafferenta-
tion as factor eliciting seizures is in line with two groups of
facts. One of them is that most often seizures preferentially
occur during slow-wave sleep or during transition from
waking to slow-wave sleep (see Steriade, 2003), states
that are characterized by the presence of long-lasting pe-
riods of disfacilitation associated with neuronal hyperpo-
larization (Timofeev et al., 2001b). During periods of dis-
facilitation synapses are likely released from a steady de-
pression, the synaptic transmission is strengthened that
could contribute to the onset of seizures. The other line of
evidence is that penetrating wounds or acute experimental
deafferentation are described as strong epileptogenic fac-
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tors (Kollevold, 1976; Dinner, 1993; Topolnik et al.,
2003a,b). In such cases too, a part of axons impinging onto
postsynaptic neurons is not functioning as they are dam-
aged, which creates a partial deafferentation that in turn
enhances the effectiveness of incoming synaptic inputs.
Thus, both factors, the sleep-related disfacilitation and the
traumatic deafferentation, increase the probability of sei-
zures via the same mechanism of an increased effective-
ness of synaptic transmission. The increased effective-
ness of synaptic transmission depends on higher levels of
extracellular Ca2� concentration, as reported during silent
periods of network activities (Massimini and Amzica,
2001), and on synaptic facilitation that follows periods of
neuronal silence (Galarreta and Hestrin, 1998). The syn-
aptic excitability is also enhanced by trauma-related in-
crease in glutamate levels (Sakowitz et al., 2002). In trau-
ma-related acute seizures, however, other than synaptic
factors could be considered as promoting seizures. These
factors primarily depend on increase in extracellular levels
of K� (Moody et al., 1974) that lead to enhanced intrinsic
excitability of neurons (Traynelis and Dingledine, 1988;
McNamara, 1994; Topolnik et al., 2003b).

Thus, overexcitation or blockage of inhibition (as fol-
lowing repetitive sensory or electrical stimulation, or focal
injection of inhibition blockers) as well as disfacilitation or
deafferentation (sleep or trauma) can play the role of epi-
leptogenic factors.

Role of FRB neurons and ripples (80–200 Hz). Among
the four cortical neuronal types (RS, FRB, FS and IB; see
above Neuronal properties and circuits underlying sleep
oscillations and seizures) that are usually characterized in
intracellular recordings, FRB neurons have the highest
propensity to develop seizures. This is coupled with the
crucial role played by FRB neurons in the generation of
ultra-fast oscillations, called ripples (80–200 Hz), which
initiate seizures in both animal experiments and humans
(see below). The FRB neurons fire high-frequency (ap-
proximately 300–400 Hz) spike-bursts at fast rates (ap-
proximately 30–40 Hz). They were described as pyrami-
dal-type neurons located in superficial cortical layers (Gray
and McCormick, 1996) but also found to be either pyrami-
dal neurons located in both superficial and deep layers, as
antidromically identified from thalamus, or local-circuit bas-
ket inhibitory neurons (Steriade et al., 1998b). The corti-
cothalamic FRB neurons may have an important role in
projecting paroxysmal activity to the thalamus.

Several lines of evidence point to FRB neurons (20–
25% of the total cortical neuronal population) as having a
decisive role in the generation of seizure activity, being
assisted by RS neurons that represent the majority of
cortical neurons. (a) In the case of Lennox-Gastaut sei-
zures, RS neurons fire single action potentials or spike-
doublets during either the EEG “spike” component of SW/
PSW complexes or the fast runs, whereas FRB neurons
discharge spike-bursts consisting of up to six to seven
action potentials during both SW/PSW complexes and the
fast runs (Fig. 2). (b) Considering the spread of cortically
generated seizures to the contralateral hemisphere, which

is mediated by corpus callosum in humans (Lemieux and
Blume, 1986; Kobayashi et al., 1994), FRB neurons dis-
play EPSPs whose amplitudes are three-fold larger, and
latencies two- or three-fold shorter, than those found in the
three other cellular classes (Cissé et al., 2003). (c) If
rhythmically stimulated, the impact of FRB neurons on
local networks could be enough to initiate seizures focally
and in related structures (see Fig. 15 in Steriade et al.,
1998a). (d) Finally, FRB neurons have the major role in
triggering ripples whose presence at the onset of seizures
in epileptic patients has led to the proposal that they could
be involved in their initiation (Fisher et al., 1992; Traub et
al. 2001). In the hippocampal–entorhinal cortex axis, fast
ripples have also been linked to seizure initiation and
epileptogenesis (Bragin et al., 1999a–c, 2002). The selec-
tive occurrence of FRB neurons over the depolarizing com-
ponent of the slow sleep oscillation and the progressively
increased firing during this phase appears in parallel with
increased amplitudes of ripples in field potentials (Grenier
et al., 2003b). It is known that the slow oscillation develops
without discontinuation into SW/PSW seizures (see above,
Fig. 2). The analysis of intracellularly recorded FRB neu-
rons in conjunction with closely located field potentials in
the cortical depth showed a close relationship between the
fast action potentials of these neurons and the wavelets of
ripples during paroxysmal PSW complexes (Fig. 3).

Several results substantiate our claim that ripples are
generated within the neocortex and play the major role in
initiating seizures with SW/PSW complexes, sometimes as-
sociated with fast runs. Data are as follows. (a) The neocor-
tical generation of ripples is demonstrated by their occurrence
over the EEG “spike” component of seizures (Steriade and
Contreras, 1995; Grenier et al., 2003b), whereas the over-
whelming majority of TC neurons are simultaneously hyper-
polarized and inactive (see Development of Cortically Gen-
erated Seizures, Inhibition of thalamocortical neurons during
cortically generated seizures). The presence of ripples in
neocortex, without possible influences from the hippocam-
pal–entorhinal axis, is shown by their presence in isolated
neocortical slabs in vivo (Grenier et al., 2001). (b) During
such seizures, which evolve without discontinuity from the
slow cortical oscillation, strong ripples occur in advance of the
transition between normal and paroxysmal activity. Before
the first EEG “spike” reaches the negative peak level of the
slow oscillation, ripples appear over it and are present until
the paroxysmal event reaches its full extent (Fig. 4). This
indicates that ripples can precede the onset of paroxysmal
events. (c) Neocortical ripples are present at seizure onset in
foci where the paroxysmal event is initiated (Grenier et al.,
2003b). And (d) halothane, one of the compounds that block
gap junctions and very fast oscillations (Ylinen et al., 1995;
Draguhn et al., 1998; Jones et al., 2000), strongly reduces
neocortical ripples during the slow sleep-like oscillation as
well as during seizures, with recovery of ripples after stopping
halothane administration (Fig. 5). Also, spontaneous seizures
rarely occur under barbiturate anesthesia, and neocortical
ripples are very weak in this condition.

In addition to FRB neurons, another type of bursting
elements, IB neurons, may also play a role in promoting
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Fig. 2. FRB cortical neuron during seizure with PSW complexes and fast runs developing spontaneously from slow sleep-like oscillation. Cat under
ketamine–xylazine anesthesia. (A) Top panel illustrates intracellular and depth-EEG recording from cortical area 7. The seizure is indicated by arrows
(below the EEG trace) and lasted for approximately 26 s. (B) Electrophysiological identification of FRB neuron by depolarizing current pulse. (C) and
(D), Expanded periods from parts indicated in the top panel. Panel (C) depicts the slow oscillation before the seizure. Panel (D) shows both fast runs
(approximately 12 Hz) and PSW complexes (approximately 2 Hz). Note high-frequency spike-bursts in neuron during each depth-negativity of fast
EEG runs and during components of PSW complexes. See also text for comparison with RS neurons. Modified from Steriade et al. (1998a).
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Fig. 3. Fast ripples (120 Hz) during spontaneously occurring neocortical seizure. Cat under ketamine–xylazine anesthesia. Intracellular and EEG
recording from area 4. FRB neuron (identified as in Fig. 2). The second trace in the top panel is depth-EEG filtered for fast events (80–300 Hz) and
amplified. Two horizontal bars (below the intracellular trace) indicate the slow sleep-like oscillation (left) and the seizure (right), and are expanded
below (arrows). One cycle of the seizure is further expanded below (arrow). Note close time-relation between the action potentials and EEG ripples.
From Steriade et al. (1998a).
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a peculiar type of seizures that occur following cortical
undercut. Such experiments, which address the mech-
anisms of trauma-induced epileptogenesis, have gener-
ally been performed in models of chronic deafferentation
(Burns, 1951; Prince and Tseng, 1993; Prince et al.,
1997; Li and Prince, 2002). In our experiments, the
effects of cortical deafferentation were investigated dur-
ing the acute stage, in vivo (Topolnik et al., 2003a).

Shortly after cortical disconnection from the thalamus
and most of long-range cortical afferents, the paroxys-
mal increase in synaptic excitability in areas adjacent to
the undercut cortex rose, at least partially, from the
increased incidence of IB neurons, which acted as am-
plifiers of recurrent excitatory processes (Topolnik et al.,
2003b). The increased proportion of IB neurons in areas
adjacent to the acutely deafferented cortex probably

Fig. 4. Neocortical ripples are present at the transition between normal and paroxysmal EEG “spikes.” Cat under ketamine–xylazine anesthesia. Field
potential recording from area 5. Spontaneous seizures evolving from the slow oscillation. An epoch is shown in the top panel along with the filtered
trace between 80 and 200 Hz. The two underlined parts are expanded below. (A) is the depth-negative component of the slow oscillation reaching
around �3 mV, with the depth-positive phase being set at 0 mV. (B) is the first EEG “spike” of the seizure. Note that ripples appear in this case (B)
at about the field level reached by the non-paroxysmal (A) negativity, and that around 15 cycles of ripples occur before the negativity reaches values
of seizure EEG “spikes” (�14 mV). Based on the amplitude of the field potentials, the section between the two arrows may be considered as the
transition between non-paroxysmal and paroxysmal negativities. From Grenier et al. (2003b).
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results from an immediate increase in [K�]o (Moody et
al., 1974), which leads to a conversion of firing pattern of
some RS neurons to that of IB ones (Jensen et al., 1994;
Jensen and Yaari, 1997).

Roleofelectrical fieldsduringparoxysmalactivities. Dur-
ing neocortical seizures in vivo, ripples recorded in field
potentials reach a high amplitude, up to 5 mV between
crest and trough, which has an important influence on
neuronal behavior, leading to a decrease in intracellular

firing threshold (Grenier et al., 2003a). The main genera-
tors of field potential are synchronous neuronal activities in
its vicinity. Recordings of glial cells during seizures with
ripple oscillations show that paroxysmal activities in these
cells reach values of a few millivolts, and simultaneous
recordings of DC field potential followed by glial cell im-
palement in conjunction with intracellular recording of an-
other glial cell revealed that local field ripples are reflected
in phase in glial cells (Grenier et al., 2003b). These results

Fig. 5. Halothane diminishes ripples and stops seizures. Cat under ketamine–xylazine anesthesia. Field potential and intracellular recordings from
area 7. Top panel depicts the depth-EEG during an epoch with spontaneous seizures that stopped after halothane administration (60 s, bar in top
panel). Spontaneous seizures reappeared approximately 17 min after the end of halothane administration. Periods with original and filtered field
potentials (80–200 Hz, amplified by 5) and intracellular recording of a RS neuron are expanded in the middle panel for three different conditions: left,
during seizures before halothane; middle, after halothane administration, during the seizure-free period; and right, after halothane when seizures were
present again. Ripple intensity was calculated for 50 s periods by taking the S.D. of the filtered trace right after halothane administration, and then
counting the number of ripple cycles which exceeded four times this value (plot at bottom). Ripples were much less ample or virtually absent during
the periods without seizures. Ripple intensity was also calculated for short periods in between seizures (dotted line). Ripples during the seizure-free
period progressively increased toward this value, and seizures reoccurred shortly after ripples were back to about this level. From Grenier et al.
(2003b).
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and cross-correlation analyses showed an active involve-
ment of neurons, and a more passive one for glial cells, in
relation to field ripples. Since neuronal activity is the main
generator of field potentials, and, in turn, field potentials
may increase neuronal excitability by decreasing the firing
threshold (see above), this may constitute a positive feed-
back loop that is involved in the development and spread
of paroxysmal activities.

We recently proposed an autoregenerative process in
which ripples in field potentials assist in generating and
synchronizing action potentials, and synchronous action
potentials enhance ripples in field potentials (Fig. 6). We
postulate that, just prior to the onset of seizure, a given
neuronal pool increases firing rates (see Fig. 4 in Neckel-
mann et al., 1998; Fig. 6 in Timofeev et al., 2002c), which
shifts the balance of excitation and inhibition and changes
the local extracellular K� concentration to cause seizure
initiation. As field potentials buildup, they result in trans-
membrane depolarizations in surrounding neurons. This
brings more neurons to firing threshold, neuronal synaptic
activation further increases, leading in turn to stronger
fields. Thus, ripples in field potentials lead to more numer-
ous and synchronous action potentials, which in turn rein-
force the field oscillations. Beyond a certain threshold, this
reinforcing interaction between field potentials and neuro-
nal excitation may be responsible for the initiation and
spread of paroxysmal activity. During non-paroxysmal ac-
tivities, the amplitude of neocortical ripples fluctuates but,
as long as this amplitude remains below a certain thresh-
old, the network remains in a non-paroxysmal state. When
these ripples reach a given threshold, the positive feed-
back loop between ripples in field potentials and synchro-
nous action potentials is engaged, and this leads to fast
recruitment of inactive neurons into firing (Fig. 6). This may
explain the transition between normal activity and seizures
being accompanied by ripples. Other factors that facilitate
the initiation of seizures are (a) strong neuronal activation
that leads to a decrease of the extracellular space (Dietzel
et al., 1980; Andrew and MacVicar, 1994), which favors
electrical interactions between neurons (Faber and Korn,
1989; Perez-Velazquez et al., 1994; Jefferys, 1995; Dudek
et al., 1998; Carlen et al., 2000; Perez-Velazquez and
Carlen, 2000); and (b) the high discharge rates of FS
(presumably inhibitory) neurons during EEG “spikes,” lead-
ing to a shift to more depolarized reversal potential of
Cl�-mediated IPSPs and, consequently, to a depolarizing
influence of the GABAA-dependent synaptic potentials
(Cohen et al., 2002; Timofeev et al., 2002c).

Development of cortically generated seizures

We now discuss data that mainly focus on the neuronal
substrates related to the progressive synaptic buildup of
cortically generated SW/PSW seizures and electrical par-
oxysms similar to those in Lennox-Gastaut seizures, and
the relations of these cortical events with thalamic neuro-
nal activities.

Cortical buildup and time course of SW seizures. That
seizures with SW complexes at approximately 3 Hz and

seizures with SW/PSW complexes at slightly lower frequen-
cies, sometimes interspersed with fast runs (10–20 Hz), orig-
inate in neocortex is based on a series of clinical data (see
introduction) and experimental results, basically showing (a)
the presence of such paroxysms in neuronal pools within the
cortical depth, even without reflection at the cortical surface
(Steriade, 1974), and in isolated cortical slabs in vivo
(Timofeev et al., 2000a); (b) their induction by infusion of the
GABAA-receptor antagonist bicuculline in neocortex of ipsi-
laterally thalamectomized animals (Steriade and Contreras,
1998); and (c) absence of paroxysmal patterns after intratha-
lamic injections of bicuculline, which rather induce low-fre-
quency, regularly recurring spindle sequences in ferret slices
in vitro (Bal et al., 1995) and cat (Ralston and Ajmone-
Marsan, 1956; Steriade and Contreras, 1998) or rat (Castro-
Alamancos, 1999) thalamus in vivo, but not SW seizures.

Measures of synchrony among multi-site field poten-
tials, extracellular discharges and intracellular activities in
neocortical areas showed time-lags as short as 3–10 ms,
butup to 50 ms or even longer (100–150 ms) intervals
(Steriade and Amzica, 1994). The degree of synchrony
progressively increases from pre-seizure (sleep-like) pat-
terns to the early stage of the SW seizure and, further, to
its late stage. Fig. 7 illustrates a typical case in which the
seizure started in area 7, was followed by tonic depolar-
ization and rhythmic spike-bursts in a neuron from the
more rostral area 5, was subsequently reflected more ros-
trally, in field EEG potentials from area 4, and was only
lastly and slightly reflected in the thalamus. Thus, SW
seizures obey the rule of a progressive buildup in synaptic
circuits, with sequential distribution through oligo- and mul-
tisynaptic pathways, initiated within given cortical fields,
spreading to other cortical areas, and eventually to thala-
mus. However, as shown in section Inhibition of thalamo-
cortical neurons during cortically generated seizures, the
overwhelming majority of TC neurons are steadily hyper-
polarized and inactive during cortically generated SW
seizures.

A time course virtually identical to that in SW seizures
is observed during Lennox-Gastaut-type seizures, during
which SW/PSW complexes are intermingled with fast runs
whose frequencies are similar to those of polyspikes that
buildup PSW complexes. In those cases, the fast runs
display slightly different frequencies in various cortical foci
and the same neuron exhibits frequency variations as well
as differences in time relations with field potentials during
various fast oscillatory epochs (Timofeev et al., 1998).
These variations among different epochs of the same
spontaneously occurring seizure, consisting of both SW/
PSW complexes and fast runs, are illustrated in Fig. 8
showing simultaneous intracellular and field potential re-
cordings from different cortical sites. The differences in
frequencies of spike-bursts fired by the neuron in various
epochs (11 Hz and 14 Hz) are important for the thalamic
reflection of cortical fast components. Indeed, as neurons
in different neocortical areas (5, 7 and 21), all impinging
upon the thalamic lateroposterior (LP) nucleus, do not
simultaneously fire during the fast runs, the corticothalamic
inputs do not produce synchronous fast oscillations in the
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thalamus, but rather induce a steady depolarization on
different target thalamic neurons, with the consequence
that local LP field potentials do not exhibit clear-cut fast
oscillations (Fig. 8).

The reciprocal connections between cortical associa-
tion areas 7 and 5 have been established morphologically
(Avendaño et al., 1988) and by monosynaptic responses
using dual intracellular recordings from those areas
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(Amzica and Steriade, 1995a). These two-way connec-
tions explain that some SW seizures start in one area and
spread to the adjacent one, and that time relations be-
tween two simultaneously recorded neurons may change
and alternate continuously (Neckelmann et al., 1998). The
delays between corresponding events in simultaneously
recorded cortical neurons are reduced during spontane-
ously occurring seizures with SW complexes at approxi-
mately 3 Hz, as compared with the preceding epochs of
slow sleep oscillation. Recording intracellularly from two
cortical neurons, while small amounts of bicuculline leaked
into the cortex, showed that, in 80% of seizures, the sign of
the individual time-lags alternated throughout the seizure
(Fig. 9).

With simultaneous triple intracellular recordings within
a restricted (�0.5 mm) cortical field, we could demonstrate
seizure initiation by a leading neuron, consistently followed
by another neuron that had the role of maintaining the
spontaneously occurring paroxysm (Fig. 10; see also
above data and Fig. 15 in Steriade et al., 1998a). The
present Fig. 10 shows such a progression that started with
spiking in the leading neuron recorded from area 7, which
was followed after approximately 1 s by paroxysmal dis-
charges in a neighboring cell that maintained the seizure,
because it fired high-frequency spike-trains during each
paroxysmal cycle, whereas the PDSs of the leading neu-
ron mainly consisted of spike inactivation within PDSs. The
third simultaneously recorded neuron only reflected parox-
ysmal discharges and mainly fired one action potential in
the middle of PDSs.

As far as the thalamus is concerned, multi-site record-
ings showed that seizures with SW complexes at 2–3 Hz
spread from one cortical area to another, well before
reaching the thalamus (Fig. 11A). However, the minority of

TC neurons that are capable of firing spike-bursts during
cortically generated SW seizures (see Inhibition of
thalamocortical neurons during cortically generated sei-
zures) may partially recover the synchronization when two
cortical areas are disconnected. Before the intracortical
transection, which is schematically illustrated in Fig. 11B,
the wave-triggered averages performed with reference to
the sharp depth-negativities (EEG “spike”) in area 7
showed high intracortical synchrony during SW seizures,
whereas the related thalamic rostral intralaminar nucleus
was only weakly synchronized with the activity in area 7.
After transection between areas 5 and 7, the average
triggered by area 7 activity demonstrated impaired intra-
cortical synchrony. By contrast, with averages triggered by
thalamic activity, some synchronous paroxysmal spikes
were seen in both areas 5 and 7, thus suggesting that the
synchrony may be achieved for brief periods through cor-
tico-TC pathways (Fig. 11B). Thus, after disconnection of
these cortical synaptic linkages, cortico-TC loops may par-
tially and intermittently recover the intracortical synchrony.

To sum up, cortical SW seizures are not generated
simultaneously over widespread territories in TC systems
but arise in neocortical areas in which metabolic and net-
work factors render neurons more excitable, and propa-
gate with short or long delays to other cortical fields before
reaching the thalamus. In recent intracellular and field
potential recordings, we constantly observed progressively
increased amplitudes of EPSPs, leading to action poten-
tials, few tens or hundreds milliseconds preceding the first
paroxysmal depolarization, an increase that persisted until
the appearance of full-blown seizures (Steriade et al.,
2003). The progressive increase of synaptic excitability
preceding the onset of seizures reflects the recruitment of
neuronal activities arising in local and distant sites. EEG

Fig. 7. Intracortical and corticothalamic relations during spontaneously occurring electrical seizure with SW complexes at approximately 2 Hz. Cat
under urethane anesthesia. Five simultaneously recorded traces represent intracellular recording from area 5 neuron, unit discharges and field
potentials from area 7, EEG from postcruciate area 4, and EThG (electrothalamogram) from ipsilateral thalamic rostral intralaminar centrolateral (CL)
nucleus. Dotted line at extreme right of intracellular recording indicates membrane potential before the seizure (�75 mV). At right, cross-correlogram
between areas 7 and 5 neurons. Further explanations in text. Modified from Steriade and Amzica (1994).
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Fig. 8. Fast components of spontaneously occurring cortical seizures do not occur simultaneously in all recorded neocortical areas. Cat under
ketamine–xylazine anesthesia. Intracellular recording of FRB neuron from area 7 together with field potential recordings from the depth of cortical
areas 5, 7 and 21, and from LP nucleus (see top right diagram). Two epochs with fast runs indicated A and B are expanded below (the two traces
represent intracellular and field potential recordings from area 7). Wave-triggered averages (WTA) from the same epochs are depicted below (arrows)
with all five recording sites (peaks of depth-negative field potentials from area 7 are taken as reference time). During epoch A, the area 7 neuron
discharged high-frequency spike-bursts at approximately 14 Hz that were not fired, as expected, during the peak of depth-negative field potentials
recorded from the same area, but during the descending positive phase. Distinctly, during epoch B, the same neuron discharged lower-frequency
(approximately 11 Hz) spike-bursts which were closely related to the depth-negative cortical field potential, thus indicating synchrony between the
single neuron and the neuronal pool giving rise to the field potential. However, during the same epoch B, with fast runs at approximately 11 Hz, WTA
showed that field potentials from area 21 were not in phase with those from areas 5 and 7. The time-lag between areas 7 and 21 was approximately
40 ms, and between areas 5 and 21 was approximately 50 ms, which may explain the absence of oscillation in the LP nucleus. From Timofeev et al.
(1998).
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Fig. 9. Time-relations between intracellularly recorded neurons vary during the course of a bicuculline-induced seizure. Cat under ketamine–xylazine
anesthesia. Seizure in an animal with a syringe with 10 �l 0.2 mM bicuculline in area 5. The bicuculline was not injected but only leaked. Upper panel,
simultaneous dual intracellular recording together with depth-EEG from areas 5 and 7. For each cell and each depolarization complex, the time-point
of the steepest slope of the membrane potential (highest �Vm/�t) was selected. The time-point of area 7 neuron was subtracted from the
corresponding time-point of area 5 neuron, and plotted the resulting time-lags along the ordinate as vertical lines from zero, with the time-point of area
5 cell along the abscissa (see time calibration, 25 ms, at the extreme right). Period A: The neuron in area 5 clearly preceded the neuron in area 7.
This order was reversed in periods B and C. Bottom right panel, event-related average (n�100) of the two cells triggered by the time-point of area
7 neuron (dotted line) to estimate the relationship between the two neurons during the fast runs. From Neckelmann et al. (1998).
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recordings in humans with absence epilepsy have also
questioned the “suddenly generalized, bilateral synchrony”
of SW seizures and presented evidence for independent
sources of these paroxysms (Petsche, 1962; McKeown et
al., 1999; Rodin, 1999). Clinical studies in patients with
mesial temporal lobe epilepsy also reported that “accumu-
lated energy” increases long before seizure onset, and
suggested that changes in cellular and network function
that lead to epileptic seizures may develop over hours (Litt
et al., 2001; McKeown and McNamara, 2001). Although
apparently different from absence seizures with SW com-
plexes, non-linear autoregressive analysis of EEG traces
revealed common dynamics between absence seizures

and temporal lobe seizures, leading to the conclusion that
some temporal lobe paroxysms share common circuit
mechanisms with those underlying seizures with SW com-
plexes at 3 Hz (Schiff et al., 1999). Then, the answer to the
question “When do epileptic seizures really begin”? is
more complicated than the belief that such paroxysms are
suddenly generalized.

Neuronal substrates of cortical SW and Lennox-
Gastaut seizures. The neuronal mechanisms underly-
ing the generation of EEG “spike” and “wave” components
of SW complexes are similar, up to identity, in seizures
consisting of only SW complexes and in those paroxysms
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Fig. 10. Progressive development of paroxysmal activity during spontaneously occurring electrical seizure. Cat under ketamine–xylazine anesthesia.
Triple intracellular recordings from area 7, together with field potential (EEG) recording from the same area. Top trace is EEG filtered between 80 and
200 Hz (amplified �5) to show ripples during seizures. During the onset of both illustrated seizures, cell 2 (leading neuron) initiated the paroxysm but
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(cell 2) neuron. Unpublished data.
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resembling the EEG patterns of the clinical Lennox-
Gastaut syndrome in which, besides SW complexes at
slightly lower frequencies, fast runs are also present
(Halasz, 1991; Yaqub, 1993; Niedermeyer, 1999a,b). Sim-
ilarly to the focal initiation in cortex of SW seizures (see

Cortical buildup and time course of spike-wave seizures),
clinical studies have reported multi-focal independent EEG
“spikes” and SW patterns in Lennox-Gastaut syndrome
(Burnstine et al., 1991; Kotagal, 1995) and have implicated
intracortical neuronal networks in the generation of these

Fig. 11. Spontaneous SW seizures appear focally in some neocortical areas, and spread intracortically before related thalamic nuclei are entrained.
However, intracortical synchrony could be restored intermittently by corticothalamocortical pathways. Cats under ketamine–xylazine anesthesia. (A)
Depth-EEGs from areas 7 and 5, and electrothalamogram (EThG) from the thalamic intralaminar centrolateral nucleus (CL) during a spontaneously
occurring seizure. Arrow points to expanded detail of the period indicated in the left panel. Periods marked by 1, 2 and 3 represent epochs in which
the SW seizure was initiated in area 7, spread to area 5, and to the thalamus, respectively. (B) Transection of intracortical pathways impaired
intracortical synchronization of paroxysmal activity. After a complete transection of the suprasylvian gyrus leading to disconnection of intracortical
pathway and disappearance of the coherent activity, which was observed before the transection, intermittent recovery was seen through cortico-
thalamocortical loops (with wave-triggered averages from CL). Modified from Neckelmann et al. (1998).
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seizures because of focal disturbances of cortical metab-
olism (Miyauchi et al., 1988) and favorable outcome for
overall seizure frequency after focal corticectomy (Burns-
tine et al., 1991).

We will first discuss the neuronal substrates of SW
complexes and thereafter those of fast runs. The complex
evolution of a full electrical seizure, developing from the
slow (sleep-like) oscillation and consisting of both SW/
PSW complexes at approximately 2 Hz and fast runs at
approximately 15 Hz, is illustrated in Fig. 12. In keeping
with the idea that such seizures develop, even without
discontinuity, from the slow sleep oscillation, the wave-
triggered averages in this figure show that the relationships
between field potential and intracellular activities are very
similar during the epoch preceding the seizure and during
the seizure, the only difference being the increased ampli-
tude and frequency of SW complexes, compared with the
alternating depolarization–hyperpolarization sequences
during the slow oscillation. The seizure evolved with a
progressive depolarization that reached a maximum value
during the fast runs. Note that the sudden arrest of the
seizure was associated with a long-lasting hyperpolariza-
tion. In some instances, representing those cases in which
intracellular recordings were performed within the very
focus initiating the seizure, the plateau of depolarization
reached values more positive by 17–20 mV, compared
with the levels observed prior to the seizure, often associ-
ated with complete spike inactivation (see Fig. 5 in Ste-
riade et al., 1998a). That FRB neurons fired spike-bursts
during every EEG “spike” of SW complexes as well as
during every fast run, thus contrasting with single-spike
firing of RS neurons during the fast runs, was documented
above (see Fig. 2). Paroxysms with features similar to
those occurring spontaneously could be elicited by electri-
cal stimulation, mainly in the frequency range of ripples
(approximately 100 Hz), or by small amounts of GABAA-
receptor antagonist, bicuculline.

In what follows, we discuss (a) the contribution of
excitatory and inhibitory neurons to the depolarizing (EEG
“spike”) and hyperpolarizing (EEG “wave”) components of
SW/PSW complexes, as well as the apparent input resis-
tance and neuronal responsiveness during these two com-
ponents of SW/PSW complexes; (b) the transition from
one component to another; (c) the cellular mechanisms
underlying the fast runs; and (d) the temporal relations
between neurons and glial cells.

The EEG “spike” of SW complexes corresponds intra-
cellularly to the paroxysmal depolarizing shift (PDS; re-
viewed in McNamara, 1994; Traub et al., 1996; McCormick
and Contreras, 2001). Interictal EEG “spikes” (ISs) or
PDSs are similar to those that occur during SW seizures
and firstly isolated PDSs may progressively evolve into
full-blown SW paroxysms (Fig. 13). The highest spatiotem-
poral synchrony is observed during seizures, followed by
ISs, and by the slow oscillation from which PDSs evolve.
Initially, PDSs have been regarded as giant EPSPs
(Johnston and Brown, 1981, 1984), enhanced by activa-
tion of voltage-gated intrinsic currents (Wong and Prince,
1978; Dichter and Ayala, 1987). More recently, the pres-

ence of inhibitory processes during different types of sei-
zure activity was reported (Traub et al., 1996; Esclapez et
al., 1997; Prince and Jacobs, 1998) and our intracellular
studies of neocortical neurons in vivo (Timofeev et al.,
2002c) as well as work on human and rat slices (Cohen et
al., 2002; Fujiwara-Tsukamoto et al., 2003) demonstrate
that PDSs contain an important inhibitory component.

Several lines of evidence point to the presence of
inhibition during the EEG “spike” of SW complexes. (a) The
depolarizing phase of paroxysmal discharges contains a
Cl�-dependent component that is associated with firing of
FS (presumably local inhibitory) neurons. This was deter-
mined from dual intracellular recordings from closely
spaced (lateral distance, �0.5 mm) neurons, one recorded
with K acetate-filled pipette, the other with KCl-filled pi-
pette. The results showed significantly increased depolar-
ization during the PDSs of SW complexes in the neuron
recorded with Cl�-containing pipette and only a small dif-
ference between the membrane potential of the two neu-
rons during the fast runs (Fig. 14). During seizures with
SW/PSW complexes, the reversal potential of GABAA-
receptor-mediated IPSP is shifted to positive values by
20–30 mV. Thus, active inhibitory mechanisms are en-
gaged in the generation of the depolarizing component of
SW complexes and are less (or not at all) implicated in the
generation of fast runs. (b) FS neurons have a leading role
over RS neurons during the PDSs of SW complexes,
which stands in contrast with RS neurons that lead FS
neurons during the fast runs (Fig. 15). (c) FS neurons fire
at very high frequencies during the PDSs of SW com-
plexes (Timofeev et al., 2002c). And (d) direct GABA ap-
plication to the same neuron elicits depolarizing responses
during epileptiform discharges and hyperpolarizing re-
sponses outside epileptiform discharges (Fujiwara-Tsuka-
moto et al., 2003), thus inducing powerful depolarizing
potentials in postsynaptic neurons as, during the postsyn-
aptic uptake of Cl�, the [Cl�]i increases and this causes a
decreased amplitude or even a change in the polarity of
IPSPs that become depolarizing (Thompson and Gähwiler,
1989) and are crowned by Na� spikes (Contreras et al.,
1997a,b). Prolonged high-frequency stimulation (Kaila et
al., 1997; Taira et al., 1997) or spontaneous high-fre-
quency firing of inhibitory interneurons (Timofeev et al.,
2002c) may induce a rapid GABAA-mediated bicarbonate-
dependent increase in the [K�]o. An increase in [K�]o in
mature neocortical pyramidal neurons would result in fur-
ther increase in [Cl�]i (DeFazio et al., 2000). The seizure-
related depolarizing GABA responses are likely mediated
via cation–chloride co-transporters (Payne et al., 2003).

The inhibitory component in the PDS accounts, at least
partially, for the diminished excitability of neocortical neu-
rons to antidromic and synaptic volleys during the EEG
“spike” component of SW complexes (Steriade and
Amzica, 1999). Thus, antidromic action potentials are only
elicited during the declining, repolarizing phase of PDSs,
but are absent if stimuli fall during the middle of PDSs.
Orthodromic responses, tested during control (pre- and
post-seizure) and seizure epochs consistently show a pro-
gressively decreased latency, increased amplitude, and
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faster slope at the EPSP onset, during the transition from
the slow oscillation (or isolated, interictal PDSs) to SW/
PSW paroxysms. However, while during the hyperpolar-

ization following each PDSs cortical stimuli reliably elicit
PDSs that are similar to the EPSP latency prior to seizure,
during the EEG “spike” component of SW complexes the

Fig. 12. Spontaneously occurring seizure, developing without discontinuity from slow (sleep-like) oscillation. Cat under ketamine–xylazine anesthesia.
Intracellular recording from RS area 5 neuron together with depth-EEG from the vicinity in area 5. (A) Smooth transition from slow oscillation to complex
seizure consisting of SW complexes at approximately 2 Hz and fast runs at approximately 15 Hz. The seizure lasted for approximately 25 s. Epochs
of slow oscillation preceding the seizure, SW complexes, and fast runs are indicated and expanded below. Note postictal depression (hyperpolar-
ization) in the intracellularly recorded neuron (approximately 6 s), associated with suppression of EEG slow oscillation (compare with left part of trace).
(B) Wave-triggered-average during the slow oscillation, at the beginning of seizure and during the middle part of seizure. Averaged activity was
triggered by the steepest part of the depolarizing component in cortical neuron (dotted lines), during the three epochs. The depth-negative field
component of the slow oscillation (associated with cell’s depolarization) is termed K-complex. During the seizure, the depolarizing component reaches
the level of a PDS, associated with an EEG “spike.” Note tonic depolarization during fast runs. From Steriade et al. (1998a).

I. Timofeev and M. Steriade / Neuroscience 123 (2004) 299–336 317



Fig. 13. Evolution from slow oscillation to isolated PDSs and SW seizure. Cat under ketamine–xylazine anesthesia. Progressive changes in cortical
activity and synchrony after placement of a syringe with 10 �l 0.2 mM bicuculline in area 5. Bicuculline was not injected, but leaked into cortex. Eight
electrodes (1.5 mm apart) were inserted; the syringe was between electrodes 1 and 2 (see brain figurine). The left part shows slow oscillation (see
detail A). A star marks the first paroxysmal EEG “spike” (B). Later, the field potentials became dominated by recurrent EEG “spikes” that, intracellularly,
correspond to PDSs (C), eventually leading to a seizure with a PSW pattern (D). Lower panel, sequential cross-correlation on 1-s windows between
all electrode pairs. Peak amplitude of the cross-correlation function was averaged across all electrode pairs (see inter-electrode distance below the
abscissa) for each of the three 10 s periods marked Slow, PDS and Seizure, and plotted as a function of inter-electrode distance. Similar voltage
calibration in all panels. The intracortical synchrony decreased with distance during paroxysmal activity. From Neckelmann et al. (1998).
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same stimuli are completely ineffective in eliciting an overt
response (Fig. 16). The decreased responsiveness of cor-
tical neurons during the EEG “spike” is corroborated by a
significant decrease in the apparent input resistance (Rin)
during this component of SW complexes (Matsumoto et
al., 1969; Neckelmann et al., 2000; Timofeev et al., 2002c).

During the EEG “wave” component, associated with
neuronal hyperpolarization, Rin increases relative to the
“spike” component. These and similar results, refuting the
idea of a role played by GABA receptors in the generation
of the hyperpolarization associated with the EEG “wave”

component of SW complexes, were reported in a genetic
rat model of absence epilepsy (Charpier et al., 1999; Staak
and Pape, 2001; Crunelli and Leresche, 2002) and in our
experiments on cats (Neckelmann et al., 2000; Timofeev et
al., 2002c). Earlier hypotheses considered that the EEG
“wave” component reflects summated IPSPs that were
ascribed to GABAergic processes triggered in cortical py-
ramidal neurons by local-circuit inhibitory cells (Pollen,
1964; Giaretta et al., 1987). In computational models, the
“wave” was similarly regarded as produced by GABAB-
mediated IPSPs (Destexhe, 1998). If so, a decreased Rin

Fig. 14. Chloride potentials dominate during PDSs of SW complexes, but not during fast runs. Cat under ketamine–xylazine anesthesia. Upper panel
shows a transition from slow sleep-like oscillation to electrographic seizure in simultaneous EEG and dual intracellular recording. Cell one was
recorded with K acetate (KAc)-filled pipette, while cell two was recorded with KCl-filled pipette. Bottom trace represents the difference between KCl
and KAc. Red color indicates stronger depolarization in neuron recorded with KCl-filled pipette, and blue color points to depolarization in neuron
recorded with KAc-filled pipette. Fragments of intracellular recordings indicated by a, b and c are expanded at bottom. From Timofeev et al. (2002c).
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Fig. 15. Leading role of FS neurons during PDSs of SW complexes, and of RS neurons during fast runs. Cat under ketamine–xylazine anesthesia.
Middle panel shows a fragment of electrographic seizure (type Lennox-Gastaut) with simultaneous EEG and dual intracellular recording from FS and
RS neurons. Fragment of fast runs and a SW complex, indicated by horizontal bars and arrows, are expanded in top panel. Top left inset shows a
comparison of action potentials fired by the two neurons before the onset of seizure. Bottom plots show the time relation of firing between the two
neurons and the firing ratio (FS/RS) during the electrographic seizure. Upward lines in the bottom panel correspond to the fragment of electrographic
seizure that is expanded in the middle panel. From Timofeev et al. (2002c).
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would be detected during the EEG “wave” component.
However, the opposite was found during SW seizures in
both rat genetic models of absence epilepsy and sponta-

neous SW seizures in cats (see above). As to the possi-
bility that GABAB-mediated IPSPs underlie the “wave”
component of SW seizures, including QX-314 in the re-

Fig. 16. Synaptic excitability to cortical stimuli during the pre-seizure epoch, different components of the seizure consisting of SW complexes over
a depolarizing envelope, and post-seizure epoch. Cat under ketamine–xylazine anesthesia. Intracellular and depth-EEG recordings from cortical area
5. (A) Stimuli applied to area 7 (marked by dots); stimulation frequency increased from 0.5 Hz to 1 Hz after the first five stimuli (see left part of the
intracellular trace). (B) Expanded traces depicting cortically evoked EPSPs during the pre-seizure (B1) and post-seizure (B2) epochs. Inset in B1
depicts (higher gain) the evolution of the six EPSPs preceding the seizure (a–f); note progressively decreased latency and increased amplitude while
approaching the seizure. (C) Cortically evoked PDSs during the EEG “wave” (C1) and “spike” (C2). During the “wave,” the PDSs started at the same
latency (approximately 3 ms) as the EPSPs prior to seizure, lasted for 120–150 ms, and were crowned by high-frequency (250–300 Hz) spike-bursts
(C1). From Steriade and Amzica (1999).
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cording pipette to block the G-protein-coupled GABAB-
evoked K� current (Jensen et al., 1993; Deisz et al., 1997)
did not significantly affect the hyperpolarization in our ex-
periments (I. Timofeev, F. Grenier, M. Steriade, unpub-
lished data). Together, these data suggest that GABA-
mediated currents are not important for the hyperpolariza-
tion during these cortically generated seizures.

Another factor relates to different K� currents (Halli-
well, 1986; Schwindt et al., 1988). Recordings with Cs�-
filled pipettes to non-selectively block K� currents showed
that, during the “wave” component of SW seizures, pyra-
midal neurons displayed depolarizing potentials (Timofeev
et al., 2002c). Thus, at least some role is played by K�

currents, most probably IK(Ca) because in recordings with
pipettes filled with BAPTA the “wave”-related hyperpolar-
izations were reduced and the apparent Rin increased (I.
Timofeev, F. Grenier, M. Steriade, unpublished data). Con-
cerning another factor that may be responsible for the
“wave”-related hyperpolarization, disfacilitation seems to
be the most important mechanism underlying the hyper-
polarization during cortically generated SW seizures
(Charpier et al., 1999; Neckelmann et al., 2000). Indeed,
during the EEG “wave” component of SW seizures, cortical
and TC neurons do not fire, thus creating conditions for
disfacilitation.

All these results indicate that the hyperpolarizations
during SW seizure are due to the combined effect of dis-
facilitation and some K� currents.

What factors are implicated in the transition from neuro-
nal hyperpolarization to depolarization? Intracellular record-
ings from glial cells and direct measurement of [K�]o indi-
cated an increase in [K�]o during paroxysmal activities
(Moody et al., 1974; Amzica and Steriade, 2000; Amzica et
al., 2002; Timofeev et al., 2002a), leading to a positive shift
in the reversal potential of K�-mediated currents, including
IH. More than half of neocortical neurons display resonance
within the frequency range of 1–3 Hz or higher, which is
mediated by IH and enhanced by the persistent Na� current,
INa(p) (Hutcheon et al., 1996a,b; Ulrich, 2002). In our ex-
periments, 20% of neocortical neurons displayed depolar-
izing sags after application of hyperpolarizing current
pulses, probably caused by activation of IH, and models of
isolated pyramidal neurons with IH included in their den-
dritic compartment showed that rebound depolarization
was sufficient to generate single action potentials or spike-
bursts (Timofeev et al., 2000a). The increased excitability
of pyramidal neurons after the prolonged hyperpolariza-
tions during the EEG “wave” component of SW complexes
may contribute to the generation of the subsequent parox-
ysmal depolarization (Fig. 17). It is also possible that the IT,
alone or in combination with IH, also contributes to the
generation of the rebound overexcitation, as shown in
cortical slices (de la Peña and Geijo-Barrientos, 1996) and
in computational studies (Destexhe et al., 2001). However,
the main role is that of the IH because the generation of IT
in cortical neurons requires voltages much more hyperpo-
larized than those normally seen during spontaneously
occurring network operations (Paré and Lang, 1998).
Thus, the next paroxysmal cycle likely originates from the

excitation driven by IH that follows the neuronal silence
during the EEG “wave” in the SW complex.

The sustained depolarization of RS neurons during the
fast runs, which often leads to partial spike inactivation
(see above, Fig. 12) is regarded as caused by the firing
pause or very reduced discharges in the overwhelming
majority of electrophysiologically characterized FS (pre-
sumably local-circuit inhibitory) neurons (Fig. 18). This
feature of FS neurons during fast runs probably arises from
asynchronous synaptic bombardment that is not able to
depolarize FS neurons to the firing threshold. Even in
cases were FS neurons demonstrate several spikes during
fast runs, the firing ratio FS/RS is lowest during fast runs
(Timofeev et al., 2002c).

The summary diagram in Fig. 19 tentatively indicates
the different synaptic and intrinsic currents activated by
neocortical neurons during paroxysmal activity. The PDS
consists of (a) summated EPSPs and IPSPs; and (b) an
intrinsic current, INa(p), as revealed by diminished depolar-

Fig. 17. Slowly repolarizing potential during the EEG “wave” compo-
nent of SW seizure. Cat under ketamine–xylazine anesthesia. (A) AC
and DC field potentials and intracellular recordings from area 7. Sei-
zures were induced by infusion of bicuculline into distantly located
area 4. The neuron hyperpolarized immediately after PDSs. This
hyperpolarization resulted in an activation of slow neuronal depolar-
ization. One possible candidate for such depolarizing sag at hyperpo-
larized levels is IH. Plot shows the dependency of slope of linear fitting
during first 100 ms of depolarizing sag as a function of the membrane
voltage. (B) and (C) show wave-triggered averages for EEG and two
different neurons revealing the IH component as well as their perievent
firing histogram. The peak of EEG depth-negativity was taken as zero
time for averages. From Timofeev et al. (2002a).
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ization in recordings with QX-314 in the recording micropi-
pette. The hyperpolarization, related to the EEG depth-
positive “wave,” is a combination of K� currents (mainly
IK(Ca) and Ileak) due to the strong depolarization during the
PDS, which supports abundant entry of Na� and Ca2� into
neurons. And, the hyperpolarization-activated depolarizing
sag, due to IH, leads to a new paroxysmal cycle.

Finally, most of the evidence supporting an active role
of glia in some neuronal operations derives from work in
cultures or in slices maintained in vitro showing that glial
cells are endowed with receptors for, and release, some
neurotransmitters (Bormann and Kettenmann, 1988;
MacVicar et al., 1989; Steinhäuser and Gallo, 1996;
Araque et al., 1999) and they display intrinsic Ca2� oscil-
lations (Parri et al., 2001). The possible implication of glial
cells in seizures with SW/PSW complexes and fast runs in
vivo was reported in studies using dual intracellular record-

ings from neocortical neurons and glial cells, or from two
glial cells, which have recently been performed during
sleep and seizures in vivo (Amzica and Steriade, 2000;
Amzica and Neckelmann, 1999; Timofeev et al., 2000a).
These studies led to the conclusion that the membrane
potential of glial cells displays negative events related to
the onset of PDSs in cortical neurons and maximal glial
depolarization is reached later than the end of the neuronal
depolarization. The propagation of paroxysmal activity in
neocortex through the glial syncytium (Amzica et al., 2002)
may add a factor to the progressively increased inter-
neuronal synchrony with the development from the slow
sleep oscillation to seizures.

Inhibition of TC neurons during cortically generated
seizures. During cortically generated seizures with SW
complexes or SW/PSW complexes associated with fast

Fig. 18. FS neuron receives asynchronous synaptic inputs and displays decreased firing rates during fast runs. Cat under ketamine–xylazine
anesthesia. Spontaneous seizure. The neuron displayed conventional FS pattern (not shown). An action potential (0.35 ms at half-amplitude) is
expanded at top right. Note the presence of numerous action potentials during the EEG “spikes” of PSW complex (bottom left) and their absence during
most cycles of fast runs (bottom right). During the fast runs, the neuron received multiple asynchronous synaptic potentials (best seen at bottom right).
From Timofeev et al. (2002c).
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runs, GABAergic thalamic RE neurons faithfully follow
each PDS of SW complexes, whereas most TC neurons
are steadily hyperpolarized and display phasic IPSPs that
do not succeed in de-inactivating Ca2�-dependent LTSs.
Thus, RE neurons driven from cortex ultimately leads to
inhibition of TC neurons and the latter do not succeed in
transferring spike-bursts to cortex. Local-circuit inhibitory
thalamic neurons of cats and primates (with the exception
of lateral geniculate nucleus, rats possess only negligible
proportions of such neurons in dorsal thalamic nuclei) have
not yet been systematically investigated, but it is expected
that these local-circuit cells play an ancillary role in SW
seizures, similarly to their role in slow-wave sleep
oscillations.

Simultaneous recordings of cortical EEG and RE neu-
rons revealed that spontaneous cortical seizures with SW
complexes at approximately 3 Hz are associated with
spike-bursts in RE neurons, which follow each EEG “spike”
and increase their duration from approximately 40 ms dur-
ing the prior sleep-like pattern to spike-bursts lasting ap-
proximately 200 ms during the seizure (Steriade and Con-
treras, 1995). During cortical seizures with SW complexes
at approximately 3 Hz, simultaneous recordings of cortical
EEG activity, RE-cell’s unit discharges, and intracellular
activity of a related TC neuron showed IPSPs in the TC
neuron, with the same frequency as that displayed by
cortical EEG “spikes” and RE-cell’s spike-bursts (see Fig.
6 in Steriade and Contreras, 1995). In Lennox-Gastaut-
type seizures, RE neurons undergo repeated transitions
from hyperpolarized to relatively depolarized levels that
correspond to SW/PSW components, when they discharge
high-frequency, prolonged spike-bursts); and fast runs,

when they fire spike-doublets or triplets followed by an
afterdepolarization hump on which presumed dendritic
spikes are superimposed (Fig. 20)(Timofeev et al., 1998;
see evidence for RE-cells’ dendritic spikes in Contreras et
al., 1993).

In sum, GABAergic RE neurons participate actively
during cortically generated SW/PSW seizures in vivo. This
conclusion is strengthened by the analysis of RE neurons
in a genetic model of absence epilepsy (Slaght et al.,
2002), in vitro cellular data showing a selective increase in
the amplitude of Ca2�-dependent T-current in a genetic
model of absence epilepsy (Tsakiridou et al., 1995; Avan-
zini et al., 1999), and the fact that the Cd2�-induced block-
age of RE-cells’ spike-bursts leads to a decrease in the
ipsilateral SW activity (Avanzini et al., 1992).

As a consequence of these cortical actions on thalamic
RE neurons, TC neurons are steadily inhibited during sei-
zures with pure SW complexes as well as Lennox-Gastaut
seizures. In some instances, a progressive development of
paroxysms can be detected, starting with embryonic SW
complexes that, if not followed by more developed se-
quences of SW complexes, would not been detected as
precursor of full-blown SW seizures. In such cases, all SW
seizures were associated with progressively increased
amplitudes of hyperpolarizations in the simultaneously re-
corded TC neuron (Fig. 21). Such barely recognizable
seizures (see panel A in Fig. 21) suggest that, during night
slow-wave sleep, small paroxysms with SW complexes
occur in many subjects, without being accompanied by
full-blown absence seizures during the waking day. As
discussed above, clinical data show that interictal abnor-

Fig. 19. Tentative representation of different synaptic and intrinsic currents activated in neocortical neurons during paroxysmal activity. Explanations
in text. Unpublished data.
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malities may appear within restricted cortical regions and
their occurrence is favored by slow-wave sleep.

Studies using dual intracellular recordings from neo-
cortical and TC neurons in vivo showed that, during corti-
cally generated seizures consisting of SW/PSW com-
plexes at 2–3 Hz, most (60%) TC neurons display a steady
hyperpolarization as well as phasic IPSPs, closely related
to the EEG “spike” component of cortical SW/PSW com-

plexes (Steriade and Contreras, 1995). At the end of the
cortical seizure, TC neurons fire at high rates, as if they
were released from the inhibition that occurred during the
seizure. A similar aspect is illustrated in Fig. 22, which
shows that, following repetitive IPSPs related to cortical
paroxysmal discharges, during a short period of quies-
cence of cortical activity occurring within the SW seizure,
the TC neuron resumed its activity consisting of IPSPs and

Fig. 20. The membrane potential of thalamic RE neurons is more depolarized during fast runs than during SW complexes. Cat under ketamine–
xylazine anesthesia. Intracellular recording of rostral RE neuron together with depth-EEG from area 4. The spontaneous seizure consisted of SW/PSW
complexes at 2–3 Hz (left and right part) and fast runs at 10–11 Hz. Parts marked by horizontal lines during fast runs and SW complexes are expanded
below (arrows). Two cycles of fast runs are further expanded below to depict presumed dendritic spikes (asterisk; see text). From Timofeev et al.
(1998).
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instead fired single potentials (middle part in panel 2). The
source of inhibition in TC cells should be searched in
GABAergic RE neurons that fire spike-bursts during each
PDS of cortical neurons (see above). Modeling studies
based on data shown in Fig. 22 showed that increasing the
inhibitory strength from the GABAergic RE neurons onto
TC neurons favors the quiescent mode in the latter (Lytton
et al., 1997). Under steady hyperpolarizing current that
brings the membrane potential at levels that are not usually
seen even during slow-wave sleep, about �80 mV, some
of the reversed IPSPs in TC neurons are crowned by LTSs
and bursts of Na� spikes (Fig. 23; Steriade and Timofeev,
2001).

Our demonstration that TC neurons are inhibited dur-
ing cortically generated SW seizures was corroborated in
subsequent studies on a rat genetic model of absence
epilepsy (reviewed in Crunelli and Leresche, 2002). Thus,
intracellular recordings from TC neurons during spontane-
ous SW discharges in the genetic model of rats from
Strasbourg (GAERS) similarly demonstrated that the main
events which characterize the activity of an overwhelming
majority (	90%) of TC neurons are a tonic hyperpolariza-
tion, present throughout the SW seizure, and rhythmic
IPSPs (Pinault et al., 1998; Charpier et al., 1999).

To sum up, two major types of thalamic neurons (RE
and TC) undergo opposite influences: the former follow

Fig. 21. Development from embryonic SW activity to longer-lasting SW seizures. Cat under ketamine–xylazine anesthesia. Depth-EEG recording from
cortical area 4 together with intracellular recording from thalamocortical neuron in the ventrolateral (VL) nucleus. Note progressive development of SW
seizures (between asterisks) from A to C, associated with progressive hyperpolarization and phasic IPSPs in thalamic VL neuron. From Steriade and
Contreras (1995).
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each PDS of SW complexes, whereas the majority of the
latter are steadily hyperpolarized and display phasic IPSPs
that do not de-inactivate the Ca2�-dependent LTSs and do
not transfer spike-bursts to cortex. However, the few re-

maining TC cells might burst and reinforce the coherence
of seizure activity arising in neocortical areas. In any case,
the assumptions on the putative role played by TC neurons
in contributing to the cortically generated SW seizures by

Fig. 22. TC neurons display phasic IPSPs, but not spike-bursts, during cortically generated SW seizure. Cat under ketamine–xylazine anesthesia.
Dual intracellular recordings from area 4 cortical neuron and TC neuron from ventrolateral (VL) nucleus, together with surface- and depth-EEG from
cortical area 4. The SW seizure developed, without discontinuity, from sleep-like EEG patterns. Parts marked by 1 and 2 are expanded below. Note
progressive depolarization and PDSs in cortical neuron, and phasic IPSPs in TC cell, related to cortical PDSs. Also note that, during a brief period of
quiescence in cortical seizure (in 2), the hyperpolarization of TC neuron was removed and the neuron fired single action potentials. Unpublished data
by M. Steriade and D. Contreras (see similar data with dual intracellular recordings in Steriade and Contreras, 1995).
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firing LTS-bursts should be substantiated by intracellular
recordings. The “spike-bursts” in extracellular recordings
from TC neurons, which are sometimes used to claim a
role of these neurons during SW seizures, may just repre-

sent brisk firing due to prevalent excitation of TC neurons
by corticothalamic inputs during the cortical EEG “spikes.”
As to the beneficial effect in absence epilepsy of ethosux-
imide (ETX), which was initially described to reduce or

Fig. 23. During cortical seizure, TC neuron fires single action potentials or LTS-bursts at different levels of membrane potential. Cat under
ketamine–xylazine anesthesia. Subintrant seizures were induced by systemic administration of penicillin (300,000 i.u./kg., i.m.). Top panel depicts a
very long seizure in cortical EEG and the behavior of a TC neuron from VL nucleus at different levels of membrane potential (without current, with �1
nA and with �1 nA). Bottom right panel shows estimated reversal potential of IPSPs (during seizure, IPSPs reversed between �65 and �70 mV) and
LTS-related depolarizations under hyperpolarized DC currents. Voltage values were taken at times indicated in the bottom left panel. To estimate the
reversal potential for IPSPs in TC neurons, which accompany cortical seizures, we choose points that corresponded to a maximal hyperpolarization
in intracellular recordings that occurred after the cortical EEG “spike” in conditions of intracellular injections of depolarizing currents (see, in bottom
left panel, the right dotted line falling in the top intracellular trace, just below the EEG trace). As reference point, we choose a point in the intracellular
trace that was located at 100 ms before the peak of EEG depth-negative wave (“spike”), namely, during the EEG depth-positive wave (“wave”
component), indicated by left dotted line and 100 ms. To calculate the reversal potential for IPSPs, we took differences between these two points,
indicated as delta in the bottom right panel. At voltages below �75 mV (approximately �80 mV), the reversed IPSPs were crowned by LTSs and
spike-bursts. From Steriade and Timofeev (2001).
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block the IT of TC neurons (Coulter et al., 1989), other
studies showed that ETX decreases a non-inactivating
Na� current, INa(p), but had no effect on the IT (Leresche et
al., 1998). In view of our data on the cortical origin of SW
seizures, we proposed a cortical action of ETX (Steriade
and Contreras, 1998; Steriade, 2003), as IT is also found in
pyramidal and local-circuit inhibitory cortical neurons
(Kawaguchi, 1993; de la Peña and Geijo-Barrientos,
1996).

The leading role of cortex in the genesis of absence
seizures. That neocortex has a leading role in gen-
erating SW seizures in the thalamus was demonstrated
by self-sustained activities with SW complexes at ap-
proximately 3 Hz after prolonged corticothalamic volleys

(Steriade et al., 1976; Fig. 24). The presence of spike-
bursts in dorsal thalamic neurons is likely explained by
synchronous electrical stimuli that succeed in bringing
the membrane potential of TC neurons to values more
negative than �75 to �80 mV, via RE neurons. It should
be emphasized that only intracellular recordings can
safely ascertain the presence of spike-bursts generated
by bona fide LTSs.

The idea that corticothalamic drives generate SW sei-
zures was corroborated in other experimental models of
SW seizures (Avoli et al., 1983; Gloor et al., 1990; Kosto-
poulos, 2000), including genetic models of absence epi-
lepsy studied in vivo (Meeren et al., 2002) and in vitro
(D’Arcangelo et al., 2002). Following the hypothesis from

Fig. 24. Cortically elicited SW after-discharges in thalamic neurons. Brainstem-transected cat (bulbo-spinal cut, encéphale isolé preparation).
Development of responses elicited in LP thalamic neuron by pulse-trains (6 stimuli at 10 Hz) applied to cortical area 7. Below the five oscilloscopic
traces (1–5), three (a–c) ink-written samples depict adequately amplified focal slow waves recorded from LP nucleus by the same microelectrode as
used for extracellular unit recording (upper trace) and surface EEG rhythms from the contralateral cortical area 7 (bottom trace). Figures (1–4) on
upper traces correspond to periods of stimulation indicated by the same figures on oscilloscopic traces and represent the 8th (1), the 16th (2), the 28th
(3) and the last, 35th (4) cortical pulse-train. Non-depicted periods of 5 s separate EEG traces a–b, b–c, and the two parts of trace c. The three SW
complexes indicated by arrows in the oscilloscopic trace 3 correspond to those indicated by arrows in the ink-written trace c. From Steriade et al.
(1976).
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in vitro investigations supporting the idea of a thalamic
origin of SW seizures (von Krosigk et al., 1993; Bal et al.,
1995), the role of corticothalamic inputs in triggering SW
complexes is now confirmed (Bal et al., 2000; Blumenfeld
and McCormick, 2000), in line with our initial and more
recent data (see above). However, the overwhelming ma-
jority of TC neurons do not display LTSs and spike-bursts
during cortically generated SW seizures (see Fig. 22; re-
viewed in Crunelli and Leresche, 2002) and, when they fire
spike-bursts, it is under artificial hyperpolarization bringing
the membrane potential to �75 to �80 mV (see Fig. 23),
which is more negative than values reached during any
state of vigilance, including slow-wave sleep.

Possible mechanism(s) for cessation of seizures

Seizure termination is probably the most obscure aspect of
paroxysmal activity. Since the 1940s, different metabolic
and neural factors have been considered to account for the
cessation of seizures. Among the biochemical alterations,
the role of anoxia in arresting an epileptic attack has been
proposed, regardless of any disturbance in pulmonary res-
piration (Jasper and Erikson, 1941; Davies, 1944). More
recently, this factor was related to changes in the pH of the
interstitial fluid. It was shown that paroxysmal afterdis-
charges brought in their wake acidification (often preceded
by transient alkalinization) that was attributed to the pro-

Fig. 25. Evolution of firing rate during a spontaneously occurring SW seizure. Multi-site field potential, extracellular firing, and intracellular activity
recorded from different depths in association cortical area 5. Cat under ketamine–xylazine anesthesia. At each depth (indicated at extreme left), focal
field potentials and firing rates are depicted. Below, intracellular recording from the same area, at approximately 1.2 mm, firing rate of that neuron and,
at the bottom, the mean firing rate of all neurons (from 0.3 to 1.5 mm). The electrical paroxym consisted of SW complexes at 2.5 Hz, lasting for 30 s.
Parts marked by a and b are expanded in the right column. Further explanation in text. Unpublished data.
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duction of CO2 and of other acid metabolites (Somjen,
1984). Intracellular studies in hippocampal slices have also
shown that acidification results in the early termination of
paroxysmal activity (Xiong et al., 2000). The acidification
could be partially responsible for gap junction closure, thus
facilitating the seizure termination (Perez-Velazquez and
Carlen, 2000, Perez-Velazquez et al., 1994). The invoked
neural factors have been a series of hypothesized inhibi-
tory projections arising in local-circuit cortical cells (Branch
and Martin, 1958) or distant structures, such as the
thalamo-caudate system (Gastaut and Fisher-Williams,
1959) or the cerebellum (Kreindler and Steriade, 1960) at
which level an increased activity was temporally related to
the end of the seizure (Fernandez-Guardiola et al., 1962).
None of these presumed inhibitory neuronal circuits have
been corroborated by more recent experiments.

In our experiments using multi-site, including intracel-
lular, recordings during seizures in the intact (Steriade and
Amzica, 1994) and undercut (Topolnik et al., 2003a) su-
prasylvian cortex, the propagation rate and the synchrony
of activity progressively increased during seizure, thus
promoting the recruitment of neurons; however, when all
the affected neuronal pools were generating highly syn-
chronous paroxysmal activity, the seizure stopped

(Topolnik et al., 2003a). It can be postulated that the
increased depolarization during the full-blown seizure is
associated with increased [Na�]i and [Ca2�]i, which in turn
activates Na�- and Ca2�-activated IK (Schwindt et al.,
1989, 1992; Sah and Faber, 2002; see Fig. 19). We sug-
gest that when the hyperpolarizing influence of Na�- and
Ca2�-activated IK overcomes the depolarizing influence of
IH, the seizures stops. The Ca2� entry into cortical neurons
during seizures is likely responsible for the dramatic de-
crease in extracellular Ca2� concentration (Amzica et al.,
2002) and the decreased effectiveness of synaptic trans-
mission, thus also contributing to seizure termination.

Although the end of absence seizures is not conven-
tionally associated with macroscopic EEG flattening, in our
model of SW seizures we see at the intracellular level a
hyperpolarization that may last for a few seconds (see Fig.
12). Multi-site recordings of field potentials, extracellular
discharges and intracellular activity demonstrate that, be-
fore the post-ictal hyperpolarization, there is a progressive
decrease of unit firing. Indeed, Fig. 25 shows that unit firing
recorded simultaneously from all (but most superficial)
cortical layers increases from the onset to the climax of SW
seizure and progressively decreases toward the end of the
seizure, leading to neuronal silence even before overt

Fig. 26. Callosally induced responses in cortical neuron during postictal depression. Cat under ketamine–xylazine anesthesia. Top, intracellular
recording of FRB neuron and EEG field recording from area 5. Below, expanded details of the periods marked by horizontal bars during control,
pre-seizure epoch (A), seizure (B), and recovery (C). Note the post-hyperpolarization rebound in A, B; 1, 2, 3 and 4 are traces during postictal
depression. Unpublished data by Y. Cissé, I. Timofeev and M. Steriade.
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hyperpolarization is detected intracellularly. Rin decreases
during the postictal hyperpolarization and, over the total
duration of this hyperpolarization, it recovers back to the
control values of the slow sleep oscillation (Neckelmann et
al., 2000). Correlatively, the synaptic responsiveness of
cortical neurons is deeply depressed at the beginning of
the postictal hyperpolarization and recovers progressively
(Fig. 26).

Thus, the end of seizures may be due to overwhelming
K� currents associated with depressed synaptic respon-
siveness that prevents any further recurrent excitation in
cortical networks. It is fair to state that the mechanism(s) of
seizure cessation is an open avenue for further research.
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Contreras D, Curró Dossi R, Steriade M (1993) Electrophysiological
properties of cat reticular neurones in vivo. J Physiol (Lond) 470:
273–294.

Contreras D, Destexhe A, Steriade M (1997a) Intracellular and com-
putational characterization of the intracortical inhibitory control of
synchronized thalamic inputs in vivo. J Neurophysiol 78:335–350.
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Deschênes M, Hu B (1990) Electrophysiology and pharmacology of
the corticothalamic input to lateral thalamic nuclei: an intracellular
study in the cat. Eur J Neurosci 2:140–152.

Destexhe A (1998) Spike-and-wave oscillations based on the proper-
ties of GABAB receptors. J Neurosci 18:9099–9111.

Destexhe A, Contreras D, Steriade M (2001) LTS cells in cerebral
cortex and their role in generating spike-and-wave oscillations.
Neurocomputing 38-40:555–563.

Dichter MA, Ayala GF (1987) Cellular mechanisms of epilepsy: a
status report. Science 237:157–164.

Dietzel I, Heinemann U, Hofmeier G, Lux HD (1980) Transient
changes in the size of the extracellular space in the sensorimotor
cortex of cats in relation to stimulus-induced changes in potassium
concentration. Exp Brain Res 40:432–439.

Dinner D (1993) Posttraumatic epilepsy. In: The treatment of epilepsy:
principles (Wyllie E, ed), pp 654–658. Philadelphia: Lea & Fibinger.

Dudek FE, Yasumura T, Rash JE (1998) “Non-synaptic” mechanisms
in seizures and epileptogenesis. Cell Biol Int 22:793–805.

Esclapez M, Hirsch JC, Khazipov R, Ben-Ari Y (1997) Operative
GABAergic inhibition in hippocampal CA1 pyramidal neurons in
experimental epilepsy. Proc Natl Acad Sci USA 94:12151–12156.

Faber DS, Korn H (1989) Electrical field effects: their relevance in
central neural networks. Physiol Rev 69:821–863.

Fernandez-Guardiola A, Manni E, Wilson JH, Dow RS (1962) Micro-
electrode recording of cerebellar and cerebral unit activity during
convulsive discharge. Exp Neurol 6:48–69.

Fisher RS, Webber WR, Lesser RP, Arroyo S, Uematsu S (1992)
High-frequency EEG activity at the start of seizures. J Clin Neuro-
physiol 9:441–448.

Fujiwara-Tsukamoto Y, Isomura Y, Nambu A, Takada M (2003) Exci-
tatory GABA input directly drives seizure-like rhythmic synchroni-
zation in mature hippocampal CA1 pyramidal cells. Neuroscience
119:265–275.

Galarreta M, Hestrin S (1998) Frequency-dependent synaptic depres-
sion and the balance of excitation and inhibition in the neocortex.
Nat Neurosci 1:587–594.

Gastaut H, Fisher-Williams M (1959) The physiopathology of epileptic
seizures. In: Handbook of physiology, Vol. 1 (Field J, ed), pp
329–363. Baltimore: Williams & Wilkins.

Giaretta D, Avoli M, Gloor P (1987) Intracellular recordings in precru-

ciate neurons during spike and wabe discharges of feline general-
ized penicillin epilepsy. Brain Res 405:68–79.

Gibbs FA, Gibbs EL (1952) Atlas of electroencephalography, 2nd
edition. Cambridge, MA: Addison-Wesley.

Gibbs FA, Gibbs EL, Lennox WG (1939) The influence of the blood
sugar level on the wave and spike formation in petit mal epilepsy.
Arch Neurol Psychiat (Chicago) 47:1111–1116.

Gloor P, Avoli M, Kostopoulos G (1990) Thalamocortical relationships
in generalized epilepsy with bilaterally synchronous spike-and-
wave discharges. In: Generalized epilepsies (Avoli M, Gloor P,
Kostopoulos G, Naquet R, eds), pp 190–212. Boston: Birkhäuser.
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(1995) Sharp wave-associated high-frequency oscillation (200 Hz)
in the intact hippocampus: network and intracellular mechanisms.
J Neurosci 15:30–46.

(Accepted 22 August 2003)

I. Timofeev and M. Steriade / Neuroscience 123 (2004) 299–336336


	NEOCORTICAL SEIZURES: INITIATION, DEVELOPMENT AND CESSATION
	References
	Slow-wave sleep oscillations
	Neuronal properties and circuits underlying sleep os-cillations and seizures. 
	Grouping of low-frequency and fast rhythms by cortical slow oscillation. 

	Initiation of seizures during sleep oscillations
	Shift of balance between excitation and inhibition as triggering factor in seizure. 
	Role of FRB neurons and ripples (80–200 Hz). 
	Role of electrical fields during paroxysmal activities. 

	Development of cortically generated seizures
	Cortical buildup and time course of SW seizures.
	Neuronal substrates of cortical SW and Lennox-Gastaut seizures. 
	Inhibition of TC neurons during cortically generated seizures. 
	The leading role of cortex in the genesis of absence seizures. 

	Possible mechanism(s) for cessation of seizures
	Acknowledgements
	References


