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Abstract

Data based on dual intracellular recordings from neocortical and thalamic neurons in anesthetized cats are presented to support the
assumption that bisynaptic inhibition of thalamocortical (TC) neurons, induced by synchronous cortical volleys through a prior synaptic
relay in GABAergic thalamic reticular (RE) neurons, may overcome the direct excitation of TC neurons. This effect occurs during cortical
augmenting responses mimicking sleep spindles as well as during the self-sustained, post-augmenting activity. Although TC volleys
directly produce cortical potentials, the cortex uses its own machinery to elaborate oscillatory responses that outlast thalamic stimuli,
whereas, simultaneously, TC neurons remain under a prolonged hyperpolarization arising in RE neurons. This pattern suggests that,
during slow-wave sleep, when TC neurons are unable to process faithfully fast recurring signals from the external world because of their
inhibition, intracortical activity may underlie processes accounting for some forms of mental activity. Opposite activity patterns in cortical
and TC neurons are also observed during spike-wave seizures, which are generated in cortex and are associated with steady inhibition in
a majority of TC neurons. The inability of TC neurons to transfer signals from the outside world during spike-wave seizures may account
for unconsciousness during absence (petit-mal) seizures. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Corticothalamic axons originate in deep cortical layers
and outnumber all other afferents to the thalamus (Jones,
1985; Steriade et al., 1990). Some investigators have re-
ported facilitatory cortical actions on thalamic nuclei,
whereas others have found inhibitory actions or lack of any
consistent effect. This variety of results shows that the cir-
cuitry is more complex than the direct cortical glutamater-
gic excitation of both thalamocortical (TC) and thalamic
GABAergic reticular (RE) neurons. Synchronous corti-
cal volleys induce rhythmic post-inhibitory spike-bursts in
TC neurons, within the frequency range of sleep spindles
(7–14 Hz). This was shown not only with ipsilateral, but
also with contralateral, cortical stimulation to avoid an-
tidromic invasion of TC axons (Steriade et al., 1972). Then,
corticothalamic projections lead to prolonged and rhythmic
inhibitory-rebound sequences in TC neurons. The inhibitory
effects exerted by corticothalamic volleys on TC neurons
are due to fact that the excitatory actions of cortical pro-
jections on RE neurons are much more powerful than those
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exerted on TC neurons. Indeed, the numbers of glutamate
receptor subunits GluR4 are 3.7 times higher at corticotha-
lamic synapses in RE neurons, compared to TC neurons,
and the mean peak amplitude of corticothalamic excitatory
post-synaptic currents (EPSCs) is about 2.5 higher in RE,
than in TC, neurons (Golshani et al., 2001). Thus, the bisy-
naptic inhibition of TC neurons, induced by cortex through
a prior synaptic activation of GABAergic RE neurons, may
overcome the direct excitation of TC neurons. This notion
is important to understand the prolonged inhibitory pro-
cesses in TC neurons during normally synchronized and
paroxysmal activities. By contrast, the direct excitation of
TC neurons by cortical neurons is operational when, instead
of high-frequency spike-bursts that characterize slow-wave
sleep, RE neurons fire single action potentials, as is the case
during natural wakefulness (Steriade et al., 1986), so that
their inhibitory impact on TC neurons may be much less
important during this behavioral state. During alert states,
corticothalamic neurons that display powerful spike-bursts
recurring at 30–40 Hz (Steriade et al., 1998b) may activate
high-threshold Ca2+ conductances, which are preferentially
located in the dendrites of TC neurons, and thus, generate
fast oscillations in corticothalamocortical loops (Pedroarena
and Llinás, 1997).
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In the present study, we mimicked naturally occurring
spindles using thalamic stimuli at a frequency of 10 Hz
and we induced augmenting responses, the experimental
model of sleep spindles (Morison and Dempsey, 1942). We
investigated the evolution of these incremental potentials
using dual intracellular recordings from TC neurons and
their cortical targets in anesthetized cats. The results show
that cortical neurons continue to oscillate in the frequency
range of augmenting responses, outlasting the stimulation
period, whereas TC neurons remain simultaneously inhib-
ited, under the hyperpolarizing pressure from GABAergic
RE neurons. The inhibition of TC neurons was also ev-
ident during cortically generated paroxysms and, there
too, it was due to the faithful following by RE neurons
of paroxysmal depolarizing shifts (PDSs) arising in cor-
tical neurons. The two opposite pictures seen in RE and
TC neurons, as an effect of synchronous cortical volleys,
demonstrate that, during slow-wave sleep, when the dor-
sal thalamus is globally inhibited and unable to process
faithfully fast signals from the external world, intracorti-
cal activity may underlie processes accounting for mental
activity, such as dreaming and/or consolidation of memory
traces acquired during wakefulness. These data are also
congruent with data emphasizing the cortical nature of
some seizures.

2. Results and discussion

Thalamically evoked augmenting potentials in neocor-
tex are responses within the frequency range of 5–15 Hz
(optimal frequency, 10 Hz) and they display progressively
growing amplitudes, as during the initial waxing of spin-
dles. Earlier studies proposed a classification into two types
of incremental responses, with augmenting (depth-negative)
or recruiting (depth-positive) patterns, the latter occurring
at longer latencies, due to a hypothesized intrathalamic
spread of excitatory activity. Accumulating evidence shows,
however, that there are no direct pathways linking dorsal
thalamic nuclei (Steriade et al., 1997). The longer latency
of cortical recruiting responses is due to the slower conduc-
tion velocities of axons from some thalamic nuclei (among
them, the ventromedial nucleus) projecting directly to cor-
tex. Moreover, depth-positive responses evoked by stimuli
applied to rostral intralaminar centrolateral (CL) thalamic
nucleus, conventionally known as generating recruiting re-
sponses, may display latencies as short as those of augment-
ing (depth-negative) responses elicited by the same nucleus
(see Fig. 4 in Steriade et al., 1998c). In fact, the majority
of incremental responses are mixed, one type preceding the
other, but not necessarily in a consistent sequence, due to
complex laminar interactions in various cortical areas.

The augmenting phenomenon was investigated intracel-
lularly in various types of electrophysiologically defined
neocortical neurons: regular-spiking (RS), fast-rhythmic-
bursting (FRB), intrinsically-bursting (IB) and fast-spiking

(FS) (see characteristics of these neurons in Steriade, 2001).
Work in vitro has suggested a prevalent role of deeply ly-
ing IB neurons in the generation of augmenting responses
(Castro-Alamancos and Connors, 1996). In our intracellular
recordings in vivo, despite the peculiar intrinsic proper-
ties of IB neurons, their augmenting responses resembled
those of RS neurons recorded from the same cortical depth
(Fig. 1). The mean latency of thalamically evoked sec-
ondary depolarization in cortical neurons (8.5 ± 0.6 ms),
which characterizes augmenting responses (Steriade et al.,
1998c), did not change from IB neurons located in layers
V and VI to the less numerous IB neurons located in layers
III and IV. These features were different from FRB neu-
rons recorded from deep cortical layers, which played the
major role in cortical augmentation (see Fig. 2). Changing
incidences of IB neurons in various experimental condi-
tions may account for this difference in results. It is now
known that, whereas IB neurons may reach proportions of
40–50% in slices maintained in vitro (Yang et al., 1996) or
in cortical slabs prepared in vivo (Timofeev et al., 2000),
the incidence of this neuronal type is lower in the intact
cortex and, in naturally alert animals, IB neurons represent
less than 5% of sampled neurons (Steriade et al., 2001).

Fig. 2A and B depicts intracellular recordings from
two FRB cortical neurons, recorded at depths of 0.5 and
1.2 mm, and identified by their high-frequency spike-bursts
(300–400 Hz) recurring rhythmically at ∼35 Hz upon de-
polarizing current steps (not shown; see Steriade et al.,
1998b). Augmenting potentials (Fig. 2B) were more pro-
nounced in the deep FRB neuron. Averages of responses
recorded from FRB neurons, five of them found above
0.8 mm and the other five below 0.8 mm, demonstrated that,
in more superficial neurons, cortical augmenting responses
to thalamic stimuli at a frequency of 10 Hz progressively
developed from a secondary (b) depolarizing component,
which distinctly followed the primary depolarization (a); at
variance, the primary and secondary depolarizing compo-
nents coalesced, and augmenting was associated with many
more action potentials, in deeper FRB neurons (Fig. 2C).
The important role of FRB neurons in the widespread syn-
chronization of augmenting responses results from thalamic
projections of deeply lying cortical FRB neurons (Steriade
et al., 1998b) and feedback projections to cortex, even to-
ward areas that are remote from the site where the primary
corticothalamic drive originates. This was predicted in ex-
perimental and modeling investigations (Bazhenov et al.,
1998) and some substrates of return pathways to distant
cortical areas in corticothalamocortical loops were revealed
in morphological studies (Kato, 1990).

Augmenting potentials may exhibit variable patterns in
different cortical areas. This is due to thalamic projections
to various cortical layers and/or prevailing synaptic engage-
ments of pyramidal-type or local-circuit inhibitory neurons.
Triple simultaneous intracellular recordings in vivo (Fig. 3)
of cortical responses evoked by repetitive stimuli (10 Hz)
applied to the thalamic intralaminar CL nucleus indicate
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Fig. 1. Thalamically-evoked augmenting responses in deeply lying cortical regular-spiking (RS) and intrinsically-bursting (IB) neurons. Cats under
barbiturate anesthesia. (A) Top trace, augmenting response in RS neuron at 1 mm in area 5, evoked by pulse-train at 10 Hz, applied to thalamic lateral
posterior (LP) nucleus. Below, average of augmenting responses in 12 RS neurons recorded below 0.8 mm. (B) Top trace, augmenting response in IB
neuron at 1.3 mm in area 7, evoked by a pulse-train at 10 Hz, applied to thalamic intralaminar centrolateral (CL) nucleus. Below, average of augmenting
responses in 5 IB neurons recorded below 0.8 mm. recorded thalamic intralaminar central lateral (CL) nucleus.

that, whereas area 4 neuron (cell 1) displayed augmenting
responses, area 7 neuron (cell 3) showed decremental re-
sponses, and the other area 7 neuron (cell 2) exhibited dis-
crete augmentation over a hyperpolarized background; at
a slightly depolarized membrane potential (Vm), the initial

response of cell 2 to the first stimulus in the pulse-train was
a bisynaptic IPSP (latency ∼4 ms).

Opposite aspects in cortical and TC cells throughout aug-
menting responses and during the outlasting activity became
obvious with dual intracellular recordings from these two
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Fig. 2. Thalamically-evoked augmenting responses in fast-rhythmic-bursting (FRB) cortical neurons recorded from suprasylvian area 7. Cats under
barbiturate anesthesia. (A and B) Two FRB neurons recorded at 0.5 and 1.2 mm. In each of them, single thalamic stimulus (marked by arrowhead) was
applied to lateroposterior (LP) nucleus (A) and trains of five stimuli at 10 Hz were applied to rostral intralaminar centrolateral (CL) nucleus (B). (C)
Averages of responses from five neurons recorded above and below 0.8 mm. Responses to pulse-trains at 10 Hz. Note that cortical augmentation consisted
of two components (a and b) in neurons recorded above 0.8 mm and that, in neurons recorded below 0.8 mm, components a and b coalesced. In this and
similar figures, positivity in field potential (EEG) recordings are upwards (as in intracellular recordings).
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Fig. 3. Specific features of augmenting responses in different cortical areas. Cat under ketamine–xylazine anesthesia. Triple (simultaneous) intracellular
recording from area 4 (cell 1, upper trace) and area 7 (cells 2 and 3, middle and bottom traces). Stimulation of rostral intralaminar centrolateral (CL)
thalamic nucleus with a pulse-train at 10 Hz (stimuli marked by arrowheads). Responses of cell 2 were investigated at three levels of membrane potential
(upper right; asterisks indicate the artifacts of capacitive coupling among the three neurons). Averaged responses (n = 5) show clear-cut augmenting
responses only in cell 1. Discrete augmentation in cell 2 occurred largely under hyperpolarization. Cell 3 displayed a decremental response. Note early
IPSP in cell 2, under slight depolarization (upper right panel).

interconnected neuronal types. With single thalamic stim-
uli, the initial response in TC neurons led to a biphasic,
GABAA–B IPSP, followed by a sequence of hyperpolariza-
tions in the frequency range of spindles, which favored the
occurrence of spike-bursts crowning low-threshold spikes
(LTSs) (Llinás, 1988). This is shown in Fig. 4A1 and 2. The
prolonged inhibition of TC neurons was probably generated
by RE neurons that fired repeated spike-bursts in response
to a single stimulus to the dorsal thalamus (Fig. 4A3). Si-
multaneously, the intracellularly recorded cortical neuron

displayed a depolarizing plateau giving rise to trains of
action potentials that were associated with spindle-like os-
cillations in cortical EEG (Fig. 4A1). Similarly, opposing
activity patterns in TC and cortical neurons were seen with
pulse-trains of five stimuli at 10 Hz (Fig. 4B). Thus, although
cortical potentials were directly produced by thalamofugal
volleys (see subthreshold EPSPs and full-blown action po-
tentials in cortical neuron, following the action potentials
in TC neuron; Fig. 4B3), the cortex used its own machin-
ery to elaborate oscillatory responses that outlasted thalamic



230 M. Steriade, I. Timofeev / Thalamus & Related Systems 1 (2001) 225–236

Fig. 4. Self-sustained oscillatory activity (∼10 Hz) in cortical neuron after augmenting responses is accompanied by sustained hyperpolarization in
simultaneous recorded TC neuron. Cat under barbiturate anesthesia. Dual intracellular recording of cortical neuron from area 4 and TC neuron from
ventrolateral (VL) nucleus (A1 and 2 and B), and intracellular recording from RE neuron in the peri-VL district (A3). (A1) Single stimulus (arrowhead)
to thalamic VL nucleus produces, after the initial excitation and a period of inhibition in both neurons, a series of oscillatory waves in cortex, whereas
the VL neuron remained hyperpolarized and displayed occasional LTSs and burst discharges (the first spike-burst is expanded at right, A2). (A3) Same
VL stimulus produces rhythmic spike-bursts in RE neuron. (B) Pulse-train (five stimuli at 10 Hz) applied to VL nucleus produced augmenting responses
in cortical neuron, whereas simultaneously recorded VL neuron displayed hyperpolarization (same neurons as in A1 and 2). First and fifth responses are
expanded at right (B2 and 3, respectively). Note persistent oscillatory activity at 10 Hz in cortical neuron, after cessation of thalamic stimulation.

stimuli, despite the fact that, simultaneously, TC neurons
remained under a prolonged hyperpolarization (Fig. 4B1).
This activity pattern, which implicates intracortical activity
that may amplify corticipetal volleys arising in the thalamus
and may even be independent on thalamic activity, corrobo-
rates data on the active role of cortical circuitry in the gen-
esis of spindles (Kandel and Buzsáki, 1997).

The main origin of long-lasting hyperpolarizations in TC
neurons should be searched in GABAergic RE neurons. Cats
do have local GABAergic interneurons in major dorsal tha-
lamic nuclei (Jones, 1985), but these local-circuit inhibitory
cells are not necessary for the genesis of low-frequency
oscillatory (<15 Hz) activities. Clock-like, sleep delta

oscillation (1–4 Hz) is an intrinsic property of TC neurons,
resulting from the interplay between two intrinsic currents
(McCormick and Pape, 1990; Leresche et al., 1991; Steri-
ade et al., 1991), and following excitotoxic lesions of RE
neurons or transections separating them from the remaining
thalamus, TC neurons receive numerous, short-lasting IPSPs
from local interneurons, but the prolonged IPSPs-rebound
sequences, which underlie sleep spindle oscillations in TC
neurons, disappear (Steriade et al., 1985). Thus, neither
the stereotyped delta rhythm nor spindles require local
inhibitory interneurons, which are rather engaged in sculp-
turing information processing during adaptive behavioral
states. In contrast, RE neurons are potently driven by
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synchronous corticothalamic volleys and, in turn, their
burst discharges produce prolonged hyperpolarizations in
TC neurons. The cortico-RE drive is effective during the
depolarizing phase of the slow sleep oscillation (Steriade
et al., 1993) when cortical neurons fire coherently (Amzica
and Steriade, 1995), and is also obvious during parox-
ysmal activity, when each cortical PDS is followed by a
spike-burst in the target RE neuron (Steriade and Contreras,
1995; Timofeev et al., 1998). This is illustrated in Fig. 5,

Fig. 5. Burst discharges in thalamic RE neurons follow normal and paroxysmal synchronous activities in neocortex. Cat under ketamine–xylazine
anesthesia. Intracellular recording of RE neuron (rostral pole), together with surface- and depth-EEG from motor cortex (area 4). Stimulation at 10 Hz,
lasting 2 s, was applied to thalamic VL nucleus (indicated by bar). Seizure lasted for ∼20 s. Two parts marked by horizontal bars are expanded below
(arrowheads). Each cortical PDS was followed by a spike-burst in RE neuron (middle panel, left). After cessation of seizure, episode of slow oscillation
is seen and each depth-negative (excitatory) component in cortical EEG is similarly followed by spike-burst in RE neuron (middle panel, right). One
burst from each period (seizure and slow oscillation) is further expanded below. Note at bottom right, accelerando–decelerando pattern, typical for RE
neuron during sleep oscillations.

depicting a cortically generated seizure triggered by a
pulse-train applied to the thalamic ventrolateral (VL) nu-
cleus, at a frequency (10 Hz) that is generally used to evoke
augmenting responses. With slightly prolonged stimulation
(2 s), a 20 s electrical seizure was induced in cortex and,
without exception, every PDS in the EEG recorded from cor-
tical depth was associated with a high-frequency spike-burst
in RE neuron (middle and bottom left panels). Outside the
seizure epoch, when the neuron resumed its slowly rhythmic
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pattern, the depth-negative field potential of the slow oscil-
lation (reflecting summated depolarizations and firing in a
pool of cortical neurons) invariably triggered spike-bursts
with accelerando–decelerando patterns (middle and bottom
right panels), typical for RE neurons during slow-wave sleep.

Different patterns characterized RE neurons during inter-
ictal (isolated) PDSs, compared to the rhythmic paroxysmal
potentials during a full-blown seizure. The duration of ac-
tive periods in RE neurons during interictal PDSs was two
to three times longer than during seizures (Fig. 6). Simul-
taneous recordings from cortical and RE neurons during
seizures and interictal PDS showed that, during seizures,
RE neurons fired spike-bursts, whereas during interictal
spikes RE neurons fired trains of action potentials that were
not low-threshold because RE neurons displayed tonic fir-
ing preceding the high-frequency spike-train (Fig. 6), which
suggests a previous, progressive depolarization. In both
cases (seizure and interictal PDSs), paroxysmal potentials

Fig. 6. Different activity patterns of cortical and thalamic reticular (RE) neurons during full-blown seizure and during isolated EEG “spikes” (PDSs). Cat
under ketamine–xylazine anesthesia. Simultaneous recordings of EEG field potential from the depth of cortical area 4, intracellular activity from the same
area, and extracellular activity of RE neuron from the peri-ventrolateral sector of the nucleus. Upper panel shows fragment of electrically elicited seizure,
with SW complexes at 3 Hz, followed by isolated interictal spikes. Parts indicated by horizontal bars and arrowheads are expanded below. Note tonic
firing of RE neuron during interictal spikes that preceded high-frequency spike-trains associated with PDSs. Also, note that the maximal depolarization
reached by cortical neuron during interictal PDSs is 10 mV lower than during PDSs associated with seizures.

in cortical neurons triggered, without failure, spike-bursts
or spike-trains, respectively, in RE neurons.

Activity patterns during cortical seizures that were the
inverse of those seen in RE neurons were recorded from TC
neurons. We used electrical seizures induced by systemic
administration of penicillin (Prince and Farrell, 1969; Gloor
et al., 1990; reviewed by Kostopoulos, 2000). In these ex-
periments, TC neurons were steadily hyperpolarized and
did not fire spike-bursts. They did, however, discharge
spike-bursts during the brief spindle sequences, which are
parts of slow oscillation cycles in animals (Contreras and
Steriade, 1995; Timofeev and Steriade, 1997) and humans
(Amzica and Steriade, 1997), and which preceded the onset
of seizure. Fig. 7 depicts three epochs showing, sequen-
tially, slowly oscillatory cycles including spindles, the onset
of seizure (during which the membrane potential of TC
neuron was already hyperpolarized; see histogram at bot-
tom), and the full-blown seizure consisting of continuously
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Fig. 7. Steady hyperpolarization of TC neuron during cortically generated electrical seizure. Cat under ketamine–xylazine anesthesia. Seizure induced
by systemic administration of penicillin (300,000 IU/kg, i.m.). Three epochs are depicted in the upper panel: (1) the slow oscillation preceding the
development of seizure; (2) the onset of seizure (marked on the top EEG record by arrow); and (3) the full-blown seizure (marked by the second arrow).
Periods from these three epochs are expanded below. Bottom panels depict histograms of membrane potential of TC neuron from VL nucleus during
the above three epochs (see text). Note that major modes in histograms are around −60 mV during the depolarizing phase of the slow oscillation and a
minor mode at −75 mV during the hyperpolarizing phase, whereas major modes are between −70 to −75 mV during seizure onset, and around −68 to
−72 mV during seizure.

rhythmic activity at ∼5 Hz (during which the TC neuron
remained hyperpolarized, triggering only exceptionally a
single low-threshold spike-burst). Thus, the TC neuron fired
several low-threshold spike-bursts at the onset of seizure,
when the membrane potential displayed a few IPSPs bring-
ing the hyperpolarization at a level ∼10–12 mV more neg-
ative than during the prior slow oscillation, but no longer
fired spike-bursts during the full-blown seizure, despite the
fact that the neuron continued to be steadily hyperpolarized.
The absence of spike-bursts during the penicillin-induced

seizure (Fig. 7) is in line with previous data using dual
intracellular recordings from cortical and TC neurons during
spontaneously occurring, cortically generated spike-wave
(SW) seizures, showing steady hyperpolarization and pha-
sic IPSPs in TC neurons, but no spike-bursts (Steriade and
Contreras, 1995; Timofeev et al., 1998). The main factor
accounting for the absence of spike-bursts during the pro-
longed inhibition of TC neurons associated with cortical SW
seizures is that the repetitive spike-bursts in RE neurons,
which follow each PDS in cortical neurons at frequencies
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of 3–5 Hz (see Figs. 5 and 6), increase the membrane con-
ductance of target TC neurons and prevent the occurrence
of low-threshold spike-bursts.

The inability of TC neurons to fire low-threshold
spike-bursts during cortically generated seizure is restricted
to normal membrane potentials, when these neurons are
recorded without imposed current steps. At around −60 mV
or slightly more depolarized levels (−55 mV), TC neurons

Fig. 8. During cortical seizure, TC neuron fire single action potentials or low-threshold spike-bursts at different levels of membrane potential. Cat under
ketamine–xylazine anesthesia. Subintrant seizures were induced by systemic administration of penicillin (300,000 IU/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 at hyperpolarized dc currents. Voltage values were taken at times indicated in the bottom left panel (see details in text). 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, the reversed IPSPs were crowned by LTSs and spike-bursts.

fire several action potentials, related to the synchronous de-
polarizations of cortical neurons, but these are spike-trains,
not spike-bursts, and they reflect the prevailing excitation of
TC neurons from cortex (see Fig. 7B1 and 2 in Steriade and
Contreras, 1995). When exploring the capacity or inability
of TC to fire spike-bursts during SW seizures, intracellular
recordings are compelling as only they provide information
about the membrane potential, which would distinguish
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between spike-trains (excitation from cortex) or spike-bursts
(resulting from IPSPs generated by RE neurons).

We used different levels of membrane potential of TC
neurons during penicillin-induced seizures. Fig. 8 shows
such a cortical seizure and the associated behavior of TC
neuron during different epochs, without current (−66 mV),
with depolarizing current steps bringing the membrane
potential to −62 mV or slightly more positive, and with
hyperpolarizing current steps bringing the membrane po-
tential to −78 mV. At rest or slightly depolarized levels, no
spike-bursts were elicited, but the TC neuron fired trains
of single action potentials under depolarization. Powerful
spike-bursts were triggered only when the membrane poten-
tial was artificially hyperpolarized. At voltages more nega-
tive than −75 mV, the reversed IPSPs were crowned by LTSs
and spike-bursts (see bottom right panel in Fig. 8). This sug-
gests that, similarly to RE neurons (Bazhenov et al., 1999),
reversed IPSPs in TC neurons may directly trigger LTSs and
spike-bursts.

The above data, pointing to the steady hyperpolarization
of TC neurons, during which phasic IPSPs are due to the
cortico-RE excitatory drives, and the absence of rebound
spike-bursts during cortically generated seizure, apply to
pure 3 Hz SW seizures (Steriade and Contreras, 1995) as
well as seizures of Lennox–Gastaut type, consisting of SW
complexes at lower frequencies (1.5–2.5 Hz), interspersed
with fast runs at ∼10–15 Hz (Steriade et al., 1998a). These
data led us to postulate that SW seizures are generated in
the cortex, an idea based on the presence of such seizures
in thalamectomized animals (Steriade and Contreras, 1998),
the fact that SW seizures may occur focally in the cortical
depth of behaving primates without reflection at the cor-
tical surface (Steriade, 1974), and the first appearance in
neocortex of SW complexes that only subsequently spread
to the thalamus (Neckelmann et al., 1998). Although SW
seizures may appear in animal preparations in which the
majority of TC neurons are hyperpolarized and do not fire
spike-bursts (Steriade and Contreras, 1995; Pinault et al.,
1998) or in which spindles are absent (Steriade and Contr-
eras, 1998), a minority of TC neurons discharge spike-bursts
and thus, may succeed in reinforcing the neuronal equip-
ment of cortex that primarily generates these seizures. In
the intact brain, spindles might lead to typical SW seizures,
as was reported during early stages of human sleep (Kell-
away, 1985). The slow sleep oscillation mainly leads to
patterns resembling the Lennox–Gastaut syndrome or hyp-
sarrhythmia (Steriade et al., 1998a; reviewed in McCormick
and Contreras, 2001).

As to the conventional view that defines SW seizures as
suddenly generalized and bilaterally synchronous parox-
ysms, this feature may appear so on macroscopic recordings,
but analyses of SW complexes in humans showed that at least
some SW seizures result from multiple, independent cortical
foci (Jasper and Hawkes, 1938; Petsche, 1962) and that SW
complexes propagate from one hemisphere to another with
short time-lags (Lemieux and Blume, 1986) that cannot be

estimated by visual inspection. Initially non-synchronous
cortical SW complexes in typical absence seizures of
children can be seen in different clinical investigations (see
Fig. 4 in Cavazzuti et al., 1989).

The inhibition of a majority of TC neurons during cortical
SW seizures, associated with the blockage of afferent sig-
nals, may account for the unconsciousness during absence
seizures.
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