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Abstract
Over the last years, decisive experimental data have been obtained concerning the biophysical
mechanisms and ion channels properties important for seizure generation. Computational models
have succeeded in proposing plausible mechanisms to explain the sudden emergence of hypersynchronized oscillations at ∼3 Hz (or 5-10 Hz in some species), which are associated with “spike-andwave” complexes in the electroencephalogram (EEG). The underlying mechanisms of such seizures
involve thalamocortical loops, the particular oscillatory properties of thalamic neurons, and the particular biophysical properties of some receptor types (such as the GABAB receptor). Here, we
overview these mechanisms step by step, starting from the genesis of hypersynchronized oscillations by thalamic circuits. We next consider how cortical circuits can generate spike-and-wave EEG
patterns. These mechanisms are then merged together in thalamocortical loops, where we emphasize
the central role played by the “feedback” projections from cortex to thalamus. If for some reason the
corticothalamic feedback becomes too strong, thalamic circuits can switch to a slower and hypersynchronized oscillatory mode, which in turn entrains the whole thalamocortical system into hypersynchronized oscillations with spike-and-wave EEG patterns. We suggest that the key to explain absence
seizures is this switching mechanism of thalamic circuits, induced by exceedingly strong corticothalamic feedback. Such a switch was identified in experiments in vitro, in which oscillatory properties
could be controlled by stimulating corticothalamic fibers. According to this mechanism, absence
seizures result from anomalously high cortical excitability with a physiologically intact thalamus.

I Introduction
Absence epileptic seizures (also called “petit-mal”) are characterized in humans by a sudden appearance
of ∼3 Hz large-amplitude oscillations in the electroencephalogram (EEG) (Fig. 1). These generalized
oscillations have a sudden onset, and the seizure seems to invade the entire cerebral cortex nearly simultaneously. The typical pattern of the oscillation consists of one or several sharp deflections (“spikes”)
followed by a surface-positive “wave”. Spike-and-wave patterns of similar characteristics are also seen
in a number of experimental models in cats, rats, mice and monkeys.
Fig. 1
here
Like many other pathologies, absence epilepsy can result from the disturbance of mechanisms of synaptic
transmission (reviewed in Gloor and Fariello, 1988; Crunelli and Leresche, 2002). In particular, disturbing inhibitory interactions has been found to be extremely effective for generating seizures, sometimes
with contrasting effects (reviewed in Sperk et al., 2004). In thalamus and cortex, inhibitory transmission
essentially uses γ-aminobutyric acid (GABA) as transmitter, and operates through two main receptor

Destexhe A, In: Computational Neuroscience in Epilepsy, (Ed. Soltesz I and Staley K), Elsevier, 2008

2

types, called GABAA and GABAB. These two receptors mediate fast and slow inhibition, respectively.
Both types of receptor are of primary importance in seizure mechanisms, as overviewed in detail here.
In this chapter, we review mechanisms that generate seizures and computational models that simulate
these mechanisms. We consider successively the different ingredients of absence seizures: thalamic
circuits can generate hypersynchronized oscillations at ∼3 Hz (Sections II and IV.A.1), cortical circuits
can generate spike-and-wave patterns (Section III), and thalamocortical circuits can display generalized
spike-and-wave seizures under certain conditions (Section IV). In particular, we will show that a key
ingredient in seizure generation is the feedback connections from cortex to thalamus. In Section V, we
review critical experiments that successfully tested this corticothalamic feedback mechanism for absence
seizure generation. We terminate by a summary of possible mechanisms for ∼3 Hz seizures (or 5-10 Hz
in rodents).

II Thalamic mechanisms for hypersynchronized oscillations
II.A Evidence for thalamic participation in seizures
The fact that absence seizures start suddenly and generalize extremely rapidly over the entire EEG suggest that seizures are generated in a central structure projecting widely to cerebral cortex. The thalamus
is a possible candidate for such a structure, as suggested more than sixty years ago (Jasper and Kershman,
1941). This “centrencephalic” view is now supported by several findings. (1) Simultaneous thalamic and
cortical recordings in humans during absence seizures demonstrated a clear thalamic participation during the seizure (Williams, 1953). The same study also showed that the oscillations usually started before
signs of seizure appeared in the EEG. (2) A thalamic participation in human absence seizures was also
shown by positron emission tomography (PET) (Prevett et al., 1995). (3) In some experimental models,
spike-and-wave seizures disappear following thalamic lesions or by inactivating the thalamus (Pellegrini
et al., 1979; Avoli and Gloor, 1981; Vergnes and Marescaux, 1992). (4) Electrophysiological recordings
in experimental models of spike-and-wave seizures show that cortical and thalamic cells fire prolonged
discharges in phase with the “spike” component, while the “wave” is characterized by a silence in all cell
types (Pollen, 1964; Steriade, 1974; Fisher and Prince, 1977b; Avoli et al., 1983; McLachlan et al., 1984;
Buzsaki et al., 1988; Inoue et al., 1993; McCormick and Hashemiyoon, 1998; Seidenbecher et al., 1998;
Staak and Pape, 2001). Electrophysiological recordings also indicate that spindle oscillations, which are
generated by thalamic circuits (Steriade et al., 1990; 1993), can be gradually transformed into spikeand-wave discharges and all manipulations that promote or antagonize spindles have the same effect on
spike-and-wave seizures (Kostopoulos et al., 1981a, 1981b; McLachlan et al., 1984). (5) Knock-out
mice lacking the gene for the T-type calcium current in thalamic relay cells display a resistance to absence seizures (Kim et al., 2001), which clearly demonstrates that the thalamus, and in particular the
T-type current mediated bursting of thalamic cells, are involved in this type of seizure activity.
Pharmacological manipulations suggest that the critical receptor type involved in thalamic hypersynchronized oscillations are the GABAB receptors. In rats, GABAB agonists exacerbate seizures, while
GABAB antagonists suppress them (Hosford et al., 1992; Snead, 1992; Puigcerver et al., 1996; Smith
and Fisher, 1996). More specifically, antagonizing thalamic GABAB receptors leads to the suppression
of spike-and-wave discharges (Liu et al., 1992), which is another indication for a critical role of the
thalamus.
The two main thalamic cell types involved in generating oscillations are the thalamocortical (TC) cells,
also called relay cells, and the inhibitory neurons of the thalamic reticular (RE) nucleus. In some area
of the thalamus and in some species, RE cells provide the sole source of inhibition to relay cells. The
connections from RE to TC cells contain both GABAA and GABAB receptors, and there is evidence
that GABAB receptors are critical to generate hypersynchronized oscillations. In particular, clonazepam,
a known anti-absence drug (GABAA antagonist), was shown to indirectly diminish GABAB-mediated
inhibitory postsynaptic potentials (IPSPs) in TC cells, reducing their tendency to burst in synchrony
(Huguenard and Prince, 1994a; Gibbs et al., 1996). The action of clonazepam appears to reinforce
GABAA receptors within the RE nucleus (Huguenard and Prince, 1994a; Hosford et al., 1997). Indeed,
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there is a diminished frequency of seizures following reinforcement of GABAA receptors in the RE
nucleus (Liu et al., 1991).
One of the strongest evidences for the involvement of the thalamus was that in ferret thalamic slices,
spindle oscillations can be transformed into slower and more synchronized oscillations at ∼3 Hz following blockade of GABAA receptors (Fig. 2; von Krosigk et al., 1993). This behavior is similar to
the transformation of spindles to spike-and-wave discharges in cats following the systemic administration of penicillin, which acts as a weak GABAA receptor antagonist (Kostopoulos et al., 1981a, 1981b).
Moreover, like spike-and-wave seizures in rats, the ∼3 Hz paroxysmal oscillations in thalamic slices are
suppressed by GABAB receptor antagonists (Fig. 2; von Krosigk et al., 1993).
Fig. 2
here
Taken together, these experiments suggest that thalamic neurons are actively involved in the genesis of
spike-and-wave seizures, and that both GABAA and that GABAB receptors play a critical role. It is
important to note, however, that although such results clearly suggest that the thalamus is important in
seizure generation, there is also considerable evidence that the cortex plays a primary role. The role of
the cortex will be developed in the next section (Section III), while we exclusively focus on thalamic
mechanisms in the present section.

II.B Computational models of thalamic hypersynchronized oscillations
II.B.1 Early models
The introduction of an experimental model for thalamic oscillations in ferret thalamic slices demonstrated
the spontaneous occurrence of spindle oscillations (von Krosigk et al., 1993). It was also demonstrated
that spindles can be transformed into ∼3 Hz oscillations by blocking GABAA receptors (Fig. 2). It was
further shown that this oscillation is sensitive to blockade of GABAB receptors by saclofen (Fig. 2) and is
also suppressed by glutamate α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor
antagonists (von Krosigk et al., 1993). These in vitro experiments thus suggested that ∼3 Hz paroxysmal
thalamic oscillations are mediated by a reciprocal interaction between TC and RE cells, with GABAB
IPSPs (RE→TC) and AMPA EPSPs (TC→RE).
This mechanism was investigated with computational models using a simple TC-RE circuit consisting
of a single TC cell reciprocally connected to a single RE cell (scheme in Fig. 3; Destexhe et al., 1993b).
In this model, and all other models reviewed in this chapter, the neurons were described by the generic
membrane equation:
dV
ji
ki
= −gL (Vi − EL ) − ∑ Iint − ∑ Isyn
(1)
Cm
dt
j
k
where Vi is the membrane potential, Cm = 1µF/cm2 is the specific capacity of the membrane, gL (in
mS/cm2 ) is the leakage conductance density and EL (in mV) is the leakage reversal potential. Intrinsic
ji
2
and synaptic currents are respectively represented by Iint and Iki
syn (in µA/cm ).
Intrinsic voltage-dependent or calcium-dependent currents were modeled using kinetic models of the
Hodgkin and Huxley (1952) type. These intrinsic membrane currents were described by the following
generic equation:
Iint
dm
dt
dh
dt

=

ḡint mN hM (V − Eint )

(2)

=

αm (1 − m) − βm m

(3)

=

αh (1 − h) − βh h

(4)

where Iint is the intrinsic membrane current, ḡint (in mS/cm2 ) is the maximal conductance density and
Eint is the reversal potential. The gating properties of the current dependent on N activation gates and
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M inactivation gates, with m and h representing the fraction of gates in open form, with respective
rate constants αm , βm , αh and βh . Rate constants were dependent on either membrane voltage (V) or
intracellular calcium concentration.
The intrinsic firing behavior of the model TC cell was determined by IT and Ih ; these currents were
modeled using Hodgkin-Huxley (1952) type of models based on voltage-clamp data in TC cells. Calcium
regulation of Ih accounted for the waxing-and-waning of oscillations, as described previously (Destexhe
et al., 1993a). The intrinsic firing properties of the RE cell were determined by IT , IK[Ca] and ICAN using
Hodgkin-Huxley (1952) type kinetics and calcium-activated schemes as described previously (Destexhe
et al., 1994a). The two cell types also included the fast INa and IKd currents necessary to generate action
potentials with kinetics taken from Traub and Miles (1991).
Synaptic interactions were mediated by glutamatergic and GABAergic receptors using kinetic models of
postsynaptic receptors (Destexhe et al., 1994b, 1998b).
Isyn
dm
dt

=

ḡsyn m (V − Esyn )

(5)

=

α [T ] (1 − m) − β m

(6)

where Isyn is the postsynaptic current, ḡsyn is the maximal conductance, m is the fraction of open receptors,
Esyn is the reversal potential, [T ] is the transmitter concentration in the cleft, α and β are forward and
backward binding rate constants of T to open the receptors. This scheme was used to simulate AMPA,
NMDA and GABAA types of receptors (see Destexhe et al., 1998b for parameters).
Fig. 3
here
The circuit of interconnected TC and RE cells displayed waxing-and-waning spindle oscillations at a
frequency of 8-10 Hz (Fig. 3A; Destexhe et al., 1993b). The circuit also displayed a transformation to
∼3 Hz oscillations when the kinetics of the GABAergic current were slowed (Fig. 3; Destexhe et al.,
1993b). The decay of inhibition greatly affected the frequency of the spindle oscillations, with slow
decay corresponding to low frequencies. When the decay was adjusted to match experimental recordings
of GABAB-mediated currents (obtained from Otis et al., 1993), the circuit oscillated at around 3 Hz
(Fig. 3B; Destexhe et al., 1993b).
II.B.2 Biophysical models of cooperative GABAB responses
Although the above model could simulate the essential features of the slow thalamic oscillation, it was
not satisfactory because the slowing down of GABA currents from 10 ms to 200 ms decay time constant
is not plausible biophysically. So more realistic mechanisms must be considered for the transformation
of normal spindles to slow hypersynchronized oscillations, which is critical to explain the emergence of
pathologies such as absence seizures.
The essential biophysical ingredient to explain this transformation to hypersynchrony is the cooperativity
of GABAB responses. A detailed biophysical modeling of synaptic transmission on GABAergic receptors (Destexhe and Sejnowski, 1995) explored the idea that single-synapse postsynaptic mechanisms
could explain the nonlinear stimulus dependence observed for GABAB responses. We hypothesized that
this nonlinearity arises from the transduction mechanisms underlying GABAB responses, in particular at
the level of the activation of K+ channels by G-proteins. The assumption that 4 G-proteins must bind to
K+ channels to open them provides the nonlinearity required to account for GABAB responses (Destexhe
and Sejnowski, 1995); this is consistent with the tetrameric structure of K+ channels (Hille, 2001). With
these assumptions, the GABAB model reproduced the typical nonlinearity of GABAB responses: intense
release conditions (such as high-frequency bursts) are necessary to activate significant GABAB currents.
This effect arises locally at the synapse and should be detectable using dual recordings, a prediction that
was later confirmed experimentally (Kim et al., 1997; Thomson and Destexhe, 1999).
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The activation properties of GABAB receptors were based on the following steps (Fig. 4A): (1) binding
of GABA on the GABAB receptor, leading to activated receptor; (2) the activated GABAB receptor
catalyzes the activation of G-proteins in the intracellular side; (3) binding of activated G-proteins to open
a K+ channel. These steps are described by the following equations:
IGABAB = ḡGABAB
dr
dt
ds
dt

sn
(V − EK )
sn + Kd

(7)

= K1 [T ] (1 − r) − K2 r

(8)

= K3 r − K4 s

(9)

where [T ] is the GABA concentration in the synaptic cleft, r is the fraction of GABAB receptors in the
activated form, s is the normalized G-protein concentration in activated form, ḡGABAB is the maximal
postsynaptic conductance of K+ channels, Kd is the dissociation constant of G-protein binding on K+
channels, V is the postsynaptic membrane potential and EK is the equilibrium potential for K+ . Fitting
of this model to experimental GABAB responses led to the following values of parameters (Destexhe et
al., 1998b): Kd = 100, K1 = 9 × 104 M −1 s−1 , K2 = 1.2 s−1 , K3 = 180 s−1 and K4 = 34 s−1 with n = 4
binding sites.
This model reproduced the typical nonlinear behavior of GABAB-mediated responses. A single presynaptic spike induced a relatively low amplitudes of G-protein (Fig. 4B), and no GABAB-mediated IPSP
in the postsynaptic cell (Fig. 4C). In contrast, a burst of high-frequency spikes evoked a strong GABABmediated IPSP (Fig. 4D). The main hypothesis of this model is that the typical nonlinearity observed
in GABAB responses is explainable by transduction kinetics at the level of a single GABAergic synapse
(for details, see Destexhe and Sejnowski, 1995). We will see in the next section that this property enables
one to explain several important experimental observations relevant to absence seizures.
Fig. 4
here

II.B.3 Cooperative GABAB responses can explain the effect of clonazepam in thalamus
As a first step towards explaining the genesis of hypersynchronized oscillations, the cooperative model
of GABAB responses was used to investigate possible mechanisms to account for the effect of the antiabsence drug clonazepam. Experiments showed that clonazepam reduces GABAB-mediated IPSPs in TC
cells (Huguenard and Prince, 1994a; Gibbs et al., 1996), but that the action of clonazepam was not on
TC cells, but was to reinforce GABAA receptors in the RE nucleus (Huguenard and Prince, 1994a). To
explain this effect, we constructed a circuit comprising model RE cells including a low-threshold calcium
current and lateral GABAA-mediated synaptic interactions within the RE nucleus (Fig. 5A; Destexhe and
Sejnowski, 1995). Under normal conditions, stimulation in the RE nucleus evoked biphasic IPSPs in TC
cells, with a rather small GABAB component (Fig. 5B). We mimicked an increase of intensity by increasing the number of RE cells discharging. The ratio between GABAA and GABAB IPSPs was independent
of the intensity of stimulation in the model (Destexhe and Sejnowski, 1995), as observed experimentally
(Huguenard and Prince, 1994b). However, this ratio could be changed by blocking GABAA receptors
locally in the RE nucleus, leading to enhanced burst discharge in RE cells and a more prominent GABAB
component in TC cells (Fig. 5C). This is consistent with the effect of clonazepam in reinforcing the
GABAA IPSPs in the RE nucleus, resulting in diminished GABAB IPSPs in TC cells (Huguenard and
Prince, 1994a). The reduction of the GABAB component was a direct consequence of cooperativity of
GABAB responses.
Fig. 5
here
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II.B.4 Cooperative GABAB responses can explain the genesis of thalamic hypersynchronized oscillations
This cooperative model of GABAB responses was integrated in a circuit comprising TC and RE cells and
the different receptor types mediating their interactions (GABAA and GABAB receptors from RE to TC,
AMPA receptors from TC to RE; see scheme in Fig. 6; Destexhe et al., 1996a). In control conditions
(Fig. 6A), the circuit generated spindle oscillations with characteristics consistent with electrophysiological recordings. Suppression of GABAA receptors led to slower oscillations (Fig. 6B). These oscillations
were a consequence of the properties of GABAB responses as described in Fig. 5. Following removal of
GABAA-mediated inhibition, the RE cells could produce prolonged bursts that evoked strong GABAB
currents in TC cells. These prolonged IPSPs evoked robust rebound bursts in TC cells, and TC bursts in
turn elicited bursting in RE cells through EPSPs. This mutual TC-RE interactions recruited the system
into a 3-4 Hz oscillation, with characteristics similar to those of bicuculline-induced paroxysmal oscillations in ferret thalamic slices. The mechanisms responsible for these oscillations were similar to those
that give rise to normal spindle oscillations, but the shift in the balance of inhibition leads to oscillations
that were slower and more synchronized (Fig. 6C; see details in Destexhe et al., 1996a).
Fig. 6
here
Other mechanisms have been proposed to account for the effects of blocking of GABAA receptors in
thalamic circuits (Wallenstein, 1994; Wang et al., 1995; Golomb et al., 1996). The model of Wallenstein
(1994) tested the proposition that disinhibition of interneurons projecting to TC cells with GABAB receptors may result in stronger discharges when GABAA receptors are antagonized (Soltesz and Crunelli,
1992). A model including TC, RE and interneurons (Wallenstein, 1994) reproduced the stronger discharges in TC cells following application of bicuculline. Although it is possible that this mechanism
plays a role in thalamically-generated epileptic discharges, it does not account for experiments showing
the decisive influence of the RE nucleus in preparations devoid of interneurons (in this case, the sole
source of inhibition is the RE nucleus; see Huguenard and Prince, 1994a, 1994b). Increased synchrony
and stronger discharges were also reported in the model of Wang et al. (1995), but the synchronous state
coexisted with a desynchronized state of the network, which has never been observed experimentally.
The cooperative activation proposed for GABAB receptors (Destexhe and Sejnowski, 1995) produced
robust synchronized oscillations and traveling waves at the network level (Golomb et al., 1996; Destexhe
et al., 1996a), similar to those observed in thalamic slices (Kim et al., 1995). This property also led
to the transformation of spindles to ∼3 Hz paroxysmal oscillations following block of GABAA receptors (Destexhe et al., 1996a). The latter study remains so far the only one consistent with the largest
body of experimental data, including the effect of clonazepam, the characteristic nonlinearity of GABAB
responses, and network effects such as traveling oscillations.
In conclusion, biophysical models incorporating the known intrinsic properties of thalamic neurons,
together with the properties of their receptor types, account for the genesis of hypersynchronized oscillations. Several ingredients are essential to this mechanism. First, the presence of lateral inhibitory
(GABAA-mediated) connections in the RE nucleus normally prevent RE cells to produce excessive burst
discharges. Diminishing the efficacy of these connections enable RE cells to produce prolonged bursts.
Second, due to nonlinear properties of GABAB responses discussed above, significant GABAB-mediated
IPSPs are seen only when presynaptic cells produce prolonged discharges. Therefore, if for some reason (such as diminishing the efficacy of GABAA receptors), RE burst discharges become stronger, they
activate significant GABAB-mediated responses in TC cells and entrain the entire thalamic circuits into
slow synchronized oscillations. The GABAA-mediated interactions between RE cells therefore act as a
powerful means of avoiding hypersynchrony (Sanchez-Vives and McCormick, 1997; Huntsman et al.,
1999).
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III Cortical mechanisms for spike-and-wave patterns
III.A Evidence for cortical mechanisms in spike and wave generation
Although the results discussed above (Section II.A) clearly suggest a decisive thalamic participation
to spike-and-wave seizures, there is also strong evidence that the cortex plays a key role. Thalamic
injections of high doses of GABAA antagonists, such as penicillin (Ralston and Ajmone-Marsan, 1956;
Gloor et al., 1977) or bicuculline (Steriade and Contreras, 1998) led to 3-4 Hz oscillations with no sign of
spike-and-wave discharge. This suggests that the slow hypersynchronized oscillation induced by these
drugs is not sufficient to explain seizures. In contrast, injection of the same drugs to the cortex, with
no change in the thalamus, resulted in seizure activity with spike-and-wave patterns (Gloor et al., 1977;
Fisher and Prince, 1977a; Steriade and Contreras, 1998). In addition, the threshold for epileptogenesis
was much lower in the cortex compared to the thalamus (Steriade and Contreras, 1998). Finally, it was
shown that a diffuse application of a dilute solution of penicillin to the cortex resulted in spike-and-wave
seizures although the thalamus was intact (Gloor et al., 1977).
As we have seen above, spike-and-wave seizures disappear following thalamic lesions or by inactivating
the thalamus (Pellegrini et al., 1979; Avoli and Gloor, 1981; Vergnes and Marescaux, 1992). In some
experiments, however, a purely cortical spike-and-wave activity was observed in the isolated cortex or
athalamic preparations in cats (Marcus and Watson, 1966; Pellegrini et al., 1979; Steriade and Contreras,
1998). These experiments revealed a slow type of spike-and-wave (1-2 Hz), with a less prominent “spike”
component. In contrast, such intracortical spike-and-wave activity does not occur in rats (Vergnes and
Marescaux, 1992) and has never been reported in neocortical slices. Nevertheless, the experiments in
cats show that at least some cortical structures are capable of endogenously generating spike-and-wave
activity, and further confirm the importance of the cortex in generating seizures, although the typical
spike-and-wave patterns of generalized seizures require both cortex and thalamus.
Finally, it was shown that absence seizures in rats seem to start in a focus located in somatosensory cortex
(Meeren et al., 2002), suggesting that not all of the thalamus participates in seizures, and that full-blown
bursts may be seen only in some nuclei. The same study (Meeren et al., 2002) also demonstrated that
interhemispheric synchrony is larger than intrahemispheric synchrony during the seizure, which would
argue for an important role of callosal fibers in the synchrony and generalized aspects of the seizure.
In the present section, we examine the genesis of spike-and-wave patterns by the cortex, by first investigating how to generate the typical “spike” and “wave” field potentials. Next, we investigate how to
obtain a purely cortical form of spike-and-wave activity.

III.B Cooperative GABAB responses can explain the genesis of spike-and-wave patterns
in local field potentials
To study the genesis of spike-and-wave patterns, we used a computational model of local field potentials
(LFPs). A passive single-compartment model was simulated with postsynaptic currents generated by 100
excitatory synapses (AMPA and NMDA receptors) and 100 inhibitory synapses (GABAA and GABAB
receptors; see scheme in Fig. 7A). Extracellular field potentials were calculated from postsynaptic currents in single-compartment models, according to a simple model based on Coulomb’s equation (see
Nunez, 1981):
Ij
Re
(10)
Vext =
∑
4π j r j
where Vext is the electrical potential at a given extracellular site, Re = 230 Ωcm is the extracellular
resistivity, I j are the total membrane currents (spikes excluded) and r j is the distance between the site of
generation of I j and the extracellular site.
Fig. 7
here
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The field potentials generated by this model for different stimulus conditions are shown in Fig. 7B-C.
With presynaptic trains consisting of single spikes, the voltage showed mixed EPSP/IPSP sequences
and the field potential was dominated by negative deflections (Fig. 7B). In contrast, bursts of highfrequency presynaptic spikes produced mixed EPSP/IPSPs followed by large GABAB-mediated IPSPs
in the cell (Fig. 7C). In the latter case, the fast EPSP/IPSPs generated spiky field potentials, followed by a
slow positive wave due to GABAB currents. This simple model shows that synchronous high-frequency
discharges of excitatory and inhibitory cells in the presence of GABAB receptors is sufficient to generate
field potentials waveforms resembling interleaved “spikes” and “waves”.

III.C Genesis of cortical spike-and-wave oscillations
III.C.1

Experiments

Intracortically-generated spike-and-wave seizures were described experimentally in cats under barbiturate anesthesia using multisite field potential recordings (Steriade and Contreras, 1998; Destexhe et al.,
2001; see scheme in Fig. 8A). In control conditions, the LFPs displayed 7-14 Hz spindle oscillations,
typical of barbiturate anesthesia (Fig. 8B). After application of the GABAA antagonist bicuculline to the
cortex, this activity developed into seizures with spike-and-wave complexes, at a frequency of 2-4 Hz
(Fig. 8C). Experiments were also realized in athalamic cats, where a complete thalamectomy was performed (histological controls described in Steriade and Contreras, 1998). Similar to above, application
of bicuculline to the cerebral cortex after thalamectomy led to the development of seizures with spikeand-wave patterns (Fig. 8D). In this case, however, the morphology of the spike-wave complexes was
different as the negative “spike” was less pronounced (compare C and D in Fig. 8) and the oscillation
frequency was slower (about 1.8 Hz in Fig. 8D; range 1.8-2.5 Hz).
Fig. 8
here

III.C.2

Models of intracortical spike-and-wave seizures

The main hypothesis explored by the model is that the rebound bursting properties observed in a subset
of cortical cells, combined with GABAB IPSPs, could generate this intracortical form of spike-andwave seizures (Destexhe et al., 2001). In vivo intracellular recordings were performed in the same area
of neocortex from which the intracortical seizures were recorded. Low-threshold spike (LTS) activity
was observed in a significant fraction (about 10%) of intracellularly-recorded cells (Fig. 9A). These
LTS neurons generate adapting trains of action potentials in response to depolarizing current injection
(Fig. 9A, left panel), similar to the classic “regular-spiking” response of cortical neurons (Connors and
Gutnick, 1990). In addition, they can generate a burst of action potentials in response to injection of
hyperpolarizing current pulses (Fig. 9A, right panel). This property was also identified in deep layers of
guinea-pig cerebral cortex in vitro (de la Peña and Geijo-Barrientos, 1996; Fig. 9B) and was shown to be
due to the presence of the T-type (low-threshold) calcium current IT .
Fig. 9
here
Computational models reproduced these intrinsic firing properties based on single-compartment representations of pyramidal neurons. To generate the classic “regular-spiking” behavior (Fig. 9C, -70 mV),
the model included three voltage-dependent currents represented by Hodgkin-Huxley (1952) type kinetics: a slow voltage-dependent K+ current termed IM (kinetics from McCormick et al., 1993), as well as
the INa and IK currents for action potential generation (kinetics from Traub and Miles, 1991). In addition,
to generate rebound bursting behavior, the T-type calcium current was included (kinetics from Destexhe
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et al., 1998) and its peak amplitude was adjusted to match voltage-clamp recordings of this current in
pyramidal neurons (de la Peña and Geijo-Barrientos, 1996). A density of T-channels of 0.8 mS/cm2 was
needed to match the relatively small amplitude of this current measured in pyramidal neurons. Note that
the peak amplitude of IT in pyramidal neurons (0.4-0.8 nA in guinea-pig cerebral cortex; de la Peña and
Geijo-Barrientos, 1996) is much smaller than in TC neurons (5.8 ± 1.7 nA; Destexhe et al., 1998). Using this relatively moderate T-current density, the model generated weak rebound bursts at the offset of
hyperpolarizing current (Fig. 9C, -60 mV). From hyperpolarized levels, this model generated an initial
burst followed by an adapting train of action potentials (Fig. 9C, -80 mV), which is a feature commonly
observed in neocortical neurons (Connors and Gutnick, 1990).
Network models were then constructed to investigate the genesis of cortical spike-and-wave seizures. The
network consisted of excitatory (pyramidal) neurons and interneurons, whose connectivity was mediated
by AMPA, GABAA and GABAB receptors (Fig. 10A). In control conditions, no oscillatory behavior
could be observed if a significant proportion of pyramidal neurons (up to 20 %) had LTS properties
similar to Fig. 9C. This is due to fact that in control conditions, all cells in the network generate brief
discharge patterns, which lead to the activation of IPSPs that are dominated by the GABAA component,
with negligible GABAB activation. Because of the relatively weak conductance of IT in LTS cortical
cells, GABAA-mediated IPSPs were not sufficient to activate any rebound burst in these neurons.
Fig. 10
here
In contrast, when GABAA-mediated inhibition was suppressed, mimicking the effect of bicuculline,
the disinhibited network generated self-sustained oscillations (Fig. 10B). Due to the removal of fast
inhibition, all cells in the network produced prolonged discharge patterns. The prolonged discharge
of interneurons was optimal to activate GABAB-mediated inhibition in pyramidal cells, in agreement
with the highly nonlinear activation properties of these receptors (see Section II.B.2). If the GABAB
conductance was sufficiently large (0.05-0.1 µS), GABAB-mediated IPSPs could activate a rebound burst
in the pyramidal neurons that contained IT , similar to current injection in Fig. 9. The oscillation therefore
consisted in GABAB IPSP–rebound sequences, in which the rebound of the entire network was triggered
by a minority of pyramidal neurons containing IT . A small proportion of LTS pyramidal cells, as small
as 5%, depending on the connectivity used, was sufficient to generate slow oscillations in the disinhibited
network.
In calculated extracellular field potentials, this slow oscillation generated spike-and-wave patterns. Similar to Section III.B, the synchronized discharge of all cells in the network generated a negative “spike”
component (Fig. 10C). The subsequent activation of GABAB IPSPs induced a period of silence in the
network, during which pyramidal neurons were hyperpolarized by K+ currents (a mixture of GABABmediated IPSPs and voltage-dependent K+ currents). These outward currents generated a slow positive
“wave” in the field potentials (Fig. 10C). Therefore, the disinhibited cortical network can generate by its
own a form of spike-and-wave oscillation.
Similar findings were also reported in a model of cortex consisting of interconnected pyramidal neurons and interneurons (Timofeev et al., 2002). This model included an Ih current in pyramidal neurons
and the elevated extracellular K+ concentration in the epileptic focus, leading to particularly strong rebound properties of Ih -containing pyramidal neurons, entraining the network in slow hypersynchronized
oscillations.
The intracortical mechanisms leading to spike-and-wave activity in this model are based on the following
sequence of events: (a) due to suppressed GABAA-mediated inhibition, the disinhibited cortical network
generated prolonged discharges. These events generated a negative “spike” in simulated field potentials.
(b) Due to the prolonged firing of interneurons, powerful GABAB-mediated IPSPs hyperpolarized pyramidal cells, stopping their discharge. These slow IPSPs, as well as other slow K+ currents maximally
activated due to the prolonged firing, generated a slow positive “wave” in field potentials. (c) At the
offset of GABAB IPSPs, a fraction of pyramidal cells generated a rebound burst, entraining the entire
network in prolonged discharges and restarting the oscillation cycle.
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IV Thalamocortical mechanisms for absence seizures
As reviewed in Section II, thalamic circuits can generate hypersynchronized oscillations at ∼3 Hz, resembling the typical oscillation frequency during absence seizures. However, there is ample evidence
that the thalamus is not sufficient to explain seizure generation. GABAA -receptor antagonists induce
spike-and-wave seizures when applied to cerebral cortex (Gloor et al., 1977; Fisher and Prince, 1977a;
Steriade and Contreras, 1998), while while they fail to generate such paroxysms when injected to the thalamus (Ralston and Ajmone-Marsan, 1956; Gloor et al., 1977; Steriade and Contreras, 1998). A majority
of thalamic neurons are steadily hyperpolarized and completely silent during cortical seizures (Steriade
and Contreras, 1995; Lytton et al., 1997; Pinault et al., 1998). Finally, seizure activity can be observed
in cortex following thalamic inactivation or thalamectomy (Marcus and Watson, 1966; Pellegrini et al.,
1979; Steriade and Contreras, 1998). Several features of such intracortical seizures can be accounted for
by computational models (Destexhe et al., 2001; see Section III.C).
Although such data may suggest that seizures could be generated intracortically, the thalamus appears to
be necessary, as reviewed in Section II.A. The main argument is that spike-and-wave seizures disappear
following thalamic lesions or by inactivating the thalamus (Pellegrini et al., 1979; Avoli and Gloor, 1981;
Vergnes and Marescaux, 1992). Blocking thalamic GABAB receptors also leads to the suppression of
spike-and-wave seizures (Liu et al., 1992). Finally, it was shown that a diffuse application of a dilute
solution of penicillin to the cortex resulted in spike-and-wave seizures although the thalamus needed to
be intact (Gloor et al., 1977).
Taken together, these data show that both cortex and thalamus are necessary for absence seizures (reviewed in Gloor and Fariello, 1988; Danober et al., 1998). In this section, we review computational
models that addressed mechanisms for seizure generation based on thalamocortical loops, where the
thalamus acting as the generator of the ∼3 Hz oscillation (or 5-10 Hz in rodents) while the cortex generates the spike-and-wave patterns (Destexhe, 1998, 1999). We will show that a single mechanism can be
consistent with all of the experiments reviewed above (for details, see Destexhe and Sejnowski, 2001).

IV.A Model of ∼3 Hz spike-and-wave oscillations in the thalamocortical system
IV.A.1 Intact thalamic circuits can be forced into ∼3 Hz oscillations due to GABAB receptor
cooperativity
The first question we address is how the behavior of thalamic circuits is controlled by the cortex. Thalamic networks have a propensity to generate oscillations on their own, such as the 7-14 Hz spindle
oscillations (Steriade et al., 1993; von Krosigk et al., 1993). Although these oscillations are generated in
the thalamus, the neocortex can trigger them (Steriade et al., 1972; Roy et al., 1984; Contreras and Steriade, 1996) and corticothalamic feedback exerts a decisive control over thalamic oscillations (Contreras
et al., 1996).
In computational models, this cortical control required more powerful corticothalamic EPSPs on RE cells
compared to TC cells (Destexhe et al., 1998a). In these conditions, excitation of corticothalamic cells led
to mixed EPSPs and IPSPs in TC cells, in which the IPSP was dominant, consistent with experimental
observations (Burke and Sefton, 1966; Deschênes and Hu, 1990; Contreras et al., 1997). If cortical
EPSPs and IPSPs from RE cells were of comparable conductance, cortical feedback could not evoke
oscillations in the thalamic circuit due to shunting effects between EPSPs and IPSPs (Destexhe et al.,
1998a). The most likely reason for “inhibitory dominance” in TC cells is that RE cells are exquisitely
sensitive to cortical EPSPs (see Contreras et al., 1993 for experiments, and Destexhe, 2000; Destexhe
and Sejnowski, 2002 for models), probably due to powerful T-current in their dendrites (Destexhe et al,
1996b). Moreover, the quantal conductance of cortical EPSPs is about twice as large in RE neurons
compared to TC cells (266 ± 48 pS vs. 103 ± 25 pS, respectively; see Golshani et al., 2001). In
addition, cortical synapses contact only the distal dendrites of TC cells (Liu et al., 1995a) and are likely
to be further attenuated for this reason. Taken together, these data suggest that corticothalamic feedback
operates mainly by eliciting bursts in RE cells, which in turn evoke powerful IPSPs on TC cells that
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largely overwhelm the direct cortical EPSPs.
The effects of corticothalamic feedback on the thalamic circuit was investigated with the thalamic model
(Fig. 11; Destexhe, 1998). Simulated cortical EPSPs evoked bursts in RE cells (Fig. 11B, arrow), which
recruited TC cells through IPSPs, and triggered a ∼10 Hz oscillation in the circuit. During the oscillation,
TC cells rebound once every 2 cycles following GABAA-mediated IPSPs and RE cells only discharged a
few spikes, evoking GABAA-mediated IPSPs in TC cells with no significant GABAB currents (Fig. 11B).
These features are typical of spindle oscillations (Steriade et al., 1993; von Krosigk et al., 1993).
Fig. 11
here
However, a different type of oscillatory behavior could be elicited from the circuit by repetitive stimulation at 3 Hz with high intensity (14 spikes every 333 ms; Fig. 11C). All cell types were entrained
to discharge in synchrony at ∼3 Hz. On the other hand, repetitive stimulation at 3 Hz at low intensity
produced spindle oscillations (Fig. 11D) similar to Fig. 11A. High-intensity stimulation at 10 Hz led to
quiescence in TC cells (Fig. 11E), due to sustained GABAB currents, similar to a previous analysis (see
Fig. 12 in Lytton et al., 1997).
These simulations indicate that strong corticothalamic feedback at 3 Hz can force thalamic circuits in a
3 Hz oscillation (Destexhe, 1998). Cortical EPSPs force RE cells to fire large bursts (Fig. 11C, arrows),
fulfilling the conditions needed to activate GABAB responses. The consequence was that TC cells were
“clamped” at hyperpolarized levels by GABAB IPSPs during ∼300 ms before they could rebound. The
nonlinear properties of GABAB responses are therefore responsible here for the coexistence between
two types of oscillations in the same circuit: moderate corticothalamic feedback recruited the circuit in
∼10 Hz spindle oscillations, while strong feedback at 3 Hz could force the intact circuit at the same
frequency due to the nonlinear activation properties of intrathalamic GABAB responses.
IV.A.2 ∼3 Hz spike-and-wave oscillations in thalamocortical circuits
A thalamocortical network consisting of different layers of cortical and thalamic cells was simulated
to explore the impact of this mechanism at the network level (Destexhe, 1998). The network included
thalamic TC and RE cells, and a simplified representation of the deep layers of the cortex, in which
pyramidal (PY) cells constitute the major source of corticothalamic fibers. As corticothalamic PY cells
receive a significant proportion of their excitatory synapses from ascending thalamic axons (Hersch and
White, 1981; White and Hersch, 1982), these cells mediate a monosynaptic excitatory feedback loop
(thalamus-cortex-thalamus) which was modeled here. The structure of the network, with TC, RE, PY
and cortical interneurons (IN), is schematized in Fig. 12A. Each cell type contained the minimal set
of calcium- and voltage-dependent currents necessary to account for their intrinsic properties: TC cells
contained IT , Ih and a calcium-dependent upregulation of Ih , RE cells contained IT s , PY cells had a
slow voltage-dependent K+ current IM responsible for spike-frequency adaptation similar to “regularspiking” pyramidal cells (Connors et al., 1990). All cell types had the INa and IKd currents necessary
to generate action potentials. All currents were modeled using Hodgkin-Huxley (1952) type kinetics
based on voltage-clamp data. Synaptic interactions were mediated by glutamate AMPA and NMDA
receptors, as well as GABAergic GABAA and GABAB receptors, and were simulated using kinetic models of postsynaptic receptors (Destexhe et al., 1994b, 1998b). All excitatory connections (TC→RE,
TC→IN, TC→PY, PY→PY, PY→IN, PY→RE, PY→TC) were mediated by AMPA receptors, some
inhibitory connections (RE→TC, IN→PY) were mediated by a mixture of GABAA and GABAB receptors, while intra-RE connections were mediated by GABAA receptors. Simulations were also performed
using NMDA receptors added to all excitatory connections (with maximal conductance set to 25% of
the AMPA conductance) and no appreciable difference was observed. They were not included in the
present model. Extracellular field potentials were calculated from postsynaptic currents in PY cells according to the model described in Section III.B, assuming that all cells were arranged equidistantly in a
one-dimensional layer (see details in Destexhe, 1998).
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Fig. 12
here

In control conditions (Fig. 12B), the thalamocortical network generated synchronized spindle oscillations with cellular discharges in phase between in all cell types, as observed experimentally (Contreras
and Steriade, 1996). TC cells discharged on average once every two cycles following GABAA-mediated
IPSPs, while all other cell types discharged roughly at every cycle at ∼10 Hz, consistent with the typical
features of spindle oscillations observed intracellularly (Steriade et al., 1990; von Krosigk et al., 1993).
The simulated field potentials displayed successive negative deflections at ∼10 Hz (Fig. 12B), in agreement with the pattern of field potentials during spindle oscillations (Steriade et al., 1990). This pattern
of field potentials was generated by the limited discharge in PY cells, which fired roughly one spike per
oscillation cycle.
Diffuse application of the GABAA antagonist penicillin to the cortex, with no change in thalamus, leads
to spike-and-wave oscillations in cats (Gloor et al., 1977). In the model, this situation was simulated by
decreasing GABAA conductances in cortical cells, with thalamus left intact. Alteration of GABAA receptors in the cortex had a considerable impact in generating spike-and-wave. Under these conditions, the
spindle oscillations transformed into 2-3 Hz oscillations (Fig. 12C; Destexhe, 1998). The field potentials
generated by these oscillations reflected a pattern of spikes and waves (Fig. 12C, bottom).
Spike-and-wave discharges developed progressively from spindle oscillations. Reducing the intracortical
fast inhibition from 100% to 50% increased the occurrences of prolonged high-frequency discharges
during spindle oscillations (Fig. 13; Destexhe, 1998). Further decrease in intracortical fast inhibition
led to fully-developed spike-and-wave patterns similar to Fig. 12C (Destexhe, 1998). Field potentials
displayed one or several negative/positive sharp deflections, followed by a slowly-developing positive
wave (Fig. 12C, bottom). During the “spike”, all cells fired prolonged high-frequency discharges in
synchrony, while the “wave” was coincident with neuronal silence in all cell types. This portrait is
typical of experimental recordings of cortical and thalamic cells during spike-and-wave patterns (Pollen,
1964; Steriade 1974; Avoli et al., 1983; McLachlan et al., 1984; Buzsaki et al., 1988; Inoue et al., 1993;
Seidenbecher et al., 1998). Some TC cells stayed hyperpolarized during the entire oscillation (second TC
cell in Fig. 12C), as also observed experimentally (Steriade and Contreras, 1995). A similar oscillation
arose if GABAA receptors were suppressed in the entire network (not shown).
Fig. 13
here
These simulations suggest that spindles can be transformed into an oscillation with field potentials displaying spike-and-wave, and that this transformation can occur by alteration of cortical inhibition with no
change in the thalamus, in agreement with spike-and-wave discharges obtained experimentally by diffuse
application of diluted penicillin onto the cortex (Gloor et al., 1977). The mechanism of the ∼3 Hz oscillation of this model depends on a thalamocortical loop where both cortex and thalamus are necessary,
but none of them generates the 3 Hz rhythmicity alone (see details in Destexhe, 1998).
Removing intrathalamic GABAA-mediated inhibition also affected the oscillation frequency, but did not
generate spike-and-wave, because pyramidal cells were still under the strict control of cortical fast inhibition (Destexhe, 1998). This is in agreement with in vivo injections of bicuculline into the thalamus,
which exhibited slow oscillations with increased thalamic synchrony, but no spike-and-wave patterns in
the field potentials (Ralston and Ajmone-Marsan, 1956; Steriade and Contreras, 1998).
Fig. 14
here
In the model, spike-and-wave oscillations may follow a similar waxing-and-waning envelope as spindles,
and were a network consequence of the properties of a single ion channel (Ih ) in TC cells (Destexhe,
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1998). A calcium-dependent upregulation of Ih was included in TC cells similar to previous models
(Destexhe et al., 1993a, 1996a). The possibility that Ih upregulation underlies the waxing-and-waning
of spindles at the level of thalamic networks has been demonstrated in vitro (Bal and McCormick, 1996;
Lüthi and McCormick, 1998, 1999) and predicted by models (Destexhe et al., 1993b; 1996a). This
mechanism may also underlie the waxing-and-waning of spindles at the level of thalamocortical networks
(Destexhe et al., 1998a). The present model suggests that the upregulation of Ih in TC cells is responsible
for temporal modulation of spike-and-wave oscillations and may evoke several cycles of spike-and-wave
oscillations, interleaved with long periods of silence (∼20 sec), as is observed experimentally in sleep
spindles and spike-and-wave epilepsy, thus emphasizing further the resemblance between the two types
of oscillation.

IV.B Model of “fast” (5-10 Hz) spike-and-wave oscillations in the thalamocortical system
Experimental models of absence seizures in rats display a “fast” form of spike-and-wave activity, around
5-10 Hz (Vergnes and Marescaux, 1992; Coenen and Van Luijtelaar, 2003), which is also associated
with pharmacological and behavioral characteristics of absence seizures, but display faster oscillation
frequency compared to the typical ∼3 Hz spike-and-wave discharges during absence seizures in humans and cats. This type of “fast” spike-and-wave seizure was modeled phenomenologically, based on
coexisting attractor dynamics (Suffczynski et al., 2004).
To build biophysical models for this type of seizure activity, it is necessary to account for their specific
difference with 3 Hz spike-and-wave activity. Intracellular recordings from the thalamus in the “generalized absence epilepsy rat from Strasbourg” (GAERS) reported that, during 5-10 Hz spike-and-wave
discharges, TC cells are paced by GABAA IPSPs (Pinault et al., 1998). In contrast, in the model of ∼3 Hz
spike-and-wave seizures, TC cells are paced by GABAB IPSPs. This raises the question of whether the
3 Hz mechanism also applies to rodents, or if the fast spike-and-wave seizures observed in these species
stem from a fundamentally different mechanism.
This question was investigated using computational models, which explored the hypothesis that a different balance of GABAergic conductances in TC cells might explain both the fast (5 to 10 Hz) and slow
(2-3 Hz) type of spike-and-wave oscillations based on similar thalamocortical mechanisms (Destexhe,
1999). The above thalamocortical model of spike-and-wave was used, with three differences: (a) TC
cells had a depolarized resting membrane potential of -56 mV, as observed experimentally in GAERS
(Pinault et al., 1998); (b) the GABAB conductance from RE→TC was smaller than in the previous model
(0.015 µS vs. 0.04 µS); the GABAA conductance from RE→TC was larger than in the previous model
(0.03 µS vs. 0.02 µS).
In “control” conditions, the network generated 8-12 Hz spindle oscillations, in which all cell types produced moderate rates of discharge approximately in phase, while the field potentials displayed successive
negative deflections (Fig. 15A). These features are in agreement with experimental observations in thalamic and cortical neurons during sleep spindles (Steriade et al., 1990). In the model, these oscillations
were not critically dependent on the strengths of GABAA and GABAB conductances in TC cells, as
shown in Fig. 15A.
Fig. 15
here
The excitability of the cortical network was increased by decreasing the effectiveness of GABAA-mediated
intracortical inhibition, as in the previous model, but the network generated a different type of oscillation
(Fig. 15B) in which cortical (PY, IN) and thalamic RE cells fired prolonged discharge patterns in synchrony, interleaved with periods of silence that occurred simultaneously in all cell types. This cellular
pattern generated spike-and-wave field potentials: The “spike” component was generated by fast EPSPs
followed immediately by GABAA-mediated IPSPs in PY cells, while the positive “wave” was due to
activation of slow K+ currents (GABAB-mediated and voltage-dependent IM ) in PY cells.
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The oscillatory pattern of discharge depended on the positive feedback in the corticothalamic loop, which
was also essential here, as in the 3 Hz spike-and-wave model. The 5-10 Hz oscillation shown in Fig. 15B
differed, however, from the 2-4 Hz frequency in Fig. 12B. The fast oscillation frequency of the discharge
of TC cells was shaped by GABAA-mediated IPSPs (arrows in Fig. 15B2). GABAB receptors also
contributed to the oscillation but produced a sustained hyperpolarization in TC and PY cells, a feature
that has also been observed experimentally (Pinault et al., 1998; Charpier et al., 1999). This sustained
hyperpolarization contributed to maintaining the oscillations, since smaller GABAB conductances led
to a markedly reduced tendency to oscillate, and larger GABAB conductances led to a slower, 2-3 Hz
spike-and-wave oscillation (Destexhe, 1999). Reducing the conductance of the GABAA IPSPs markedly
reduced oscillatory sequences and increasing them led to prolonged oscillations, thus the spike-andwave seizures in this model critically depend on a balance between both types of IPSPs (see details in
Destexhe, 1999).

V

Testing the mechanisms

The models reviewed above account for the main features of the experimental data about absence seizures
in different experimental models. A series of predictions were generated by these models, which we
discuss in this section.

V.A Corticothalamic feedback
As discussed above, it is necessary to reconcile the data suggesting thalamic participation on one hand,
and cortical participation on the other hand. This apparent paradox can be explained by the fact that
physiologically intact thalamic circuits can be forced to oscillate at a frequency of ∼3 Hz by the action
of corticothalamic feedback, as depicted in Section IV.A.1 (Fig. 11; Destexhe, 1998). This model makes a
very strong prediction: it should be possible to force intact thalamic circuits at a slow hypersynchronized
frequency of ∼3 Hz, and this forcing should depend on GABAB receptors.
Experiments were realized to test these predictions in thalamic slices (Bal et al., 2000; Blumenfeld and
McCormick, 2000). In this experiment, the activity of thalamic relay cells was used to trigger the electrical stimulation of corticothalamic fibers (Fig. 16A). With this feedback, the activity in the slice depended
on the stimulus strength. For mild feedback, the slice generated normal spindle oscillations (Fig. 16B).
However, for strong stimulation of corticothalamic fibers, the activity switched to slow synchronized
oscillations at ∼3 Hz (Fig. 16C). This behavior was dependent on GABAB receptors, as shown by its
sensitivity to GABAB antagonists (Bal et al., 2000; Blumenfeld and McCormick, 2000). These results
suggest that strong corticothalamic feedback can force physiologically intact thalamic circuits to oscillate
synchronously at 3 Hz.
Fig. 16
here
Further experiments (Bal et al., 2000; Blumenfeld and McCormick, 2000) revealed that this forcing of
intact thalamic circuits was accompanied by (1) a strong synchronization of the discharges of TC cells;
(2) an enhancement of the burst discharges of RE cells. The latter is in agreement with the fact that
prolonged discharge patterns underlie the emergence of a dominant GABAB IPSP, as also predicted by
the model.
Thus, it seems that an exceedingly strong corticothalamic feedback can switch thalamic circuits into a
different oscillatory mode, slow and hypersynchronized, and which is due to the activation of GABABmediated currents in TC cells. This oscillation is similar to the slow oscillation observed in the presence
of bicuculline (see Section II.A). This oscillation arises because of prolonged discharges in RE cells,
which can be caused either by pharmacologically suppressing GABAA-mediated lateral inhibition between RE cells, or by providing a strong excitatory input to RE cells via corticothalamic synapses. Large
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burst discharges were indeed observed in RE cells during seizures in GAERS (Slaght et al., 2002).

V.B Cooperative properties of GABAB receptors
As outlined in Section II.B.2, one of the essential biophysical ingredients in the mechanisms for absence
seizures is the nonlinear properties of GABAB responses. Such responses only appear under intense
release conditions, and it was hypothesized that this property arises from the activation characteristics of
GABAB-mediated currents (Destexhe and Sejnowski, 1995).
This hypothesis was tested experimentally using dual intracellular recordings of pairs of connected thalamic (Kim et al., 1997) or cortical neurons (Thomson and Destexhe, 1999). In the thalamus, it was shown
that evoking single spikes in RE cells do not evoke any detectable GABAB component in the IPSP of the
target TC cell, whereas evoking large burst discharges evoke strong GABAB-mediated IPSPs (Kim et al.,
1997), exactly like the model prediction. In neocortex, the same paradigm was observed in single-axon
inhibitory connections that contained GABAB receptors (Thomson and Destexhe, 1999). In this case,
the cortical interneuron had to discharge at least 3 spikes at high frequency (around 100 Hz) in order to
evoke a detectable GABAB component in the target pyramidal cell, and that the response saturates for
more than 10 presynaptic spikes (Fig. 17).
Fig. 17
here
A computational model of GABA release, diffusion and uptake similar to that of Destexhe and Sejnowski (1995) was investigated based on data from the neocortex (Thomson and Destexhe, 1999). As
in the thalamic model, extracellular accumulation of GABA alone could not account for the nonlinear
relationship between spike number and IPSP amplitude (see details in Thomson and Destexhe, 1999).
Different kinetic models were considered for how G-proteins activate K+ channels, including a kinetic
model using 4 G-protein binding sites (Fig. 17B2) and an allosteric model (Fig. 17B3). All models fit
to experimental data predicted an optimum of n = 4 G-protein binding sites on K+ channels, consistent
with the tetrameric structure of K+ channels (Hille, 2001).
Finally, it was found recently that the antiepileptic drug vigabatrin strongly affects spike-and-wave discharges in rats (Bouwman et al., 2003). This drug increases GABA concentrations by inhibiting GABA
transaminase, one of the major enzymes implicated in GABA degradation. In particular, Bouwman et al.
(2003) demonstrated that vigabatrin decreases the frequency of spike-and-wave discharges (from 7.5 Hz
to 5.6 Hz), as well as prolongs the duration of seizures (from 1.04 sec to 1.52 sec). This effect occurs presumably through boosting of both GABAA and GABAB responses, and is in agreement with predictions
of the model (see Fig. 3 in Destexhe, 1999).

V.C Inconsistencies of the model and open questions
A number of experimental observations are not consistent with the present model. First, an apparent
intact cortical inhibition was reported in cats treated with penicillin (Kostopoulos et al., 1983). However,
this study did not distinguish between GABAA and GABAB-mediated inhibition. In the present model,
even when GABAA was antagonized, IPSPs remained of approximately the same size because cortical
interneurons fired stronger discharges (Fig. 12C) and led to stronger GABAB currents. There was a
compensation effect between GABAA and GABAB-mediated IPSPs (not shown), which may lead to an
apparent preservation of cortical inhibition. Indeed, an impaired intracortical inhibition was reported in
the WAG/Rij genetic model of absence epilepsy in rats (Luhmann et al., 1995).
Second, some GABAA agonists, like barbiturates, may increase the frequency of seizures (Vergnes et al.,
1984), possibly through interactions with GABAA receptors in TC cells (Hosford et al., 1997). A similar
effect was seen in the model (Destexhe, 1998), but this effect was weak. More accurate simulation of
these data would require modeling the variants of GABAA receptor types in different cells to address how
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the threshold for spike-and-wave discharges is affected by various types of GABAergic conductances.
Third, an effect which was not incorporated here is the possible presence of GABA receptors in the
presynaptic terminal (Waldmeier and Baumann, 1990; Sperk et al., 2004). Such inhibition of synaptic
release could mediate various effects, such as dis-inhibition at GABAergic terminals, or presynaptic
inhibition of excitatory transmission (assuming that GABA could act on presynaptic excitatory terminals
via spillover). Although, the evidence discussed here all point to postsynaptic mechanisms, a presynaptic
contribution cannot be ruled out and should be examined by future models.
Finally, it was shown that in the Wag-Rij rat genetic model of absence epilepsy, the seizure seems to
start in a focus located in somatosensory cortex (Meeren et al., 1992). This observation is not necessarily
inconsistent with the present thalamocortical model. It is conceivable that a given cortical area may have
higher excitability, and starts the seizure within the loop defined with its associated thalamic nuclei, and
later spreads to the whole thalamocortical system, even if some areas are not hyperexcitable (or less
hyperexcitable). These points should be considered in future models.

VI Conclusions: a corticothalamic mechanism for absence seizures
VI.A A thalamocortical loop mechanism for absence seizures
The mechanism proposed for absence seizures can be summarized as follows. During sleep spindles, the
oscillation is generated by intrathalamic interactions (TC-RE loops) and is reinforced by thalamocortical
loops, as suggested in a previous model (Destexhe et al., 1998a). The combined action of intrathalamic and thalamocortical loops provides RE cells with moderate excitation, which evokes GABAAmediated IPSPs in TC cells and sets the frequency to ∼10 Hz. During spike-and-wave seizures, due to
increased cortical excitability, corticothalamic feedback becomes strong enough to force prolonged burst
discharges in RE cells, which in turn evoke IPSPs in TC cells dominated by the GABAB component. In
this case, the prolonged inhibition sets the frequency to ∼3 Hz and the oscillation is generated by a thalamocortical loop in which the thalamus is intact (see details in Destexhe, 1998). Therefore, if the cortex
is inactivated during spike-and-wave, this model predicts that the thalamus should resume generating
spindle oscillations, as observed experimentally in cats treated with penicillin (Gloor et al., 1979).
Figure 18 shows the phase relations between the different cell types in this corticothalamic model of
spike-and-wave seizures. High-frequency discharges generated “spike” components in the field potentials, whereas “wave” components were generated by GABAB IPSPs in PY cells due to the prolonged
firing of cortical interneurons. The hyperpolarization of PY cells during the “wave” also contained a
significant contribution from the voltage-dependent K+ current (IM in the model), which was maximally
activated due to the prolonged discharge of PY cells during the “spike”. The “wave” component in this
model is therefore due to two types of K+ currents, one intrinsic and the other GABAB-mediated. The
relative contribution of each current to the “wave” depends on their respective conductance values (see
details in Destexhe, 1998).
Fig. 18
here
The “spike” component was generated by a concerted prolonged discharge of all cell types. However, the
discharges were not perfectly in phase, as indicated in Fig. 18B. There was a significant phase advance of
TC cells, as observed experimentally (Inoue et al., 1993; Seidenbecher et al., 1998). This phase advance
was responsible for the initial negative spike in the field potentials, which coincided with the first spike
in the TC cells (Fig. 18B, dashed line). This feature implements the precedence of EPSPs over IPSPs
in the PY cell in order to generate spike-and-wave complexes. These simulations therefore suggest that
the initial spike of spike-and-wave complex is due to thalamic EPSPs that precede other synaptic events
in PY cells (Destexhe, 1998). Thalamic EPSPs may also trigger an initial avalanche of discharges due
to pyramidal cell firing, before IPSPs arises, which would also result in a pronounced negative spike
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component in field potentials.

VI.B Cortical vs. thalamocortical seizures
The models investigated here displayed oscillations with spike-and-wave field potentials arising either
from intracortical mechanisms (Section III) of from thalamocortical loops (Section IV). As outlined
above, the two types of seizures display fundamental differences. First, the oscillation frequency is
slower in intracortical seizures compared to thalamocortical seizures (1.8-2.5 Hz compared to 2-4 Hz;
Steriade and Contreras, 1998; Fig. 19). The same was observed in the models (1.3 Hz in Fig. 10 compared
to 2-4 Hz in Fig. 12; see Fig. 19C and details in Destexhe, 1998; Destexhe et al., 2001). This effect was
due in the intracortical model to the relatively small conductance of IT in pyramidal cells, which gave
rise to a significant delay before rebound and consequently a slower oscillation frequency. Second, the
“spike” component is less prominent in intracortical spike-and-wave complexes (compare C and D in
Fig. 8), which was also reproduced by the models (see Fig. 19C). In the thalamocortical model, the
pronounced negative “spike” was due to thalamic EPSPs that preceded other EPSPs in pyramidal cells
(see Fig. 8B in Destexhe, 1998). These events were of course absent in the intracortical model, leading
to a less prominent negative “spike” component, in agreement with Fig. 8C.
Fig. 19
here
In both cases, the negative “spike” component was due to the EPSPs from the initial discharge of excitatory neurons (and thalamic EPSPs if applicable). The slow positive “wave” was mediated by GABAB
IPSPs and voltage-dependent K+ currents. In both cases, the oscillation was generated by similar mechanisms based on rebound firing following K+ -mediated hyperpolarizing events (see Section VI.A above).
The coexistence of two different seizure mechanisms (intracortical vs. corticothalamic) should be investigated by future models and experimental studies. No intracellular recording has been made so far
during intracortical spike-and-wave seizures, and may bring important information regarding the possible similarities – or differences – with thalamocortical seizures. The two models of intracortical and
thalamocortical seizures should also be integrated into the same network, to study under which conditions intracortical loops prevail over corticothalamic loops, which may help to explain the rich variety of
paroxysmal patterns observed experimentally.

In conclusion, we have presented here a corticothalamic mechanism for absence seizure generation (Destexhe, 1998, 2006; Destexhe and Sejnowski, 2001), and described the essential biophysical and functional ingredients implicated in this mechanism. Such a corticothalamic scheme differs from previous
proposals. Similarly to Gloor’s “corticoreticular” scheme (Gloor, 1968), this mechanism postulates an
increased cortical excitability. However, instead of considering that spike-and-wave arises from the abnormal cortical response to normal afferent thalamocortical inputs (Gloor, 1968), the present mechanism
points to the reverse pathway, cortico-thalamic feedback. An exceedingly strong action of the cortex to
the thalamus can switch thalamic circuits into a hypersynchronized oscillatory mode and entrains the
whole thalamocortical system into a slow spike-and-wave oscillation. Thus, the primary deficit is cortical, which is consistent with the finding that absence seizures in rats start in cortex (Meeren et al., 2002).
In a corticothalamic mechanism, however, cortical excitability needs not to be uniform across all layers,
but may be local to deep layers (those projecting to thalamus). This also differs from Gloor’s mechanism, which would primarily postulate an increased excitability of superficial layers. This difference
constitutes a strong prediction which should be tested by future experiments.
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Figure 1:
Electroencephalogram (EEG) recording during an absence seizure in a human subject. A. Absence
seizure in different EEG leads (FP1 and FP2 measure the potential difference between frontal and parietal
regions of the scalp, whereas O1 and O2 correspond to the measures between occipital regions). The
seizure lasted approximately five seconds and consisted of an oscillation at around 3 Hz which appeared
nearly-simultaneously in all EEG leads. B. Same seizure at higher temporal resolution, which reveals
the “spike and wave” patterns during each cycle of the oscillation. Modified from Destexhe, 1992.
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Figure 2:
Bicuculline-induced 3 Hz oscillation in thalamic slices. A. Control spindle sequence (∼10 Hz) started
spontaneously by an IPSP (arrow). B. Slow oscillation (∼3 Hz) following block of GABAA receptors by
bicuculline. C. Suppression of the slow oscillation in the presence of the GABAB antagonist baclofen.
D. Recovery after wash. Modified from from von Krosigk et al. (1993).
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Figure 3:
Transition from 8-10 Hz spindle oscillations to ∼3 Hz oscillations by slowing down the kinetics of
GABAergic currents. A. 8-10 Hz spindle oscillations from a simple circuit consisting of one TC cell
interconnected with one RE cell. The left panel shows a detail of a few cycles within the oscillation at
10 times higher resolution. Glutamatergic AMPA receptors were used from TC→RE and GABAergic
GABAA receptors from RE→TC (decay rate constant β=0.1 ms−1 ). B. Slower oscillations for slow
GABAergic synapses. The decay rate constant of the GABAergic synapse was β=0.003 ms−1 , similar to
the decay rate of GABAB currents. Modified from Destexhe et al., 1993b.
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Figure 4:
Modeling nonlinear GABAB-mediated responses. A. Scheme of the release of GABA, activation of
the receptor by binding of GABA, and catalysis of G-proteins into activated form (G*) by the bound
receptor. Subsequently, activated G-proteins may affect the gating of ion channels as well as participating
in other biochemical mechanisms, or be degraded into inactive form (dashed arrow). To yield responses
in agreement with experiments, the binding of 4 G-proteins was needed to activate the K+ channels
(Destexhe and Sejnowski, 1995). B. Typical slow time-course of G-protein concentration following
one or 10 presynaptic spikes at 200 Hz. C. Simulation of GABAB-mediated responses with a single
presynaptic spike. No detectable GABAB IPSP is observed. D. Same simulation as in C, but with 10
presynaptic spikes at high frequency. In this case, the stimulus recruited a strong GABAB-mediated
IPSP. A-B modified from Thomson and Destexhe, 1998. C-D modified from Destexhe, 1998. Model
from Destexhe and Sejnowski, 1995.
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Figure 5:
Simulation of the effect of clonazepam in the thalamus. GABAB responses were enhanced in TC cells
through disinhibition in the thalamic RE nucleus. A. Connectivity: a simple network of RE cells was
simulated with GABAA receptor-mediated synaptic interactions. All RE cells project to a single TC cell
with synapses containing both GABAA and GABAB receptors. Models of the RE cells were taken from
Destexhe et al. (1994a). B. In control conditions, the bursts generated in RE cells by stimulation have
2-8 spikes (inset) and evoke in TC cells a GABAA–dominated IPSP with a small GABAB component. C.
When GABAA receptors are suppressed in RE, the bursts become much larger (inset) and evoke in TC
cells a stronger GABAB component. Modified from Destexhe and Sejnowski, 1995.
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Figure 6:
Oscillations in a four-neuron circuit of thalamocortical and thalamic reticular cells. Top scheme: circuit
diagram consisting of two TC and two RE cells. Synaptic currents were mediated by AMPA/kainate
receptors (from TC to RE; ḡAMPA = 0.2 µS), a mixture of GABAA and GABAB receptors (from RE to
TC; ḡGABAA =0.02 µS and ḡGABAB =0.04 µS) and GABAA-mediated lateral inhibition between RE cells
(ḡGABAA =0.2 µS). Right: inset showing the simulated burst responses of TC and RE cells following
current injection (pulse of 0.3 nA during 10 ms for RE and -0.1 nA during 200 ms for TC). A. Spindle
oscillations arose as the first TC cell (TC1) started to oscillate, recruiting the two RE cells, which in
turn recruited the second TC cell. The oscillation was maintained for a few cycles and repeated with
silent periods of 15-25 s. B. Slow 3-4 Hz oscillation obtained when GABAA receptors were suppressed,
mimicking the effect of bicuculline. The first TC cell (TC1) started to oscillate, recruiting the two RE
cells, which in turn recruited the second TC cell. The mechanism of recruitment between cells was
identical to spindle oscillations, but the oscillations were more synchronized, of slower frequency, and
had a 15% longer silent period. The burst discharges were prolonged due to the loss of lateral inhibition
in the RE. C. Magnification of one cycle of the oscillation from B, showing the high synchrony of the
slow oscillation. Modified from Destexhe et al., 1996a.
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Figure 7:
Simulation of spike-and-wave field potentials based on the properties of GABAB receptors. A. Scheme
for the model of local field potentials. Excitatory and inhibitory presynaptic trains of action potentials
stimulated AMPA, NMDA, GABAA and GABAB postsynaptic receptors at 100 synapses of each type
on a single compartment model and used to calculate the extracellular field potential at a distance of
5 µm from the simulated neuron. B. Field potentials generated by single presynaptic spikes. The mixed
EPSP/IPSP sequence in the cell led to negative deflections in the field potentials (bottom trace). C.
Same simulation as in B, but using bursts of presynaptic spikes. In this case, fast spiky components
(“Spike”) alternate with slow positive deflections (“Wave”), similar to spike-and-wave patterns. These
slow positive waves were due to the activation of GABAB-mediated currents (arrows). Conductance
values were 4 nS, 1 nS, 1.5 nS and 4 nS for individual AMPA, NMDA, GABAA and GABAB synapses,
respectively. Modified from Destexhe, 1998.
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Figure 8:
Multisite field potential recordings in cat suprasylvian cortex. A Scheme illustrating the disposition of
recording electrodes (SS suprasylvian gyrus; PC postcruciate gyrus, ES ectosylvian gyrus, M marginal
gyrus). B. “Control” spindle oscillations during barbiturate anesthesia. C. Spike-and-wave paroxysms in
the same animal after injection of bicuculline in cortex (between electrodes 3 and 4). C. Spike-and-wave
oscillation in the same brain area after complete thalamectomy (different animal as in A-B). Modified
from Destexhe et al., 2001.
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Figure 9:
Rebound bursting properties of cortical pyramidal cells. A. Rebound bursting cell from cat cerebral
cortex in vivo. B. Rebound bursting cell from guinea-pig frontal cortex in vitro (adapted from de la Peña
and Geijo-Barrientos, 1996). C. Model pyramidal cell comprising INa , IK , IM and IT currents. Left:
repetitive firing with adaptation following injection of depolarizing current (0.1 nA). Right: rebound
burst response at the offset of a hyperpolarizing current pulse (-0.1 nA; the pulse was 200 ms in A and
was truncated for clarity). Arrows indicate bursts of action potentials mediated by IT . Modified from
Destexhe et al., 2001.
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Figure 10:
Simulation of intracortically-generated spike-and-wave oscillations. A. Scheme of the network: all pyramidal cells had INa , IK and IM currents, and 5% of pyramidal neurons were rebound bursting cells containing an additional weak density of T-current (as in Fig. 9C). B. Oscillatory activity after removing
GABAA connections. All cells displayed prolonged discharges in phase, separated by periods of silences
dominated by K+ currents, at a frequency of ∼1.3 Hz. ∗ indicates a rebound bursting pyramidal cell. No
thalamic cells were included in this simulation. C. Field potentials calculated from the same simulation
showed spike-and-wave complexes. Modified from Destexhe et al., 2001.
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Figure 11:
Corticothalamic feedback can force thalamic circuits into ∼3 Hz oscillations due to the properties of
GABAB receptors. A. Connectivity and receptor types in a circuit of thalamocortical (TC) and thalamic
reticular (RE) neurons. Corticothalamic feedback was simulated through AMPA-mediated synaptic inputs (shown on the left of the connectivity diagram; total conductance of 1.2 µS to RE cells and 0.01 µS
to TC cells). B. A single stimulation of corticothalamic feedback (arrow) entrained the circuit into a
10 Hz mode similar to spindle oscillations. C. With a strong-intensity stimulation at 3 Hz (arrows; 14
spikes/stimulus), RE cells were recruited into large bursts, which evoked IPSPs onto TC cells dominated
by GABAB -mediated inhibition. In this case, the circuit could be entrained into a different oscillatory
mode, with all cells firing in synchrony. D. Weak stimulation at 3 Hz (arrows) entrained the circuit into
spindle oscillations (identical intensity as in B). E. Strong stimulation at 10 Hz (arrows) led to quiescent
TC cells due to sustained GABAB current (identical intensity as in C). Modified from Destexhe, 1998.
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Figure 12:
Transformation of spindle oscillations into ∼3 Hz spike-and-wave oscillations by reducing cortical inhibition in a thalamocortical network model. A. Connectivity between different cell types: 100 cells
of each type were simulated, including TC and RE cells, cortical pyramidal cells (PY) and interneurons (IN). The connectivity is shown by continuous arrows, representing AMPA-mediated excitation,
and dashed arrows, representing mixed GABAA and GABAB inhibition. In addition, PY cells were interconnected using AMPA receptors and RE cells were interconnected using GABAA receptors. The
inset shows the repetitive firing properties of PY and IN cells following depolarizing current injection
(0.75 nA during 200 ms; -70 mV rest). B. Spindle oscillations in the thalamocortical network in control
conditions. 5 cells of each type, equally spaced in the network, are shown (0.5 ms time resolution).
The field potentials, consisting of successive negative deflections at ∼10 Hz, is shown at the bottom. C.
Oscillations following the suppression of GABAA-mediated inhibition in cortical cells with thalamic inhibition intact. All cells displayed prolonged discharges in phase, separated by long periods of silences,
at a frequency of ∼2 Hz. GABAB currents were maximally activated in TC and PY cells during the
periods of silence. Field potentials (bottom) displayed spike-and-wave complexes. Thalamic inhibition
was intact in B and C. Modified from Destexhe, 1998.
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Figure 13:
Gradual transformation of spindles to spike-and-wave complexes. A. Field potentials obtained from
simulations similar to those of Fig. 12 for different levels of cortical GABAA-mediated inhibition. The
conditions were identical except that intracortical GABAA-mediated inhibition (IN→PY) was reduced,
with total conductance values of 0.15 µS (100%), 0.075 µS (50%), 0.0375 µS (25%), 0.018 µS (12%) and
0.009 µS (6%). At 100% GABAA intracortical inhibition there was a spindle sequence (as in Fig. 12B)
and at 0% there were fully-developed spike-and-wave complexes (as in Fig. 12C); intrathalamic inhibition was intact in all cases. B. Same simulations at higher temporal resolution. Modified from Destexhe,
1998.
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Figure 14:
Transformation of spindle oscillations into ∼4 Hz oscillations by blocking thalamic inhibition in thalamocortical networks. A. Spindle oscillations in the thalamocortical network in control conditions. 5 cells
of each type, equally spaced in the network, are shown (0.5 ms time resolution). The field potentials,
consisting of successive negative deflections at ∼10 Hz, is shown at the bottom. B. Oscillations following the suppression of GABAA-mediated inhibition in thalamic cells with cortical inhibition intact (all
GABAA conductances postsynaptic to RE cells were suppressed). The network generated synchronized
oscillations at ∼4 Hz, with thalamic cells displaying prolonged discharges. The pattern of discharges in
PY cells were resembled spindles but at a lower frequency, as reflected in the field potentials (bottom).
Modified from Destexhe, 1998.
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Figure 15:
Fast spike-and-wave oscillations with stronger GABAA conductances in TC cells. A1. Control spindle
oscillations elicited by injection of depolarizing current into PY cells (1 nA during 20 ms). All cell types
displayed moderate discharges at 10-12 Hz accompanied by negative deflections in the local field potential (LFP). B1. Spike-and-wave oscillations following increase of cortical excitability (same simulation
as in A with intracortical GABAA conductances decreased from 0.15 µS to 0.04 µS). All cell types displayed synchronized discharges at 5-10 Hz and the field potentials consisted of spike-and-wave patterns.
The right panels (A2, B2) show two oscillation cycles at higher temporal resolution. Arrows indicate
GABAA IPSPs in TC cells (modified from Destexhe, 1999).
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Figure 16:
Control of thalamic oscillations by corticothalamic feedback in ferret thalamic slices. A. Schematic
thalamic slice. Corticothalamic axons run in the optic radiation (OR) and connect thalamocortical cell in
the LGN layers and GABAergic interneurons in the perigeniculate nucleus (PGN). Bipolar stimulating
electrodes were placed in the OR (OT: optic tract). B. Weak (single shock) stimulation at a latency of
20 ms after the detection of multiunit bursts activity (upper trace). Lower trace: smooth integration of
the multiunit signal. C. A 7 Hz control spindle is robustly slowed to 3 Hz oscillation by the feedback
stimulation (5 shocks; 100 Hz; 20 ms delay). Modified from Bal et al., 2000.
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Figure 17:
Slow IPSPs in cerebral cortex are dependent on the number of presynaptic spikes. A. Dual intracellular
recordings in rat cerebral cortex in vitro. The presynaptic cell elicited slow bicuculline-resistant IPSPs
in the postsynaptic cell. The top traces show different patterns of presynaptic activity evoked by current
injection and the bottom traces show the simultaneously-recorded (presumably GABAB-mediated) slow
IPSPs in the postsynaptic cell. B. Nonlinear dependence of slow IPSP amplitude on the number of presynaptic spikes. The symbols indicate the normalized IPSP amplitudes for different experiments involving
the same postsynaptic membrane potential and the same presynaptic firing frequency. The smooth curve
is the best sigmoidal curve (1/(1 + exp[−(x − x0 )/K]) fit to the spike number/IPSP amplitude plot and
yielded an optimal fit for x0 =7.1 and K=1.4 (units of number of spikes). B2. Same data shown with a
kinetic model of GABAB responses involving multiple G-protein binding sites on K+ channels (continuous line, n = 4 binding sites; dashed line, n = 1 binding site). The inset shows the best fit of the n = 4
model to a slow IPSP obtained with 10 presynaptic spikes. B3. Same fit as in B2 but using an allosteric
model for the K+ channel regulation by G proteins. In this case, n = 4 binding sites also gave the best
fits to the experimental data. Figure modified from Thomson and Destexhe, 1999.
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Figure 18:
Phase relationships during simulated spike-and-wave discharges. A. Local field potentials (LFP) and
representative cells of each type during spike-and-wave oscillations. Spike: all cells displayed prolonged
discharges in synchrony, leading to spiky field potentials. Wave: the prolonged discharge of RE and
IN neurons evoked maximal GABAB-mediated IPSPs in TC and PY cells respectively (dashed arrows),
stopping the firing of all neuron types during a period of 300-500 ms, and generating a slow positive
wave in the field potentials. The next cycle restarted due to the rebound of TC cells following GABAB
IPSPs (arrow). B. Phase relationships in the thalamocortical model. TC cells discharged first, followed
by PY, RE and IN cells. The initial negative peak in the field potentials coincided with the first spike in
TC cells before PY cells started firing, and was generated by thalamic EPSPs in PY cells. Modified from
Destexhe, 1998.
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Figure 19:
Comparison of the morphology of spike-and-wave complexes in experiments and models. A. EEG during
a human absence seizure. Same data as in Fig. 1, replotted at higher resolution. B. Local field potential
(LFP) measurements in cats in two different experimental models of spike-and-wave seizures following
cortical injection of bicuculline. Top: seizure obtained in the intact thalamocortical system; Bottom:
seizure in athalamic cat (data replotted from Fig. 8B and C, respectively). C. Simulated LFPs in models
of spike-and-wave seizures. Top: thalamocortical model (replotted from Fig. 12); Bottom: intracortical
model (replotted from Fig. 10). In each case, the spikes and the waves are indicated (see original figures
for references).

