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Abstract

The absence epilepsies are characterized by recurrent episodes of loss of consciousness associated with generalized spike-and-wave
discharges, with an abrupt onset and offset, in the thalamocortical system. In the absence of detailed neurophysiological studies in
humans, many of the concepts regar ding the pathophysiological basis of absence seizures are based on studiesin animal models. Each
of these models has its particular strengths and limitations, and the validity of findings from these models for the human condition
cannot be assumed. Consequently, studies in different models have produced some conflicting findings and conclusions. A
long-standing concept, based primarily from studiesin vivo in cats and in vitro brain dlices, isthat these paroxysmal electrical events
develop suddenly from sleep-related spindle oscillations. More specifically, it is proposed that the initial mechanisms that underlie
absence-related spike-and-wave discharges are located in the thalamus, involving especially the thalamic reticular nucleus. By
contrast, more recent studies in well-established, genetic models of absence epilepsy in rats demonstrate that spike-and-wave
discharges originate in a cortical focus and develop from a wake-related natural corticothalamic sensorimotor rhythm. In thisreview
we integrate recent findings showing that, in both the thalamus and the neocortex, genetically-determined, absence-related
spike-and-wave dischar ges ar e the manifestation of hyper synchronized, cellular, rhythmic excitations and inhibitions that result from
a combination of complex, intrinsic, synaptic mechanisms. Arguments are put forward supporting the hypothesis that layer VI
corticothalamic neurons act as ‘drivers in the generation of spike-and-wave discharges in the somatosensory thalamocortical system
that result in corticothalamic resonances particularly initially involving the thalamic reticular nucleus. However an important
unresolved question is: what are the cellular and network mechanisms responsible for the switch from physiological, wake-related,
natural oscillations into pathological spike-and-wave discharges? We speculate on possible answerss to this, building particularly on
recent findings from genetic modelsin rats.
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INTRODUCTION

Physiological oscillations in cortico-thalamo-cortical networks are involved in many normal neurocognitive functions including
perception, cognition, attention, memory, wakefulness and sleep (Bouyer et a., 1981 ; Marczynski et a., 1984 ; Loring et al., 1985 ;
Ribary et al., 1991 ; Pulvermuller et a., 1997 ; Tallon-Baudry et al., 1997 ; Keil et a., 1999 ; Steriade, 1999 ; Engel et al., 2001 ; Pinault,
2004 ). Additionally, it is increasingly evident that some natural oscillations develop into pathological oscillations (either by
hypersynchronized natural oscillations or by evolving from a gradual transformation of natural oscillations). One of the most remarkable
examples is the transformation of natural thalamocortical (TC) oscillations into spike-and-wave discharges (SWDs) that underlie absence
seizures (Pinault et al., 2001 ; Pinault, 2003 ). In this review we focus on the cellular and network mechanisms that underlie the generation
of SWDs, particularly on work from well-recognized, genetic models of absence epilepsy in rats.

Absence epilepsies are a group of idiopathic neurological disorders that are characterized by the occurrence of recurrent,
unpredictable, non-convulsive (absence) seizures (Commission on Classification and Terminology of the International League Against
Epilepsy, 1981 ). Clinically, absence seizures consist of a sudden loss of consciousness (awareness and responsiveness) without loss of
either body tone or posture (Blumenfeld, 2005 ). They might be accompanied by minor motor clonic movements or automatisms,
particularly if prolonged.

Absence seizures are brief, lasting 5-20 sec but, occasionally, are more prolonged and, rarely, non-convulsive status epilepticus (i.e.
continuous absence seizure activity) occurs (Crunelli and Leresche, 2002 ). The clinical seizures are accompanied on a scalp
electroencephalogram (EEG) by generalized SWDs with a frequency of 3Hz, which are recorded synchronously over both hemispheres
and arise and cease abruptly out of an apparently normal background EEG activity.

Although it is generally believed that SWDs have sudden onset and offset, gradual modulations in alpha frequency were recorded in
patients before the SWDs that accompany absence seizures (Inouye et al., 1990 ). This finding indicates that the period just preceding the
occurrence of absence-related SWD represents a transition state from the background activity to the SWD.
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On depth EEG recordings, SWDs are seen during absence seizures in both the thalamus and the cerebral cortex (Williams, 1953 ;
Gloor and Fariello, 1988 ). Typical, well-organized, absence-related SWDs occur particularly during either immobile, inattentive
wakefulness or drowsiness (Crunelli and Leresche, 2002 ). In contrast to focal onset, non-convulsive seizures (i.e. complex partia
seizures), normal consciousness returns immediately following the cessation of the seizure activity with no period of post-ictal confusion.

Absence seizures also have a pharmacological response profile that distinguishes them from other, particularly focal, seizure types.
Most (80%) patients will have control of their absence seizures with either valproate or ethosuximide (Avoli et a., 2001 ). However,
several other anti-epileptic drugs that are effective in focal seizures, including carbamazepine, and drugs that enhance GABA activity in
the brain, such as vigabatrin and tiagabine, are either ineffective or aggravate absence seizures, both in humans (Lehmann et al., 1999 ;
Peruccaet a., 1998 ) and in animal models (Micheletti et al., 1985 ; McLean et al., 2004 ; Wallengren et a., 2005 ; Liu et al., 2006 ).

Absence seizures occur either alone or in combination with other seizure types, particularly generalized tonic-clonic and myoclonic
seizures, in avariety of generalized epilepsy syndromes, such as childhood absence epilepsy, juvenile absence epilepsy and in a proportion
of patients with juvenile myoclonic epilepsy (Commission on Classification and Terminology of the International League Against
Epilepsy, 1981 ). These syndromes are classified according to the ILAE system as primary (idiopathic) generalized epilepsies, in which it
is presumed that seizures arise simultaneously in both hemispheres (i.e. generalized) and that, other than the tendency to have seizures, the
brain is otherwise normal structurally and functionally. Both of these assumptions are being challenged by studies utilizing modern
neurophysiological, neuroimaging and genetic techniques. In this review we concentrate predominantly on neurophysiological data,
particularly from genetic rat models, that have revolutionized the concepts about the onset and generation of absence seizures.

ABSENCE EPILEPSIESHAVE A GENETIC BASIS

The epilepsy syndromes in which absence seizures occur are believed to be predominantly genetic in etiology (Scheffer and Berkovic,
2003 ). Twin studies have provided strong evidence for the importance of genetic influences, with a concordance for the presence of
absence seizures of 70% and 33% in monozygotic twins and first-degree relatives, respectively (Berkovic et al., 1998 ). Severa genetic
defects have been found in rare families in whom the epilepsy strongly follows a monogenic inheritance pattern, with most of these
affecting either ion channels or membrane receptors, including the g2-subunit of the GABA-A receptor complex (GABRG2) in afamily in
whom some members had childhood absence epilepsy (Wallace et a., 2001 ). However, the cause of the epilepsy in most patients with
absence seizures is more complex, and it is amost certain that more than one gene is involved (i.e. polygenic) (Steinlein, 2004 ).
Genome-wide scans have highlighted several loci as potentially carrying genetic polymorphisms rendering susceptibility to absence
seizures, again mostly implicating ion channels and membrane receptors (reviewed in Crunelli and Leresche, 2002 ).

An important recent study found a variety of different mutations in the gene for the low threshold Ca2* channel, Cav3.2 (CACNA1H),
in 14 of 118 unrelated Han Chinese patients with idiopathic absence epilepsy, but in none of 230 control subjects (Chen et al., 2003 ).

Several of these mutations alter the neurophysiological properties of the expressed T-type Ca?* channels, facilitating increased Ca?* influx

with channel activation (Khosravani et al., 2004 ; Khosravani et al., 2005 ). Low threshold (T-type) Ca?* channels appear to have a crucial
rolein the generation of the reciprocal TC burst firing that underlies absence seizures. Knock-out mice that lack the T-type channel Cav3.1
do not display TC burst firing and, unlike wild-type controls, are insensitive to SWDs induced by GABAB receptor agonists (Kim et al.,
2001 ). Moreover, crossbreeding Cav3.1 knock-out mice with mutant mice with ataxia and absence epilepsy abolishes SWDs in the
progeny (Song et al., 2004 ). Studies in Genetic Absence Epilepsy Rats from Strasbourg (GAERS) have demonstrated increased |ow
threshold Ca2* currents (Tsakiridou et al., 1995 ; Kuisle et al., 2006 ) and expression of mRNA for the 3.2 subunit (Talley et al., 2000 ) in
the thalamic reticular nucleus (TRN) compared to non-epileptic control (NEC) rats. Recent work from our group has identified a
homozygous, mis-sense, non-conservative, single nuclectide (G to C) mutation in the Cav3.2 gene in GAERS compared to NEC rats and
the Rattus norvegicus genetic database in a region that is proposed to be involved in the regulation of channel inactivation (i.e. linker 111-
IV) (Kyi et a., 2006 ). Currently, in vitro and whole animal neurophysiological studies to correlate genotype-phenotype relationships are
examining the importance of this mutation in the expression of absence seizures in GAERS. Genetic studies conducted in well-established
genetic models of absence epilepsy (see below) support the polygenic nature of this idiopathic disorder (Gauguier et al., 2004 ; Rudolf et
al., 2004 ).

OVERVIEW OF TC CIRCUITRY

The two crucial structures in the generation and maintenance of absence seizures are the thalamus and the cortex (Williams, 1953 ;
Gloor and Fariello, 1988 ). A mapping study of SWDs in GAERS revealed that absence-related SWDs occur in both the dorsal thalamus
(especidly in the ventral and lateral regions, which correspond to the sensorimotor system) and the neocortex (Vergnes et a., 1990 ).
Chemical ablation of either of these structures abolishes absence seizures in the GAERS model (Vergnes and Marescauix, 1992 ). Both the
cerebral cortex and the thalamus are interconnected with other subcortical structures, forming highly distributed systems that are involved
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in different aspects of arousal and consciousness (attention, cognition, perception and sensorimotor processing) (Guillery and Sherman,
2002 ). The thalamus is connected reciprocally with the TRN and with the cerebral cortex. The TRN is areservoir of GABAergic neurons
that project exclusively into the dorsal thalamus (Fig. 1) (Pinault, 2004 ).

THE NEUROPHYSIOLOGICAL BASISOF ABSENCE SEIZURES

In the middle of the 20th century, clinical and experimental findings supported the hypothesis that absence-related SWDs originate in
subcortical structures, particularly the thalamus (the centrencephalic hypothesis) (Penfield and Jasper, 1954 ). Indeed, simultaneous EEG
recordings in the thalamus, white matter and cerebral cortex during absence seizures in children seemed to indicate that SWDs started in
the thalamus (Williams, 1953 ). Repetitive electrical stimulation at 3Hz of the midline and intralaminar nuclei of the cat’s thalamus
produced an ‘arrest reaction’ and SWDs in the cerebral cortex (Jasper and Drooglever-Fortuyn, 1947 ).

At the same time, considering anatomical and electroclinical data, the centrencephalic hypothesis was proposed in opposition to the
cortical theory (Gibbs and Gibbs, 1950). Over the past 1-2 decades the cortical theory of absence epilepsy has gained increasing
prominence (Niedermeyer, 1996 ). This theory proposes that absence seizures result primarily from a cortical disorder that generates the
discharges, and the thalamus is involved secondarily via normal TC interactions. Experimental support comes from studies in genetic rat
models of absence epilepsy, such as GAERS and Wistar Albino Glaxo/Rijswijk (WAG/RIj) rats (Meeren et al., 2002 ; Pinault, 2003 ), and
clinical (Bancaud et a., 1974 ; Lagae et al., 2001 ), EEG (Holmes et al., 2004 ) and imaging studiesin patients (Lagae et al., 2001 ; Archer
eta., 2003).

The studies in the feline generalized penicillin epilepsy (FGPE) pharmacological model of absence seizures, which was developed in
the 1960s (Prince and Farrell, 1969 ), atered the concepts regarding the neurophysiological basis of absence seizures. Gloor put forward
the cortico-reticular hypothesis in which normal thalamic activity reaching hyper-excitable cortex triggers SWDs (Gloor, 1968 ). The
FGPE model involves the administration of an intramuscular injection of alarge dose of penicillin to cats, resulting in a transient epileptic
state with electrographic, behavioural and pharmacological similarities with human absence seizures (Gloor and Fariello, 1988 ). In this
feline model, SWDs were recorded to develop from a gradual transformation of sleep spindles (Kostopoulos, 2000 ). The occurrence of the
SWDs coincided with a hypersynchronization of rhythmic cellular discharges in related cortical and thalamic regions (Avoli and Gloor,
1982 ; Avoali et al., 1983 ). More recently, comprehensive study in ferret thalamic slices revealed that spindle-like oscillations can be
transformed into paroxysmal oscillations (von Krosigk et al., 1993 ). In thalamic relay neurons, these oscillations are underlain by
enhanced GABA(B) receptor-mediated |PSPs, which occur following reduction of GABA(A) receptor-mediated inhibition. Together,
these in vivo and in vitro neurophysiological studies yield data supporting Gloor’s cortico-reticular hypothesis (Gloor, 1968 ; Kostopoulos,
2001 ; McCormick and Contreras, 2001 ). Thus, these studies support the concept that sleep-related natural oscillations can give rise to
absence-related SWDs. This has also been found in ketamine-xylazine anaesthetized cats (Steriade and Contreras, 1995 ).

ANIMAL MODELS OF ABSENCE SEIZURES AND EPILEPSY

Because absence epilepsy is not amenable to surgical treatment, there have been few invasive electrophysiological studies in patients
for ethical reasons (Williams, 1953 ). Therefore, most neurophysiological data relating to absence seizures are derived from studies in
animal models. It isimportant to recognize that the relevance of this data for the human condition cannot necessarily be assumed, and will
depend on the validity and relevance of the animal model from which it is derived. Studies from different models produce contrasting
findings, resulting in divergent conclusions regarding the pathophysiological basis of absence seizures. Examples that are discussed in this
review include whether SWDs arise out of sleep spindles and whether the seizures have a foca cortical origin. Each of the conflicting
conclusions might be valid for the particular model in which the observations were made, but judgments about which best applies to
absence epilepsy in humans are difficult and require assumptions to be made. Criteria for an ideal anima model of absence epilepsy have
been published (Danober et al., 1998 ; Snead et a., 1999 ). Currently, no available model is considered truly ‘ideal’, with each having its
own specific advantages and limitations.

Nevertheless, studies in animal models are essential to gain insight and generate hypotheses regarding the pathophysiological
processes that result in epilepsy because technical and ethical factors greatly limit what can be done experimentally in humans. Although
in vitro studies are valuable, in vivo studies in whole animals remain the most important component of epilepsy research. Seizures derive
from neuronal networks that are often topographically extensive, with many modulating inputs from nearby and remote areas. Therefore,
to validly study seizures and epilepsy, an intact, functioning brain is required (Steriade, 2001a ).

Many anima models of absence seizures and epilepsy have been described (Snead et al., 1999 ). These can be divided broadly into
models of seizures and models of epilepsy. In the former, seizures are induced in otherwise non-epileptic animals by administering either a
chemical or electrical stimulus that results in SWDs accompanied by behavioral arrest. Important examples of this are the FGPE model
discussed previously (Prince and Farrell, 1969 ), and low-dose pentylenetetrazole (PTZ) (Marescaux et a., 1984a ; Snead, 1998 ; McLean
et al., 2004 ) and g-butyrolactone (GHB) modelsin rats (Snead, 1998 ). By contrast, in true models of epilepsy, animals have spontaneous,

recurrent seizures and, therefore, more prima facie relevance to the human situation. Additionally, the true epilepsy models are less subject
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to biases and confounding effects related to the method of evoking the seizures. Most of the true epilepsy models have a genetic basis, but
exposure to neurotoxic substances during neurodevelopment can also result in an epileptic anima (e.g. the AY-treated rat model of
atypical absence epilepsy (Cortez et al., 2001 ). The genetic models can be divided into the monogenic mice models and the (presumed)
polygenic rat models. However the former group, examples of which are tottering (Fletcher et a., 1996 ), lethargic (Burgess et a., 1997 )
and stargazer (Letts et a., 1998 ) mice, are generally considered |ess relevant to the human situation because of their monogenic mode of
inheritance and the presence of other significant neurological deficits (e.g. ataxia). Increasingly, the presumed polygenic rat models, the
most studied of which are GAERS (Marescauix et a., 1984b ) and the WAG/RIj rats (Drinkenburg et al., 1991 ), are becoming models of
choice for neurophysiological, neuropharmacological and genetic-expression studies of absence epilepsy.

There are many similarities between the two Wistar rat models. GAERS were derived originally from a Wistar rat colony in
Strasbourg in whom it was observed that 20-30% of the animals had recurrent episodes resembling absence seizures with spontaneous,
synchronous, bilateral SWDs on the EEG accompanied by behavioral arrest (Marescaux et al., 1984b ). Selectively inbreeding according to
the presence or absence of this epileptic phenotype resulted in a strain in which 100% of the animals have seizures by 14 weeks (i.e.
GAERS) and another in whom 100% do not, even when followed for more than a year (i.e. NEC rats) (reviewed in Danober et a. 1998 ).
Many studies from laboratories around the world have established that GAERS is an excellent model of absence epilepsy with an EEG,
behavioral, etiological, pathophysiological and pharmacological profiles that are similar to that of human absence epilepsy. The
availability of the NEC strain from the same origina colony makes comparative studies very powerful for identifying neurobiological and
neurobehavioural characteristics that are linked specifically to the epileptic phenotype (i.e. any feature that tracks with the phenotype has a
high a-prior case for being either a cause of effect of the epileptic condition). The rats spend 10-15% of quiet wakefulness in seizures
making them highly practical for pharmacological studies (Marescaux et al., 1984b ; Stroud et al., 2005 ; Liu et al., 2006 ). The two most
significant characteristics in which the model differs from the human condition is in the cycle frequency of the seizures (i.e. 7-11 versus
2.5-3.5 Hz) and their developmental ontogenesis (i.e. seizures commence in adolescent GAERS and become more frequent as they
become ol der).

ABSENCE-RELATED SWDSARE RELATED MORE TO WAKEFULNESSTHAN TO SLEEP

Findings obtained from in vivo studies in the cat model (reviewed by Gloor and Fariello, 1988 ; Kostopoulos, 2000 ) and in vitro from
brain slices (reviewed by McCormick and Contreras, 2001 ) have lead to the hypothesis that absence-related SWDs are related more to
sleep than to wakefulness. This is an example of findings from animal models not being well assessed for their potentia relevance to the
human situation. In humans with primary generalized epilepsy SWDs occur during sleep and, on occasion, evolve from sleep spindles.
Papers by Kellaway and colleagues (Kellaway, 1985 ; Kellaway et al., 1980 ) report that spike-and-wave bursts are more prevalent during
the spindle stages of sleep, but they did not distinguish between well-organized and prolonged absences and irregular, short inter-ictal
bursts or between convulsive and non-convulsive forms of generalized epilepsies.

In contrast, well-organized absence seizures clearly occur predominantly during wakefulness and drowsiness and rarely occur out of
sleep (Niedermeyer, 1965 ; Mirsky et al., 1986 ; Halasz, 1991 ; Loiseau, 1992 ). Niedermeyer (Niedermeyer, 1965 ) reviewed 50 patients
with absence epilepsy, recorded during wakefulness and sleep: in 39 cases absences were recorded only during wakefulness; in two cases
during wakefulness and drowsiness; and in nine cases during wakefulness and sleep; in no case were absences recorded only during sleep.
By contrast, inter-ictal discharges, which might not be seen during wakefulness, emerge during light sleep. Niedermeyer quoted ‘Petit mal
absences or sub-ictal bursts with generalized synchronous 3/sec spike-wave complexes may occur in light sleep as well as during waking
and drowsiness. More commonly, however, the well-organized complexes tend to disintegrate in sleep into subtle short sequences of
spikes (Niedermeyer, 1982 ). Similarly, Pedley wrote ‘The well-formed 3-Hz spike-wave paroxysms seen with the patient awake give way
during sleep to discharges of shorter duration composed of spikes or poly-spikes recurring as isolated bursts, with and without associated
paroxysmal slow waves (Pedley, 1984 ). Furthermore, sleep spindles are a characteristic of deeper levels of deep (Stage Il and 111), atime
when true absences seizures occur rarely, if ever. Taken together, these clinical papers show that: (1) absence seizures usually peak after
the morning awakening and before and after afternoon naps; (2) when absences occur at night it is usually during short, transient
awakening from sleep; (3) the characteristic EEG features that are specific to absences disappeared during non-REM sleep but reverted to
regular rhythmic 2-4Hz in REM sleep. However absences are rare during REM dleep.

The relationship of seizures in GAERS to the wake-sleep cycle paralels much more closely the human situation than those of the
FGPE model. The group of Marescaux and Vergnes studied the occurrence of SWD in GAERS according to the vigilance state: 61% of
SWD started and ended in wakefulness, 16% started in wakefulness and ended in light non-REM sleep, 9% started in light non-REM sleep
and ended in wakefulness, and 14% started and ended in sleep (Lannes et al., 1988 ). Similarly, most SWDs occur during passive
wakefulness or during transition from wake to light sleep in the WAG/RIj rat model (Drinkenburg et a., 1991 ).

On the basis of these clinical and experimental data, it seems clear that typical, well-organized, absence-related SWDs are related
more to wakefulness than to sleep.
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WAKE-RELATED SENSORIMOTOR OSCILLATIONS ARE MORE PRO-EPILEPTOGENIC
THAN SLEEP SPINDLESIN GAERS

In GAERS, the seizure-related SWDs have been demonstrated to develop in the somatosensory TC system, either during quiet
immobile wakefulness or under neuroleptanalgesia, from a natural, medium-voltage (< 0.4mV), 5-9Hz oscillation (Fig. 2') (Pinault et al.,
2001 ). This natural rhythm, which emerges from a desynchronized EEG, is also recorded in NEC rats, the control inbred strain that is free
of any spontaneous SWD, indicating that this physiological rhythm in itself is not sufficient to generate SWDs. It occurs in a highly
coherent manner in the frontal and parietal cortices, and in the related thalamic regions (Pinault et al., 2006 ). In neuroleptanalgesied rats
both the SWDs and the natural oscillations have an internal frequency that is lower by 2-3 Hz than that of both the SWDs and the
physiological rhythm recorded in freely moving GAERS and NEC rats (Pinault, unpublished observations). The natural rhythm is, thus,
probably identical to a previously identified rodent sensorimotor 7-12 Hz rhythm, which also occurs during body immobility and beginsin
the cortex before spreading to the thalamus and brainstem (Fanselow et al., 2001 ; Nicolelis and Fanselow, 2002 ). Therefore, the 5-9 Hz
rhythm that is recorded in GAERS and NEC rats under neuroleptanalgesia is likely a wake-related sensorimotor (SM) rhythm (Pinault,
2003). Theinternal frequency of this rhythm is similar to that of spontaneously occurring SWDs (Pinault et a., 2001 ), which indicates
that in GAERS the transition from SM oscillations to absence-related SWDs is agradua processin cellular synchronization (Pinault et al.,
2001). EEG recordings in patients with absence epilepsy revealed rapid changes in the EEG just preceding (,5sec) SWDs (Inouye et al.,
1990), in which the principal wave components tended to approach gradually those of the SW complexes in amplitude and frequency.

In the frontoparietal cortex of rats, SM oscillations emerge from a desynchronized EEG whereas sleep-related spindles develop from a
synchronized EEG (Fig. 2 ) (Pinault et a., 2001 ). In contrast to SM oscillations, spindle oscillations never last >2sec. Sensorimotor
oscillations are often accompanied by small-amplitude (< 0.5mV), negative spike components. These might be embryo of the negative
spike of the absence-related SW complex. Under neuroleptanalgesia, SM oscillations can co-exist with delta oscillations, whereas the
incidence of spindle-like oscillations is low (Pinault et a., 2006 ). Systemic administration of barbiturates abolishes SWDs and SM
oscillations, and increases the incidence of spindle-like oscillations (Fig. 3 ), which can contain spike components. Of importance, in
GAERS spindle-like oscillations are never followed by SWDs.

Within the somatosensory TC system SM oscillations occur in a more coherent manner than spindle-like oscillations (Pinault et al.,
2006 ). As discussed later, the intracellular events underlying SM and spindle-like oscillations are different in thalamic relay and reticular
neurons.

DISTINCT INTRACELLULAR CORRELATES OF SENSORIMOTOR AND SPINDLE-LIKE
OSCILLATIONS

Sensorimotor and spindle-like oscillations share a common frequency band (~5-15Hz) and might contribute to the generation of
SWDs in the rat (Pinault, 2003 ) and in FGPE model (Kostopoulos et a., 1981 ) respectively, so it is important to compare in vivo their
respective underlying thalamic cellular mechanisms. In both thalamic relay and reticular neurons, SM oscillations emerge from a
significantly more depolarized membrane potential (> -65mV) than do spindle-like oscillations (Fig. 4A-D ) (Pinault et al., 2006 ). Also,
the membrane input resistance of both cell types is significantly lower just before the occurrence of SM oscillations than before
spindle-like oscillations. Furthermore, spectral analysis has revealed that spontaneously occurring membrane potential oscillations of these
thalamic neurons include beta and gamma activities, which are more powerful just before SM oscillations than those occurring just before
spindle-like oscillations (Fig. 5) (Pinault et al., 2006 ). Together, these in vivo findings indicate that TRN and TC neurons receive more
incoming tonic excitatory inputs when they are going to generate SM oscillations than when they are going to generate spindle-like
oscillations.

Most excitatory inputs of thalamic relay and reticular neurons arise in layer V1 of the neocortex (Bourassa et a., 1995 ). Thus, layer VI
corticothalamic (CT) neurons might have aleading role in determining the up and down states of the membrane potential in thalamic relay
and reticular neurons (Pinault et al., 2006 ). Moreover, irregular, but tonic, firing has been recorded in layer VI CT neurons in between SM
oscillations or absence-related SWDs (Pinault, 2003 ). Our data, thus, indicate that desynchronized cortical activity (steady up state) might
be a prerequisite in GAERS for the initiation of SM oscillations and SWDs but is not necessary for the generation of sleep spindles, which
usually emerge from a synchronized EEG.

In relay neurons, SM oscillations are characterized mainly by rhythmic subthreshold/threshold depolarizations that occur during a
tonic hyperpolarization (Fig. 4A ) and which can trigger alow-threshold Ca2* potential crowned by a high-frequency burst of APs (Fig. 4E
) (Pinault, 2003 ). By contrast, spindle-like oscillations are characterized mostly by a rhythmic, GABA(A) receptor-mediated, short-lasting
hyperpolarization (Fig. 4C, F ) (Pinault et al., 2006 ). In TRN cells, SM oscillations occur during a tonic hyperpolarization (Fig. 4B ),
whereas spindle-like oscillations occur during a slow depolarizing wave (Fig. 4D ). In these GABAergic neurons, both oscillation types
usually produce rhythmic high-frequency bursts of APs (Fig. 4G, H ), which are commonly underlain by at |least a low-threshold Ca2*
potential (Pinault, 2003 ).
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The low-threshold Ca?* potential is important in determining the internal pattern of the high-frequency burst of APs. The
acceleration-deceleration pattern of SM oscillation-related TRN bursts is less pronounced than the well-known acceleration-deceleration
pattern of TRN spindle bursts (Pinault et al., 2006 ), which are caused by the underlying low-threshold Ca?* potential (Mulle et al., 1986 ;
Spreafico et al.,1988 ; Avanzini et a., 1989 ; Bal and McCormick, 1993 ; Contreras et a., 1993 ). In addition, the instantaneous frequency
within SM burstsis significantly lower than that in spindle bursts (Pinault et al., 2006 ). Furthermore, SWD-related bursts in the TRN have
the highest internal frequency (Pinault et al., 2006 ), which indicates that the epilepsy-related TRN bursts are underlain by at least a
low-threshold Ca?* potential (Pinault, 2003 ; Slaght et al., 2002 ) that is, on average, more powerful than that underlying the SM-related
and spindle-related TRN bursts. This might be the manifestation of cellular hyper-synchronization associated with absence-related SWDs
and is consistent with the finding that GAERS have increased low-threshold Ca2* potentials (Tsakiridou et al., 1995 ) and expression of the
Cav3.2 subunit in the TRN compared with NEC rats (Talley et a., 2000 ).

The difference between the intracellular events underlying SM oscillations and spindle-like oscillations, and the similarities between
those underlying SM oscillations and generalized SWDs (see below), indicate that, in GAERS, SM oscillations are more pro-epileptogenic
than sleep spindles (Pinault et al, 2006 ).

SIMILAR ELECTROPHYSIOLOGICAL CHARACTERISTICS OF SENSORIMOTOR
OSCILLATIONS AND ABSENCE-RELATED SWDS

On the surface EEG over the frontoparietal cortex in GAERS, absence-related generalized SWDs are significantly more persistent
(usually several tens of seconds) and more stereotyped (because of the regular, rhythmic occurrence of the epileptiform event, such as the
SW complex) than SM oscillations (3.4 + 0.9sec, mean + SE.M., 0.5-20sec). In thalamic relay and reticular neurons, the probability of
having an AP discharge on every cycle tends to be higher during SWDs than during SM oscillations (Pinault et al., 2001 ; Pinault, 2003 ).
However, whatever the type of oscillations, this probability is usually much lower in TC than in TRN neurons mainly because of a
coincidence in TC neurons of a TRN-induced GABA(A) IPSP with the recurrent SW-related depolarization (Pinault et al., 1998 ; Pinaullt,
2003 ; also see below).

Furthermore, in vivo, intracellular recordings have revealed that the cellular mechanisms underlying SM oscillations and generalized
SWDs in GAERS are qualitatively similar (Pinault, 2003 ; see below). However, in TRN cells the SW-related depolarization is, on
average, shorter in duration than that associated with natural SM oscillations (up to 110msec versus 180msec) (Fig. 6A-D ). The relatively
short duration of the SW-related depolarization is presumably conditioned by the occurrence of a Ca2* -dependent K™ hyperpolarization as
aresult of cellular hypersynchronization (Fig. 6D ) (Pinault, 2003 ).

In conclusion, in GAERS absence-related SWDs correspond to the sudden transformation of natural, medium-voltage SM oscillations,
which are moderately synchronized (Pinault et al., 2001 ; Pinault, 2004 ; Pinault et al., 2006 ) into hyper-synchronous, stereotyped,
high-voltage oscillations (or SWDs). However, the cellular and network mechanisms that are responsible for the conversion of
physiological into pathological oscillations are unknown (see below).

LAYER VI CORTICOTHALAMIC NEURONS ACT AS DRIVERS DURING ABSENCE
SEIZURES

In vivo, paired, single-unit, extracellular recordings of TC and TRN neurons of the somatosensory system were performed in GAERS
during spontaneously occurring bilateral SWDs (Pinault et a., 2001 ). Cross-correlation analyses of related TC and TRN discharges have
demonstrated that they occur in a much more synchronous and phase-locked manner during SWDs than during natural medium-voltage
SM oscillations (Fig. 7 ). Three-dimensional reconstruction of the recorded neurons has revealed that these high-degree SWD-related
synchronizations are not related to direct synaptic connections between the recorded TC and TRN neurons (Fig. 7E ) (Pinault, 2003 ).

Because CT neurons of layer VI are glutamatergic and innervate both TC and TRN neurons, paired extracellular recordings of
histologically identified CT neurons with related TC or TRN neurons were performed during spontaneously occurring SWDs (Pinaullt,
2003 ). These demonstrate that CT AP discharges are also phase-locked with the SW complex, but they phase-lead related TC and TRN
discharges by 7msec on average (Fig. 8).

To determine the membrane mechanisms that are responsible for the generation of synchronized TC and TRN discharges, in vivo,
intracellular recordings of TC and TRN neurons were performed during spontaneously occurring SWDs (Pinault, 2003 ). In both TC and
TRN cells, a rhythmic depolarization was recorded concurrent with the SW complex (Fig. 9 ). This depolarization occurs during a tonic
hyperpolarization and can be topped by an AP discharge, as previously noted. The SW-related depolarization has an indented time course,
its amplitude is abolished when setting the membrane potential close to AP threshold, and its frequency of occurrence is not affected by
injection of sustained hyperpolarizing or depolarizing currents. Together, these electrophysiological features indicate that, in both TC and
TRN neurons, the SW-related depolarization is the summation of numerous EPSPs, which further trigger voltagedependent components,
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especially a low-threshold Ca2* potential crowned by a high-frequency burst of action potentials (APs) (Pinault, 2003 ). Both the

SW-related depolarization and the low-threshold Ca2* potential can concur with some cycles but, as a rule, the depolarization occurs
systematically earlier that the intrinsic potential (Pinault, 2003 ).

Thus, our in vivo anatomo-electrophysiological data from GAERS demonstrate that TC and TRN discharges, which occur in a
synchronous and phase-locked manner during every SW complex, are synaptically triggered by a common excitatory input. Because CT
neurons of layer VI are glutamatergic, innervate both TC and TRN neurons (Bourassa et a., 1995 ) and fire a few msec before them, the
absence-related rhythmic synchronous EPSPs are probably the result of the firing of these CT neurons (Fig. 10 ). This absence-related CT
firing cannot originate in layer V pyramidal neurons because they do not innervate the TRN and the ventral posterior nucleus (see below).

Several lines of evidence strongly indicate that layer VI neurons behave more like ‘drivers than ‘modulators during absence seizures.
The dorsal thalamus includes first-order (FO) and higher-order (HO) nuclei (Guillery, 1995 ; Guillery and Sherman, 2002 ). HO thalamic
nuclei receive two extrareticular GABAergic inputs, one from the zona incerta and the other from the anterior pretectal nucleus (Bartho et
a., 2002 ; Bokor et al., 2005 ). Glutamatergic TC axons cross the TRN where they give off collaterals (Jones, 1985 ). Corticothalamic
axons, which are also glutamatergic, originate from cortical layersV and V1. Layer V CT axons do not innervate TRN cells but innervate
only HO thalamic nuclei (Deschénes et a., 1994 ; Feig and Harting, 1998 ), whereas layer VI axons innervate the TRN and both FO and
HO nuclei (Bourassa et al., 1995 ). Layer V CT neurons are considered to play a key relay role in large-scale cortico-thalamo-cortical
network communication.

On the basis of morphological characteristics of their terminations, Layer V CT axons are considered as drivers and layer VI CT axons
as modulators (Guillery, 1995 ; Guillery and Sherman, 2002 ). Layer V axons are thick and give rise to clusters of large terminals (like
prethalamic axons ending in FO nuclei), whereas layer VI axons are thin and give rise to a greater number of smaller terminals, which are
dispersed in larger thalamic territories and in slabs in the TRN. Thus, the finding that layer VI CT neurons that project to FO
somatosensory (ventral posterior) nuclei exert aleading role in the absence-related rhythmic hypersynchronization of related TC and TRN
neurons strongly indicates that layer VI neurons, at least those of the somatosensory system, can behave rather like ‘drivers. Because layer
VI cellsinnervate large thalamic territories, this electrophysiological property would be efficient to recruit large numbers of TC neurons on
each cycle in FO and HO thalamic nuclei. The hypothesis that CT neurons behave like drivers during the generation of absence seizuresis
also supported indirectly by electrophysiological studiesin ferret thalamic slices (Bal et al., 2000; Blumenfeld and McCormick, 2000 ).

However, knowing that layer VI of the neocortex contains at least two major types of CT neurons, one innervating only FO nuclei, and
the other FO and HO nuclel (Zhang and Deschénes, 1997 ; Deschénes et al., 1994 ; Guillery and Sherman, 2002 ), it isimportant to know
whether all types of layer VI CT neurons operate similarly and in a synchronous manner during the generation of absence-related
generalized SWDs. Indeed, if all layer VI CT neurons behave like drivers during absence seizures, those that project to certain HO nuclei
would be expected to fire after those innervating FO nuclei (in particular ventral posterior nuclei) because it has been demonstrated that, in
at least some HO nuclei, such as the intralaminar centrolateral and paracentral nuclei (Fig. 11 ), TC neurons fire after FO TC neurons (
Seidenbecher and Pape, 2001 ). By contrast, in our own recordings we have found that in other HO thalamic neurons (medial dorsal and
dorsal posterior nuclei), TC neurons sometimes fire well before FO ventral posterior TC neurons and the surface EEG spike (Pinault and O
'Brien, unpublished findings). The most striking finding in these recordings is that the time relationship between the TC firing and the EEG
spike is considerably more variable from discharge-to-discharge in HO than in FO nuclei. This indicates that the firing of HO thalamic
nuclei TC neurons are less synchronized with the SWDs than FO nuclei TC neurons, at least in the somatosensory system.

Of importance, in vivo single-cell anatomical studies using the juxtacellular technique (Pinault, 1996 ) demonstrate that the rat
somatosensory cortex contains ancther important type of projection neurons, the cortico-cortical cells (Zhang and Deschénes, 1997 ).
These neurons have two important features: (1) they innervate local and distant cortical areas, including the second somatosensory cortex
and the motor cortex. Axonal branches have also been observed in the corpus callosum (Zhang and Deschénes, 1997 ); and (2) an in vitro
electrophysiological study demonstrates that corticocortical neurons are endowed with pronounced phasic firing that is characterized by a
brief high-frequency burst of APs in response to a current pulse of depolarization (Mercer et al., 2005 ). These anatomo-functional
properties provide further support for the hypothesis that layer V1 corticocortical neurons might also behave like drivers. Together these
findings indicate that, at least in GAERS, layer V1 of the somatosensory cortex includes all the ingredients for generation, synchronization,
and spreading of genetically-determined SWDs for one to other cortical areas (especially the sensorimotor system) and to the thalamus.

RHYTHMIC AND TONIC HYPERPOLARIZATIONS IN THALAMIC RELAY AND
RETICULAR NEURONSDURING ABSENCE-RELATED SWDS

In GAERS during absence seizures, in both TC and TRN neurons, the SW-related CT-induced depolarization (see above) is followed
by a short-lasting hyperpolarization, forming a depolarizing wave-hyperpolarizing wave sequence during atonic hyperpolarization (Fig 9)
(Pinault et al., 1998 ; Slaght et al., 2002 ; Pinault, 2003 ). In TC neurons the short-lasting hyperpolarization is mediated by a CI~
conductance due to TRN-induced activation of GABA(A) receptors (Pinault et a., 1998 ; Pinault, 2003 ). Moreover, microiontophoretic
Page 7/25
Thalamus Relat Syst . Author manuscript



application of bicuculline, a GABA(A) receptor antagonist, on TC neurons during absence seizures significantly increases the duration of
SW-related burst firing in WAG/RIj rats (Stask and Pape, 2001 ).

By contrast, GABA(B) receptors do not contribute significantly to the generation of absence-related rhythmic and tonic
hyperpolarization in GAERS (Feig and Harting, 1998 ; Staak and pape, 2001 ). Together these findings do not support the hypothesis that
rhythmic GABA(B) receptor-mediated |PSPs and low-threshold Ca2* potentials topped by high-frequency bursts of APs are essentia in
the generation of absence-related intracellular activity in TC neurons, which is an hypothesis that was born from an in vitro study of
thalamic slices of the visual system of ferrets (von Krosigk et al., 1993 ).

In TRN neurons the short-lasting hyperpolarization appears to be mediated by a Ca2* -dependent K* current (Pinault, 2003 ). In these
neurons, this current is likely to potentiate the de-inactivation of T-type Ca2* channels, which, once activated by incoming EPSPs from
synapsing TC neurons, would lead to the generation of rhythmic robust burst firing during absence seizures (Tsakiridou et al., 1995 ). In
both TC and TRN neurons, the SWD-related tonic hyperpolarization is likely to be mediated by a disfacilitation induced by the sudden
arrest of firing simultaneously in alarge number of layer VI CT neurons (Pinault et al., 2006 ). Furthermore, in both TC and TRN neurons
the tonic hyperpolarization is abolished when their membrane potential is brought to AP threshold but not by applying strong
hyperpolarizing currents. In addition, the membrane potential of both cell types contains beta and gamma oscillations, which are
significantly more powerful just before the occurrence of absence seizures (Pinault et al., 2006 ). These fast membrane potential
oscillations are associated with irregular, but tonic, firing in layer VI CT neurons (Pinault, 2003 ). Therefore, layer VI CT neurons have a
major role not only during absence-related rhythmic hypersynchronized depolarizations (or rhythmic short-lasting up states) but also in
maintai ning a depolarizing pressure (or steady up state) in thalamic relay and reticular neuronsin between SWDs.

The tonic hyperpolarization during SWDs is usually deeper in TRN neurons than in TC neurons (Fig. 9A, B ) (Pinault, 2003 ). This
difference might be accounted for by the fact that, in contrast to TC neurons, TRN neurons receive glutamatergic afferents from both the
neocortex and the dorsal thalamus. However, the proposed disfacilitation mechanism does not exclude the contribution of K* currentsin
the tonic hyperpolarization (Pinault et al., 1998 ; Polack and Charpier, 2006 ). It is worth mentioning that, during absence seizures, the
intrinsic and synaptic mechanisms underlying the rhythmic and tonic hyperpolarizations interact with each other in CT, TC and TRN
neurons.

THALAMIC RELAY AND RETICULAR NEURONS HAVE OPPOSITE BEHAVIOUR DURING
ABSENCE-RELATED SWDS

As stated above, in GAERS during SWDs, TRN and TC neurons have a propensity to fire in a synchronous, phase-locked manner
during every SW complex. However, both the probability of firing and the number of APs during the SW complex are much lower in a
majority (75%) of TC neuronsthan in TRN cells (Pinault et al., 1998 ; Pinault, 2003 ). It is worth renoting that, in contrast to TC neurons,
nearby TRN neurons tend to fire a high-frequency burst of APs during every SW complex (Slaght et al., 2002 ; Pinault, 2003 ). A lower
probability of firing in TC neurons has also been recorded in ketamine-xylazine anaesthetized cats in most (60%) TC neurons during the
evolution of sleep-related oscillations into SWDs (Steriade and Contreras, 1995 ). In GAERS, the lower probability of firing of TC
neurons during the SW-related depolarization is likely to be due mainly to the coincident TRN-induced GABA(A) receptor-mediated
rhythmic hyperpolarization and the tonic hyperpolarization, which persists aslong as SWDs (Pinault et al., 1998 ; Pinault, 2003 ). Another
mechanism that might also contribute to the contrasting behavior of TC and TRN neurons during absence-related SWDs is that CT
synapses, which are glutamatergic and excitatory, are functionally more efficient in TRN than in TC neurons, as demonstrated in vitro in
CT dlices of mice (Golshani et al., 2001 ; Steriade, 2001b ).

WHAT ARE THE RELATIVE CONTRIBUTIONS OF FO AND HO THALAMIC NUCLEI
DURING ABSENCE SEIZURES?

The SWD-related inhibitions of TC neurons are thought to be important neuronal substrates for the loss of consciousness experienced
by the patients during absence seizures (Kostopoulos, 2001 ). During absence-related inhibitions TC neurons (at least those of FO nuclel)
are not responsive to pre-thalamic signals, and so cannot relay peripheral signals to the cerebral cortex (Pinault, 2003 ; Steriade and
Contreras, 1995 ). This raises an important issue as to whether HO nuclei TC neurons relay information from one neocortica areato others
during absence seizures. An in vivo study in GAERS shows that most TC neurons in intralaminar nuclei display synchronized
high-frequency bursts of APs, which are time-locked with the SW complex (Seidenbecher and Pape, 2001 ). Our own recordings have
extended these to other HO nuclei (medial dorsal, posterior group, central median and lateral habenular nuclei and in addition have shown
that other HO TC neurons) show arhythmic inhibition of their tonic firing during SWDs, which is phasically related to the hyperpolarizing
wave (Pinault and O'Brien, unpublished findings). These findings indicate that in HO nuclei normal TC neuronal firing is altered during
absence seizures so that they are unable to reliably relay information from one cortical area to another, as is required for conscious
operations. Therefore these functional interruptions of normal cortico-thalamo-cortical signaling might be an important neuronal substrate
of theloss of consciousness that occurs during absence seizures.
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As stated previously, layer V CT neurons have akey relay role in large-scale cortico-cortical network communication, which are the
major neuronal substrates of HO processes, (i.e. consciousness, cognition, attention and perception). Paired cellular recordingsin vivo in
the somatosensory cortex of GAERS reveal that during absence seizures layer V neurons usualy fire after layer VI neurons during the SW
complex (Pinault, 2003 ). Because layer V CT neurons innervate HO nuclei but not FO nuclel, HO nuclei TC neurons (at least in some HO
nuclei) would be expected to fire after FO TC nuclei neurons (Pinault, 2003 ). This hypothesis is supported by findings from an
independent, in vivo study in GAERS, which demonstrates that TC neurons of intralaminar nuclei (HO nuclei) fire after TC neurons of the
ventral posterior nucleus (FO nucleus) during the SW complex (Fig. 11 ) (Seidenbecher and Pape, 2001 ). As discussed above, our
recordings indicate that this time relationship might differ somewhat for other HO nuclei, but that the discharge-to-discharge variability is
consistently greater than in the FO nuclei. These findings indicate that CT neurons innervating HO nuclei show aless tight relationship to
the SWDs that those innervating FO nuclei.

Spontaneous, high-voltage, rhythmic spike (HVRS) discharges at 6-12Hz have been recorded in the EEG of the frontoparietal cortex
of Long-Evansrats (Sembaet a., 1980 ; Nicolelis and Fanselow, 2002 ; Shaw and Liao, 2005 ). It has recently been reported that there are
behavioral and EEG similarities between Long-Evans rats and the genetic rat models of absence epilepsy, such as GAERS (Shaw and
Liao, 2005 ). In vivo intracellular recordings of thalamic neurons of the ventral lateral nucleus, from which neurons project to layer V
neurons of the motor cortex (whose axons can be activated antidromically from the ventral lateral nucleus), have demonstrated that
thalamic neurons fire, on average, 12msec before layer VV neurons during every cycle of HVRS activity (Polack and Charpier, 2006 ). This
study provides strong experimental evidence to support the hypothesis that HVRS discharges in Long-Evans rats are similar to
absence-related SWDs. Also, knowing that layer V pyramida cells project mainly to HO thalamic nuclei, this study supports the
hypothesis that, in general, HO nuclel TC neurons fire after FO nuclel TC neurons.

It is worth emphasizing that HO thalamic nuclei also receive inputs from layer VI pyramidal neurons, and that layer V CT neurons
aso innervate GABAergic neurons of the zona incerta and anterior pretectal nucleus, which, in turn, innervate HO thalamic nuclei (Bartho
et a., 2002 ; Bokor et al., 2005 ). These anatomical connections highlight two important questions: (1) what are the relative contributions
of inputs from layer V and layer VI neurons projecting to HO nuclei during absence seizures; and (2) what are the relative contributions of
TRN and extraTRN GABAergic inputs in HO thalamic nuclei during the generation of absence-related SWDs. Addressing these issues
will help understanding of the neuronal mechanisms underlying conscious operations.

DIVERSE ROLES OF PACEMAKER CURRENTS IN THE GENERATION OF
ABSENCE-RELATED SWDS

Hyperpolarization-activated cation non-selective (HCN) channels have important roles in determining the resting membrane potential,
in the excitability of neuronal networks, and in the timing of neuronal oscillations in cortical and subcortical structures, including in the TC
system (Pape, 1996 ; Luthi and McCormick, 1998 ; Pape et al., 2007 ). HCN channels give rise to somatodendritic inward currents (1h)
that are sensitive to voltage (activated by hyperpolarization) and to intracellular cCAMP levels (Pape, 1996 ; Robinson and Siegelbaum,
2003 ). The synthesis of CAMP is triggered, in great part, by Ca2* entry through low-threshold Ca?* potentials, for example, during
persistent TC oscillations (Luthi and McCormick, 1998 ; Wang et al., 2002 ). Properties of |h are deeply disturbed in neurological diseases,
including during epileptogenesis and epilepsy-related abnormal oscillations (Chen et al., 2001 ; Strauss et al., 2004 ; Budde et al., 2005 ;
Kuideet a., 2006 ).

In vivo intracellular recordings have revealed that, in GAERS and NEC rats, most (75%) TC neurons of the somatosensory thalamus
(medial and lateral parts of the ventral posterior nucleus) display an apparent hyperpolarization-activated depolarizing sag potential (
Pinault, 2003 ; Kuisle et a., 2006 ). The depolarizing sag potential is the physiological correlate of Ih voltage gating. During absence
seizures, TC neurons that display the depolarizing sag generate a ramp-shaped depolarization just before the SW-related depolarizing wave
(barrage of EPSPs), which can trigger alow-threshold Ca2* potential that is crowned by a high-frequency burst of APs (Pinault, 2003 ). It
is known that Ih contributes to the level of the resting membrane potential and to intrinsic pacemaker activities (reviewed by Pape, 1996 ;
Luthi and McCormick, 1998 ). Additionally, TC neurons that display the depolarizing sag potential have a relatively high membrane input
resistance, making them hyperexcitable.

No significant differences in passive and active membrane properties, including the amplitude of the sag potential (in relation to the
degree of hyperpolarization), have been found between TC neurons of GAERS and NEC rats in vivo (Kuide et a., 2006 ). By contrast, a
diminished cAMP-dependent Ih regulation has been demonstrated in vitro in TC neurons of the somatosensory thalamus of GAERS before
and after the onset of their epilepsy (Fig. 12 ) (Kuisle et a., 2006 ). A lowered sensitivity of 1h to CAMP has also been identified in
pre-epileptic WAG/RIj rats (Budde et al., 2005 ), supporting the hypothesis that abnorma cAMP sensitivity of HCN channels in TC
neurons contribute in the epileptogenesis in the two (GAERS and WAG/RIj rats) genetic models of absence epilepsy. For example, low
sensitivity of HCN channels to cCAMP might facilitate the occurrence of burst discharges in TC neurons during epileptogenesis, thereby
increasing their excitability (Budde et al., 2005).
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The decreased sensitivity of 1h to cAMP in adult GAERS is associated with a significant increase (59%) in expression of the relatively
CAMP-insensitive HCN1 channel isoform in the medial part of the ventral posterior nucleus and the somatosensory sector of the TRN,
compared with age-matched NEC rats (Kuisle et a., 2006 ). This region of the thalamus is related functionally to the epileptic focus of
absence seizures, which has been demonstrated in the somatosensory cortex of WAG/RIj rats (Meeren et a., 2002 ; see below). The
concentration of MRNA encoding the cAMP-sensitive HCN2 channel isoform, which is the most abundant in the thalamus (Santoro et 4.,
2000 ), is the same in GAERS and NEC rats. Furthermore, the concentration of mMRNA encoding the HCN1 isoform is similar in the
somatosensory cortex of GAERS and NEC rats (Kuisle et al., 2006 ). Western blot analyses have revealed similar levels of the HCN1 and
HCN2 isoforms in the thalamus of adult GAERS and NEC rats.

Upregulation of 1h isinduced in vitro following repetitive low-threshold Ca2* potentialsin TC neurons of GAERS (Kuisle et al., 2006
). This upregulation manifests itself in an after-depol arization, which attenuates the rhythmic occurrence of alow-threshold Ca2* potential
topped by a high-frequency burst of APs. A small, long-lasting depolarization is recorded in vivo in TC neurons at the end of
spontaneously occurring absence-related SWDs (Pinault et al., 1998 ). This slow depolarization, which involves enhanced intracellular Ca?
* accumul ation from repetitive low-threshold Ca2* discharges, might reflect upregulation of 1h channels, at least in TC neurons.

Recordings from the somatosensory cortex on coronal brain slices from WAG/RIj rats have revealed a smaller Ih conductance
compared to control rats (Strauss et a., 2004 ). The decrease in Ih corresponds to 34% reduction of HCN1 protein, although expression of
HCN1 mRNA remains stable. The other three Ih subunit proteins (HCN2-4) and mRNA expression remain unchanged. Using ZD7288, a
selective Ih antagonist, it has been shown in cortical slices that changes in 1h might be involved in temporal summation of EPSPs, thereby
contributing to the development of hyperexcitability in the cortex of WAG/RIj rats. However, molecular studies in GAERS did not reveal
significant changes in the content of 1h subunit proteins and mRNA in the neocortex (Kuisle et al., 2006 ).

Together these findings indicate that HCN channels have a dual role in absence epilepsy: (1) diminished cAMP-dependent |h
regulation of HCN channels precedes and is likely to promote epileptogenesis in genetic models of absence epilepsy; and (2) adaptive
responses stabilizing Ih function contribute to the cessation of absence-related SWDs.

ABSENCE-RELATED SWDS CORRESPOND TO CORTICOTHALAMIC
HYPER-RESONANCES

Simultaneous multi-site recordings of field potentials at the three levels (thalamus, TRN and layer V1) of the somatosensory TC
system of GAERS have shown that SM oscillations often start in layer VI of the somatosensory cortex before thalamic oscillations and
before the occurrence of SWDs on the cortical surface (Fig. 13A, B ) (Pinault, 2003 ). In addition, paired recordings of identified layer VI
CT neurons and of related thalamic neurons have revealed that CT cells often start to fire in a rhythmic manner before thalamic relay and
reticular neurons and before the occurrence of absence-related SWDs (Fig. 8D, E ). Also, paired recordings of thalamic relay and reticular
neurons show that TRN cells display rhythmic burst activity almost always before TC neurons (Fig. 14A, B ) (Pinault et a., 2001 ), and, in
contrast to TC neurons, TRN cells fire systematically in the burst mode on each cycle of the CT-induced rhythmic depolarization (Fig. 9C,
D) (Pinault et al., 2001 ; Pinault, 2003 ). This means that TRN cells are more electro-responsive to CT inputs than TC neurons and, thus,
start to resonate before TC neurons. Therefore, it is tempting to put forward the hypothesis that absence-related SWDs correspond to a
CT-induced hyperresonance phenomenon (Pinault, 2003 ).

This CT-induced resonance phenomenon might also involve reciprocal interactions between TC and TRN neurons, with complex
interactions between their synaptic and intrinsic membrane properties. In the scenario proposed (Fig. 10 ) (Pinault, 2003 ) (1) through an
unknown mechanism, layer VI CT cells start to oscillate at 5-9Hz (SM rhythm), phase-locking threshold and subthreshold oscillations in
cortical and thalamic relay and reticular neurons; (2) TRN cells start to resonate massively before TC neurons, displaying rhythmic robust
high-frequency burst of APs (Pinault et al., 2001 ) underlain by at least alow-threshold Ca?* potential (Slaght et al., 2002 ; Pinault, 2003 );
(3) these TRN bursts generate GABA(A) receptor-mediate IPSPs in target TC neurons; (4) sudden rhythmic interruption of CT firing
induces a rhythmic hyperpolarization and contributes to the tonic hyperpolarization in TC and TRN neurons (Pinault et al., 2006 ); (5) ina
majority of TC neurons, the recurrent hyperpolarization activate Ih strengthening functional interactions between TC, CT and TRN
neurons and launching, after a few cycles, cellular hypersynchronization, as mentioned above. The synaptic build-up of cellular
synchronization might also involve gap junction couplings (Hughes et a., 2002 ; Landisman et al., 2002 ; Landisman and Connors, 2005 ;
Gigout et al., 2006 ; Proulx et a., 2006 ). Thus, TC neurons massively recruit new active units at the cortical level, particularly in layers
IV/IV. The recruitment of layer V cells through this mechanism might explain why HO nuclei TC neurons fire in the burst mode after some
HO nuclei TC neurons during absence-related absence seizures (see above).

This supports the concept that both the thalamus and the neocortex form a unified functional system (Steriade, 1999 ), running at the
same frequency during absence-related SWDs. However, the time relationship of the firing of the CT, TC and TRN neurons obeys to
anatomical rules and to intrinsic properties of these neurons.
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GLOBAL AND CELLULAR FEATURES ASSOCIATED WITH THE ‘ONSET' OF
ABSENCE-RELATED SWDS

It is worth first noting that, using surface EEG recordings, it is difficult to detect the beginning of an absence-related generalized
SWD. Surface electro-corticographic recordings of the somatosensory cortex of GAERS reveal that the first rhythmic waves of SWDs are
medium-voltage SM oscillations (Fig. 2 ) (Pinault et a., 2001 ). This transformation corresponds mainly to progressive synaptic build-up
of rhythmic cellular hypersynchronizations via short-and long-range projection pathways. Indeed a medium-voltage negative spike can
accompany any cycle of SM oscillations, which can then suddenly reach maximal amplitude with the onset of the absence seizures.
Multi-site recordings of the extracellular field potentials in the somatosensory cortex and related thalamus show that layer VI cortical cells
begin to display rhythmic oscillatory firing before any oscillations or SWDs are recorded at the cortical surface or in the related thalamic
regions (Seidenbecher and Pape, 2001 ; Pinault, 2003 ). The cellular mechanisms underlying the generation of SM oscillationsin layer VI
remain unknown.

Of importance, intracellular recordings show that in most TC and TRN neurons recorded the rhythmic depolarization, which
corresponds to the summation of CT-induced EPSPs, occurs a few times just before the ‘onset’ of absence-related SWDs (Fig. 9C,D ) (
Pinault, 2003 ). In addition, their amplitude increases progressively in parallel with the development of SWDs. By contrast, Slaght et al. (
Slaght et al., 2002 ) report that, in GAERS, SWDs start with a large hyperpolarization in TRN neurons. However, this statement is
questionable considering that several rhythmic depolarizations (in the same frequency range as that of the SW complex in absence-related
SWDs) are the first event visible just before the appearance of SWDs in the cortex (Figs 5A1, 5B1 and 7A , Slaght et a., 2002 ). In our
laboratory, the first large hyperpolarization has also been recorded in most TRN cells in GAERS after the occurrence of several rhythmic
CT-induced depolarizations at the beginning of SWDs and the proceeding SM oscillations (Fig. 9C, D ) (Pinault, 2003 ). Thus, the first
large hyperpolarization in TRN neurons might correspond to the ‘onset’ of the tonic or steady hyperpolarization, which lasts as long as
absence-related generalized SWDs. Taken together, these findings support the hypothesis that the cellular and network mechanisms
underlying the onset of generalized SWDs in the somatosensory TC system are located in the cortex. However, this conclusion does not
exclude an initial contribution of a subcortical (extrathalamic or intrathalamic) structure in the evolution of the normal rhythmic waves
(SM oscillations) into SWDs in the TC somatosensory system, which SM oscillations then finally become generalized to other systems.

DO ABSENCE SEIZURESARISE IN A LOCALIZED CORTICAL FOCUS?

A growing body of experimental evidence indicates that absence seizures commence in the neocortex, and that they might arise from a
topographically localized (focal) region (Meeren et al., 2002 ). Thisis in contrast to the conventional view of generalized seizures, in
which the seizures are supposed to arise simultaneously in a wide area of brain in both hemispheres (Commission on Classification and
Terminology of the International League Against Epilepsy, 1981 ). The most convincing demonstration of this is by Meeren and
colleagues in WAG/RIj rats (Meeren et al., 2002 ). Using multisite EEG recordings from a grid of electrodes placed on the cortical surface,
and depth electrodes in the thalamus, the authors demonstrated that seizures commence focally in the somatosensory cortex, specifically
the periora area, which includes the nose and vibrissae (Fig. 15) (Meeren et d., 2002 ). Of importance, these body areas display tremors
during absence-related SWDs (Vergnes et a., 1982 ; Meeren et a., 2002 ). Further studies by the same group demonstrated that injection
of the local anesthetic, lignocaine, into this ‘focus bilaterally suppressed the occurrence of SWDs (compared with saline) in al brain
regions recorded (Sitnikova and van Luijtelaar, 2004 ). Our and others studies in GAERS have confirmed that seizures in this model also
commence in the somatosensory cortex (Pinault, 2003 ). Consistent with this, focal cortical injections in GAERS of the anti-absence drug,
ethosuximide, results in amajor suppression of SWDs, whereas injection into the thalamus has little effect on the seizures (Manning et al.,
2004 ).

Clinical studies and observations also support the proposition that absence seizures might arise from a focal region of the cortex.
Generalised SWDs, which resemble those seen with absence seizures, might be generated from either focal lesions or electrical stimulation
in the frontal lobe (Bancaud et al., 1974 ; Lagae et al., 2001 ). Dipole source analysis of EEG recordings acquired with a dense electrode
array indicate a discrete frontal focus in patients with primary generalized epilepsy, including two patients with typical childhood absence
epilepsy (Holmes et a., 2004 ). fMRI studies of patients during SWDs have suggested a focus of ictal neurona activity in the precentral
sulcus bilaterally (Archer et al., 2003 ). Additionally, a recently published C-11-flumazenil PET study performed on members of a family
with genetic generalized epilepsy (including several with absence epilepsy) caused by a mutation in the g2-subunit of the GABA-A
receptor complex, demonstrates decreases in binding maximally in specific foca regions of the frontal lobes (i.e. insular and anterior
cingulate) (Fedi et al., 2006 ).

The intracortical location of the generator of the seizures is currently unknown. A study conducted in vitro in slices of rat neocortex
demonstrates that layer V neurons are endowed with the singular intrinsic property that allows them to generate prolonged synchronized 5-
9Hz rhythmic activities (Silvaet al., 1991 ). These intrinsic oscillations involve Na* and Ca2* currents, at |east. Furthermore, layer V cells
are characterized by a bistable state around firing threshold, and can switch their regular firing pattern from one (burst mode) to another
(single-AP mode) in an abrupt manner. Based on this it is tempting to hypothesize that the pacemaker generating the SM oscillations that
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subsequently evolve into seizures might be located in cortical layer V. However, against thisis the demonstration that layer V neurons fire
after layer VI cells in the somatosensory cortex (parietal 1 region) during absence seizures in GAERS (Pinault, 2003 ). It is worth noting
that layer VI CT cells are the unique source of dense excitatory inputs to the TRN and in ventral posterior nucleus (see above). Thus, a
subpopulation of layer VI CT neurons might have similar intrinsic properties to layer V pyramidal neurons, an issue that deserves further
experiments. Whatever the location of the ‘seizure generator’ in the neocortex of GAERS and WAG/RIj rats, these particular neurons
would have a singular emergent property to suddenly transmit their synchronized intrinsic oscillations simultaneously to cortical and to
thalamic neurons via short-and |ong-range projections pathways.

POSSIBLE MECHANISM S RESPONSIBLE FOR GENERATING NATURAL SENSORIMOTOR
OSCILLATIONSAND THEIR SWITCH INTO GENERALIZED SWDS

As mentioned previously, the natural SM rhythm itself is not sufficient to give rise to SWDs in GAERS because it is also recorded in
NEC rats who do not express SWDs. So, the key question concerns the molecular, cellular and networks mechanisms that suddenly switch
the normal, moderately synchronized, SM oscillations into hypersynchronized oscillations (or SWDs) in genetic models of absence
epilepsy. Thisimportant issue prompted us to speculate.

At least two major processes are required for generation of the SWDs: (1) a cellular or network pacemaker that generates the
physiological SM rhythm (see above); and (2) a cellular or network trigger that switches the physiological SM oscillations into
pathological SWDs.

(1) The expression of the pacemaker activity might involve tonic activation of NMDA receptorsin layer V pyramidal neurons, which
have been demonstrated to be required to allow them to generate intrinsic 5-9Hz oscillations (Silva et al., 1991). It is, thus, worth noting
that NMDA-related activity is significantly more important in middle and deep layers of the neocortex of GAERS than NEC rats (Pumain
et al., 1992 ). Consistent with this, a recent study in in vitro brain slices demonstrates increased NMDA-mediated synaptic excitability in
the deep layers of the somatosensory cortex of WAG/RIj rats compared to NEC rats (D’Antuono et al., 2006 ). Also, in vivo and in vitro
studies demonstrate that neocortical disinhibition generates synchronized 7-14Hz oscillations, which are driven by deep cortical layers and
spread to the thalamus vialayer VI projection neurons (Castro-Alamancos, 2000 ; Castro-Alamancos and Rigas, 2002 ).

Regional changes in ion channel expression might underlie the generation of the oscillatory neuronal activity in the cortical focus. In
WAG/RIj rats mRNA and proteins of the Nat channels Nav1.1 and 1.6 are focally over-expressed in the cortical layers I1-1V in aregion
that corresponds to the focus identified by Meeren et al. (2002) , and increasing expression of these channels with age correlates with the
increase in amount of SWDs seen in theserats (Klein et a., 2004 ).

Changes in neuronal morphology might also contribute to an increased propensity to generate and/or propagate oscillatory activity in
the cortical focus. A quantitative and qualitative morphometric Golgi-staining study demonstrated a disordered pattern of dendritic
arborization in cortical layers I-111 focally in the epileptogenic region in WAG/RIj rats (Karpova et ., 2005 ). Do these morphological

changes correlate with the upregulation of Na* channels?

Another possible mechanism for the generation of focal oscillatory activity in the neocortex might result from complex interactions

between an increase of extracellular concentration of K* , deep neuronal hyperpolarization, and Ih in a subpopulation of neurons (
Timofeev et al., 2002). If so, focal paroxysmal activity would spread rapidly and simultaneously in the cortex and thalamus using synaptic
pathways.

(2) The transformation of normal SM oscillations into the pathological SWDs might result from the presence of hyperexcitable TC or
cortico-thalamo-cortical networks in the epileptic animals. This theory supposes that normal, physiological SM oscillations are generated
in the somatosensory cortex and spread to engage related thalamic regions, but in epileptic animals certain properties of their TC network
facilitate the devel opment of a hyper-resonant state with rapid, pathological recruitment of many thalamocortical neurons, which resultsin
a widespread, self-sustaining, hypersynchronous, oscillatory firing pattern. Such a hyperexcitable TC system might result from
electrochemical changes in the cortex, the thalamus or both. It is likely that several changes contribute, and that these are more
topographically widespread that those responsible for generation of the focal pacemaker rhythm, given rapid propagation of the
synchronous SWD activity to large areas of the cortex in both hemispheres.

Experimental observations indicate a number of factors that might contribute to this hyperexcitable state. These include: the previously
mentioned aterations in Ih function, as demonstrated in the thalamus of GAERS (Kuisle et a., 2006 ), and in the cortex (Strauss et al.,
2004 ) and thalamus (Budde et al., 2005 ) of WAG/RIj rats, enhanced NMDA-related excitability in cortical neurons, as demonstrated in
GAERS (Pumain et al., 1992 ) and in the deep layers of the cortex in WAG/RIj rats; and deficits in cortical (D’Antuono et al., 2006 ;
Luhmann et al., 1995 ) and/or possibly intra-TRN inhibition (Slaght et al., 2002 ) that result in reduced dampening of rhythmic firing
within these highly distributed systems. Also, impaired glutamate-related and GABA-related metabolic links between astrocytes and

Page 12/25
Thalamus Relat Syst . Author manuscript



glutamatergic neurons in the neocortex might be a causal factor in the generation of generalized SWDs in genetically determined SWDs (
Meloet a., 2006 ).

CONCLUSIONS

Absence epilepsy is a genetically-based human disease, the pathophysiological basis of which is incompletely understood. Findings
from studies in animal models form the basis of many of the proposed theories for the generation and underlying neurophysiology of
absence seizures. However, studiesin different models result in conflicting conclusions. In-bred Wistar rat strains that display spontaneous
absence-like seizures associated with generalized SWDs on the EEG and in TC structures, that are genetically determined, are increasingly
being validated as models of many aspects of the human condition. Recent studies in these models have challenged a number of previously
held concepts regarding the neurophysiology of absence seizures, which were based on investigations in other models, particularly cats. It
is clear that in rat models, at least, that absence-related seizures are generated in focal regions of the cortex, and less direct evidence for
this is also accumulating from human studies. In rat models, seizures arise out of a physiological SM rhythm that is seen particularly
during relaxed wakefulness. The mechanisms that transform this normal rhythm into epileptic SWDs are unknown, but might involve
widespread neurochemical changes in the TC system in epileptic individuals that predispose them to devel op hyper-resonance phenomena
with these TC oscillations. Characterizing the molecular, cellular and network mechanisms of genetically-determined absence seizures will
provide helpful indications to better understand impaired consciousness and devel op innovative therapeutic strategies.
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Fig. 1
Schematic of the thalamocortical system
The thalamus is reciprocally connected with the cerebral cortex and with the thalamic reticular nucleus (TRN). It receives many inputs from

the periphery (sensory), cerebellum and basal ganglia. The TRN is a reservoir of GABAergic neurons that project to the dorsal thalamus.
Thalamocortical and corticothalamic neurons are glutamatergic and cross the TRN where they give off axon collaterals.
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Fig. 2
Sensorimotor (SM) oscillations give rise to absence-related SWDs
(A) In freely moving GAERS, SWDs spontaneously arise from bilaterally synchronous, medium-voltage SM (or 5-9Hz) oscillations in the

surface EEG. (C) Similar synchronized rhythmic EEG activity, without SWDs, was recorded in non-epileptic control (NEC) rats. These SM
oscillations are distinguishable from sleep spindles (waves at 7-15 Hz) (* in B), which were often preceded by a K-complex (* in D). The inset
illustrates the location of the EEG electrodes (Ref = reference) on the frontoparietal cortex. Also note that, in contrast to sleep spindles (B and
C), SM oscillations emerge from a desynchronized EEG (A and C). The scale bars are valid for each recording. Adapted from (Pinault et al.,

2001 ).
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Fig. 3

Pentobarbital abolishes SWDs and induces spindle-like oscillations
(A) Top: Surface EEG recordings (truncated) over the primary somatosensory cortex in a GAERS under neuroleptic analgesia, which received

a subanaesthetic dose of pentobarbital. Bottom: Expanded EEG traces. Before pentobarbital injection and during the recovery period, the EEG
displays recurrent high-voltage SWDs of variable duration. Note that pentobarbital suppresses SWDs and induces the occurrence of
spindle-like episodes (*) in a GAERS (A) and in a non-epileptic control (NEC) rat (B). (B) In aNEC rat, SM oscillations occur spontaneously
before and at least 20-30min after pentobarbital injection (recovery). (C) Expanded traces of atypical SM oscillation recorded in a NEC rat
(C1) and a SM oscillation that gives rise to a SWD in a GAERS (C2). (D) Three types of spindle-like oscillations recorded in GAERS and
NEC rats after barbiturate administration: (D1) contains only sinusoid-like waves; (D2) biphasic spikes; and (D3) mainly monophasic spikes.
Adapted from (Pinault et al., 2006 ).
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Fig. 4

Thalamic relay (A,C,E,F) and reticular (B,D,G,H) intracellular rhythmic activities associated with either spontaneously occurring SM or
spindle-like oscillations in the related surface EEG

Intracellular recordings are from non-epileptic control (NEC) rats. (A) Intracellular rhythmic activity of a thalamocortical (TC) neuron

associated with spontaneously occurring SM oscillations in the simultaneous surface EEG recording. (B) Intracellular rhythmic activity of a
thalamic reticular nucleus (TRN) neuron associated with spontaneously occurring SM oscillations in the related surface EEG. A current
square pulse of -0.2 nA was delivered every 2sec. The curved arrows in A and B indicate barrages of EPSPs. (C) Barbiturate-induced
intracellular spindle-like oscillations (7-15Hz; *) in a TC neuron. Note that individual synaptic potentials of presumably lemniscal origin

(arrows) occur during and in between the spindle-like episodes. Note that these postsynaptic potentials do not trigger a low-threshold Ca2*
potential. (D) Barbiturate-induced intracellular spindle-like oscillations (7-15 Hz) in a TRN neuron. (E,F) Superimposition of three successive
rhythmic depolarizations, which occur during SM (E) and during spindle-like oscillations (F) in a TC cell. Note the occurrence of small
synaptic and/or intrinsic unitary events at the beginning of the depolarizing waves in E. In E, one of the three depolarizations triggers an
apparent low-threshold Ca?* spike topped by a high-frequency burst of action potentials, whereas in F only a single action potential was
evoked during one of the events. (G,H) Superimposition of three successive rhythmic depolarizations, which occur during SM (G) and
spindle-like oscillations (H) in a TRN cell. Note the occurrence of synaptic and/or intrinsic unitary events at the beginning of the depolarizing
wavesin G and H. The action potentials are truncated in E-H. Adapted from (Pinault, 2003 ; Pinault et al., 2006 ).
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The membrane potential of thalamic neurons displays more powerful fast rhythmic activities between SM oscillations and SWDs than

between spindle-like oscillations

Intracellular recordings of spontaneously occurring membrane potential oscillations in thalamic reticular nucleus (TRN) and thalamocortical

(TC) neurons, which occur before the occurrence of SM oscillations (in a NEC rat under neuroleptic analgesia), the occurrence of

absence-related SWDs (in GAERS, under neuroleptic analgesia), and the occurrence of spindle-like oscillations (in aNEC rat after barbiturate

treatment). These recordings were obtained while applying DC hyperpolarizing current of at least -1 nA. Adapted from (Pinault et al. 2006 ).
Before SM oscillations Before spindle oscillations Before SWD

T A TR e 4 ‘ I d ) fAa
“‘\.},‘w"l' \ :"f"?ﬂ'u'r‘.‘”-“-“"'sn“i'hia;"""' TRN MMt g g ! TRN wl'u\\t‘-\..\ i l*““u‘ﬂ"w‘ Wﬁ‘

95 mv <96 mV 90 mvV
|5 mv
1
o I,‘-,,:*a"w‘-"-..*.\-.w;""-*‘-uw‘w’\'.'w TC e~ TC ' |
M " W v
-90 mV -98 mV 100 ms -1 mV

Page 18/25
Thalamus Relat Syst . Author manuscript



Fig. 6

Normal- and absence-related intracellular SM oscillations in thalamic reticular nucleus neurons are qualitatively similar
Intracellular recordings of thalamic reticular nucleus neurons during a spontaneously occurring SM oscillation (A) and a spike-and-wave

discharge (SWD) (B) in the EEG in a NEC rat and in a GAERS, respectively. The curved arrows in A and B indicate rhythmic barrages of

EPSPs. (C,D) Comparison of two typical recurring threshold depolarizing waves, which were recorded during normal SM oscillations in a

NEC rat (C) and during SWDs in a GAERS (D), respectively. The intracellular recordings were made with a KAc-(upper traces) or

QX-314-filled (lower traces) micropipette. * in D indicates a |ate hyperpolarization that probably results from a Ca2* -activated K* current.
The action potentials are truncated in C and D for clarity. Adapted from (Pinault, 2003 ).
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Paired, single-cell, extracellular recordings of TC and TRN neurons of the somatosensory system during a spontaneously occurring,

medium-voltage, SM oscillation and an absence-related spike-and-wave discharge in a GAERS

(A,B) Recordings are from the same TC-TRN pair in a GAERS. (C,D) Superimposition of four representative cross-correlograms (2 msec
resolution) computed from four paired recordings obtained during normal (C) or epileptic (D) SM oscillations. (E) Three-dimensional
reconstruction of the two recorded neurons. Note that they are not directly connected. Abbreviations: ipsi, ipsilateral; contra, contralateral.
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Fig.
DSalSextracellular recordings of a CT neuron with either aTC (A1-A3,D) or aTRN (B1-B3,E) cell during spontaneous SWDs
(A2,B2) Five superimposed, successive, recordings of SW-related action potential discharges. (A3,B3) Cross-correlograms (2 msec
resolution) computed from pair recordings. (C) Means and S.D. of the time relationship between the CT, TC and TRN action potential
discharges and the SW complex (CT: -19.4 + 8.8 msec, 88 SW complexes from four rats: TRN: -11.9 + 7.3 msec, 108 SW complexes from
six rats: TC: -12.6 + 8.2 msec, 133 SW complexes, seven rats. (D) * indicates the beginning of the CT rhythmic discharge, which starts before
both the TC rhythmic firing and the occurrence of the seizure. (E) The CT cell discharges in a rhythmic manner well before the related TRN
neuron and before the beginning of the SWD.
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Intgragellular activitiesof TC (A,C) and TRN (B,D) neurons during spontaneously occurring SWDsin GAERS

The traces in A and B are expanded in C and D, respectively, to show the first intracellular events that are associated with the ‘onset’ of
SWDs. Curved arrows indicate rhythmic barrages of EPSPs, which occur just before the beginning of spontaneously occurring SWDs. The
horizontal dotted line indicates the action potential threshold (- 58mV) at rest. The action potentials are clipped in C and D. Adapted from (
Pinault, 2003 ).
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Fig. 10
Likely spatio-temporal cellular interactions between related CT, TC and TRN neurons during absence-related-SWD in GAERS

In both non-epileptic control rats and GAERS, at least two types of TC neurons coexist, one of which (TC2) is endowed with a presumed
H-current. Note that thalamic, relay and reticular, discharges occur in synchronous, phase-locked manners during the occurrence of an
absence-related rhythmic spike-and-wave complex in the cortical surface EEG. Left: SW-related extracellular CT and intracellular TC and
TRN activities. From top to bottom: A SW complex (EEG), an extracellular CT discharge, an intracellular TRN discharge, and two typical
intracellular TC1 and TC2 discharges. The second TC cell (TC2) exhibits a presumed H-current that coincides with an EPSP barrage. The
ramp-shaped depolarization, which includes a presumed Ih, can trigger alow-threshold Ca?* spike (LTS). In TRN cells, the EPSP barrage can
trigger voltage-dependent components (V-components, including a low-threshold Ca2* potential). Right: Schematic of the anatomical
rel ationships between the three main elements that make up the TC system. Adapted from (Pinault, 2003 ).
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Fig. 11

Temporal relationship between an absence-related spike-and-wave complex and associated first-order and higher-order thalamic cellular
activitiesin GAERS

Peri-event time histograms of unit activity (bin width 1msec) associated with the spike component of the SW complex on the EEG
demonstrate activity in first-order (VPM) and higher-order (PC and CL) thalamic nuclei. Note that higher-order nuclei fire after first order
thalamic nuclei during the SW complex. Trace above histograms shows an averaged spike-wave complex. Abbreviations: CL, centrolateral;
PC, paracentral VPM; medial part of the ventral posterior nucleus. Adapted from (Seidenbecher and Pape, 2001 ).
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Fig. 12
The Ih of GAERS TC cells has a diminished sensitivity to submaximal, near-physiological cCAMP pulses, but not to saturating concentrations
of CAMP

(A,B) Current responses of mature TC cells from a non-epileptic control (NEC) rat (A) and a GAERS (B) to increasing negative test voltages
(test voltages -50mV and -110mV are indicated next to the traces) before, and in the continuous presence of, 1mM 8Br-cAMP.
Corresponding activation curves, constructed from tail currents evoked at —-80mV (see Methods), are shown to the right. Thick lines represent
the optimal fit of a Boltzmann curve, with the resulting values for the half-activation voltage (Vhalf) and the slope (s) indicated next to them.
Filled and open circles represent values before and during 8Br-cAMP application, respectively. (C) Pooled data for V1/2, for s, and for the
current amplitude at -~90mV before, and in the continuous presence of 8Br-cAMP (ImM). Except for s, 8Br-cAMP significantly altered all
control values. The changesin all three parameters were indistinguishable between mature NEC rat (n = 8) and GAERS (n=7) TC cells. (D)
Responses of |h to photolytic release of caged CAMP in mature (top row) and young (bottom row) NEC animals and GAERS. Overlay of
current responses to 30mV hyperpolarizing voltage steps before and after application of a UV flash in cells perfused with caged cAMP.
Holding potential was - 60mV. For clarity, only current relaxations during the hyperpolarizing voltage step are shown; passive responses to
the step voltage were blanked. (E) The percentage increase in current response in young and mature NEC animals (young, n = 12; mature, n =
8) and GAERS (young, n = 12; mature, n = 12). (F) Representative tail currents obtained from TC cells in the absence of (contral) or during
perfusion of the cellular interior with 0.1mM 8Br-cAMP. The same voltage protocol asin A was used, voltage steps applied prior to evoking
tail currents are indicated next to the traces, and tails were evoked at -75mV. (G) Concentration-response curve for the effect of 8Br-cAMP
on the half-activation voltage. The number of recorded cells is indicated next to the symbols. Fitting of the Hill equation was achieved by
fixing the Hill coefficient to 1 (see Methods in Kuisle, 2006 ), yielding a ~5-fold increase of half maximal concentration of 8Br-cAMP in
GAERS. *P < 0.05, ** P <0.01. From (Kuisle et a., 2006 ).
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Fig. 13

Triple extracellular field potential recordings of somatosensory-related thalamic and cortical sites along with spontaneously occurring SWDs
in the surface EEG

The photomicrographsin B (up, dorsal; right, lateral) show large extracellular applications (epicentre indicated by a white asterisk) of dextran
biotin amine where extracellular field potential recordings were carried out simultaneously in the somatosensory system, that is, from top to
bottom, in layer VI, in the thalamus, and in the thalamic reticular nucleus (TRN). The bandpass was 0.1-6 kHz. (B) Left: evoked potentials
following electrical stimulation of the contralateral forepaw. Abbreviations: I1C, internal capsule; VP, ventral posterolateral thalamic nucleus;
VPm, ventral posteromedial thalamic nucleus; WM, white matter. Adapted from (Pinault, 2003 ).
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(A,B) Two experiments in which related TC and TRN extracellular activities were simultaneously recorded during the development of a
spontaneous SWD in the surface EEG of the related cortex. (A) Arrowheads and * indicate the first TC and TRN bursts and the first three AP
occurring at 6Hz, respectively. The curved line indicates a short-lasting episode during which he TRN cell fired rhythmic bursts at ~15Hz.
Adapted from (Pinault et al., 2001 ).
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Fig. 15
Overview of the corticocortical (black arrows) and corticothalamic (gray arrows) interdependencies during spontaneous absence seizures in
WAG/RIj rats as established by nonlinear association analyses

The thickness of the arrows represents the strength of the association, while the direction of the arrowhead points toward the lagging site. (A)
The first 500 msec of the seizure. A cortical focus was found in the upper lip and nose area (perioral region, parietal 2) of the somatosensory
cortex, as this site consistently led the other cortical recording sites. The hind paw area was found to lag by 2.9 msec with respect to this focal
site. Concerning the corticothalamic interrelationships, the cortical focus led the thalamic ventroposterior medial nucleus with a delay of
8.1msec. (B) The whole seizure. The same cortical focus as during the first 500msec was found consistently. Compared with the first
500msec, the time delay from the cortical focus to the nonfocal cortical sites increases and the direction of the corticothalamic couplings
changes. Adapted from (Meeren et al., 2005 ).
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