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List of abbreviations

SWD - spike-wave discharges

The rat strains used as models of absence epilepsy
WAG/Rjj rats —Wistar Albino Glaxo from Rijswijk
GAERS - Genetic Absence Epilepsy Rats from Strasbourg

Non-epileptic rat strain:
ACI - August Copenhagen Irish, black agouti rats

Epileptiform components of SWD (according to Weir, 1965):
Spl — Spike 1

Sp2 — Spike 2

PT — positive transient

Sml — primary somatosensory cortex
VPM - the ventroposteromedial thalamic nucleus
RTN — the reticular thalamic nucleus
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Electroencephalography (EEG). A historical overview

EEG is an acronym for electroencephalogram ("electro" = electrical signals, "encephalo" = the brain, "graph" = a
recording).

Electroencephalogram. Record of electrical activity of the brain taken by means of electrodes placed on
the surface of the head, unless otherwise specified [INSECN, 1974].

Electroencephalogram. Electrical potentials recorded from the brain, directly or through overlying tissues
[Lopes da Silva, 2002].

Electroneurophysiology has a history of more than hundred years [cited by Goldensohn et al., 1997; Coenen
et al., 1998]. In 1875, a Liverpool physician and medical school lecturer Richard Caton first demonstrated that
electrical signals could be measured directly from the surface of animal brain. The father of clinical
electroencephalography, the German psychiatrist Hans Berger, recorded electrical activity from human brain and
introduced the term ‘electroencephalogram’. The first published EEG data from humans appeared in 1929, when
Hans Berger published a paper in which he presented 73 recordings.

Between Caton and Berger, Adolph Beck in 1890 found that sensory stimuli (flashes or sounds) induced
slow changes of electrical brain activity (slow wave response, evoked potentials). Fleischl von Marxow (1890)
made a similar observation. A Russian scientist, Vasili Yakovlevich Danilevsky in his doctoral thesis (1877)
described electrical brain activity in dogs. Another Russian physiologist, Nikolai Evgenjevich Wedensky, recorded
electrical activity from peripheral (nerves) and central neural system using a telephone (the results were published
in his master's thesis in 1884). In 1913, Vladimir V. Pravdich-Neminsky published photographic recordings of
electrical brain activity in dogs and introduced the term ‘electrocerebrogram’.

From that time, electroencephalographic investigations have led to major advances in studying sleep and
epilepsy. Electroencephalography is the most popular method for the analysis of spontaneous brain oscillations and
evoked (event-related) potentials, changes of electrical brain activity during anaesthesia and sleep, during sensory
perception and voluntary activity, etc. Nowadays, EEG investigation is necessary in clinical practice for the
diagnosis and prognosis of various neural disorders, especially, in epileptic patients.

Several spontaneous rhythms can be encountered in EEG of animals and humans during different behavioral
states, whereas peculiar (paroxysmal) patterns appear in EEG during epileptic seizures. Mechanisms that underlie
spontaneous rhythmic activity in a brain were studied by V.V. Danilevski (1875) and A. Beck (1890), who
described EEG desynchronization in animals; by [.M. Sechenov, who found spontaneous rhythms in medulla
oblongata in the frog and by H. Berger, who described a/pha and beta rhythms in human EEG.

! Separate parts of this Chapter are published in:
van Luijtelaar G and Sitnikova E. Global and focal aspects of absence epilepsy: the contribution of genetic model. Neurosci. Biobehav.
Rev., 2006; 30: 983-1003.
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Application of EEG in epilepsy

Even before H. Berger’s landmark report (1929), where he described spontaneous brain electrical activity in
human brain, N. Cybulski and S. Jelenska-Macieszyna (1914) at the University of Cracow in Poland published the
first photographs of paroxysmal activity during experimental focal seizures in dogs [cited by Goldensohn et al.,
1997]. In 1931, H. Berger demonstrated the first recordings of spike-and-wave activity obtained in epileptic
patients (Fig. 1.1). Two years later, in 1933, he published an EEG record during a brief episode of “simple
automatic activity with no other movement” [cited by Goldensohn et al., 1997]. It is worthwhile remembering that
H. Berger first suggested using EEG investigations in clinical practice [cited by Bronzino, 1995].

In 1935, Frederick Gibbs, Hallowell Davis, and William G. Lennox at Boston City Hospital demonstrated
spike-and-wave complexes during clinical absence seizures. Since that time, clinical application of the EEG
rapidly increased and EEG recording technique has been profoundly improved. Over the years, the EEG helps in
making short- and long-term prognoses of different neurological and psychiatric disorders. EEG investigation is
necessary for the diagnosis of epilepsy (especially in patients with atypical epileptic syndromes); it also offers
important prognostic information.

Figlire 1.1. EEG record made by H.Berger in 18-year-old girl during a seizure. High voltage spike-and-wave complexes
appear with frequency of about 3 per second [from Goldensohn et al., 1997].

Frontiers of EEG research

Since Berger’s time, EEG data acquisition systems have progressively improved. High capacity digital
storage devises and state-of-art engineering technologies are helpful in processing of large amount of information
and analysis of EEG data. A technological progress in a field of EEG encourages interdisciplinary research
including experimental/theoretical neuroscience, psychophysiology, cognitive neuroscience, biophysics,
psychology, computational neuroscience, neuronal modeling and others [Lopes da Silva, 2002]. More and more
sophisticated methods of EEG analysis are aimed in unraveling global brain processes of sleep and wakefulness,
perception, sensori-motor integration and higher cognitive functions. EEG data are ultimately important source of
clinically-related information and new methods of EEG data analysis are developed in order to better understand
mechanisms underlying normal and abnormal brain functions [Lopes da Silva, 2002].

Neuronal processes that underlie EEG have been elaborated in several biophysical theories [Freeman, 1975;
Coenen, 1995; Nunez, 2000; Lopes da Silva, 2002]. Apparently, EEG sums up extra-cellular field potentials
produced by tens of millions neurons [Nunez, 2000]. These large groups of neurons are integrated into “neural
masses” throughout the widespread mutual interactions (a concept of Freeman [1975]). Synchronous activation of
neuronal populations resulted in high-voltage fluctuations of local field potentials and yielded a variety of
oscillatory EEG patterns [Coenen, 1995].

The present thesis aims to investigate thalamo-cortical network mechanisms of self-sustained oscillations,
such as natural sleep spindles and generalized spike-wave discharges (absence seizures). We first perform time-
frequency EEG analysis using traditional methods (Fourier transform, analysis of auto-spectra, cross-spectra and
cross-correlations) and relatively new continuous wavelet transform. Second, we characterize disturbances in the
thalamo-cortical neuronal network mechanism of generalized spike-wave discharges, using traditional coherence
analysis and novel Granger causality estimations.

Spike-wave discharges (SWD) in animal models of absence epilepsy

Absence epilepsy is a non-convulsive generalized type of epilepsy which is characterized by a brief
impairment of consciousness (absence) with minimal myoclonic jerks of eyes and peri-oral automatisms
[Panayiotopoulos, 2001]. Absence seizures are first described by Poupart in 1705. In 1770, Tissot called them
‘petits accés’ (petit mal) and distinguished from the ‘grands accés’ (grand mal). The name ‘absence seizures’ is
introduced by Calmeil in 1824 [cited by Temkin, 1971]. In contrast to the other generalized epilepsies, absence
epilepsy is never accompanied by aura or convulsions. Also, the pharmacological profile of absence seizures
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differs from that of other primary generalized seizures, moreover, some of the well-known anti-convulsant drugs
(i.e., carbamazepine, phenytoin, and tiagabine) aggravate absence seizures [Genton et al., 2001] and some drugs
(i.e. ethosuximide) are only effective in absence epilepsy.

The onset of typical absence seizures cannot be predicted based on clinical signs. In EEG, absences appear
abruptly as generalized synchronous bilateral 2.5-5 Hz spike-and-wave complexes. The Committee on
Terminology of the International Federation of Societies for Electroencephalography and Clinical
Neurophysiology (IFSECN) defines spike-and-slow-wave complex as ‘a pattern consisting of a spike followed by
a slow wave’ (1974).

Spike-and-wave complexes may be brief (2—5 sec) or long (15-30 sec) [Panayiotopoulos, 2005], they may
be recorded in different forms of idiopathic generalized epileptic syndromes, such as childhood absence epilepsy,
juvenile absence epilepsy, juvenile myoclonic epilepsy, myoclonic absence epilepsy and eyelid myoclonia with
absences [Gibbs et al., 1935; Panayiotopoulos, 1999 and 2005]. EEG morphology of the spike-and-wave
complexes is different in different forms of epilepsy. For instance, multiple spikes in spike-and-slow-wave
complexes (‘multiple spike-and-slow-wave complexes’) are common for absences during sleep and for absence
epilepsy with older age of onset [Chatrian, 1974; Panayiotopoulos, 1999 and 2005]. The presence of more than 3
spikes per wave may indicate a bad prognosis [Panayiotopoulos, 2005]. Polyspiking in spike-and-wave complexes
(polyspike-wave complexes) often associates with impairment of intrinsic cortical mechanisms [Timofeev et al.,
1998]. Spatial distribution of spike-and-wave complexes varies from patient to patient [Weir, 1965; Blume, 2002].
Altogether it is suggested that EEG pattern of absence seizures is intricate and it is determined by local neuronal
processes, by neuronal network activity and by neuronal synchronization. The m orphology of spike-wave
complexes and underlying neuronal mechanisms have not been studied in details.

Animal models of absence epilepsy

In some rodent strains, such as GAERS (Genetic Absence Epilepsy Rats from Strasbourg) and WAG/Rij (Wistar
Albino Glaxo from Rijswijk), spike-wave seizures appear spontaneously in the EEG [Danober et al., 1998, Coenen
and van Luijtelaar, 2003; Depaulis and van Luijtelaar, 2006]. Behavioral expression of spike-wave seizures in
rodents is similar to the clinical manifestation of absence seizures in humans, e.g. immobility, minimal facial
myoclonic jerks and twitches [van Luijtelaar and Coenen, 1986; Marescaux et al., 1992]. Absence seizures in rats
and in humans have a genetic origin, although the genes are not yet identified [Vadasz et al., 1995; Depaulis and
van Luijtelaar, 2006]>. Both GAERS and WAG/Rij rat strains are considered as valid models of human absence
epilepsy [Danober et al., 1998; Coenen and van Luijtelaar, 2003].

In the current thesis, all experimental data are collected in adult WAG/Rij rats. Absence seizures in our
animals were discovered twenty years ago and their EEG manifestation was called ‘spike-wave discharges’ or
SWD [van Luijtelaar and Coenen, 1986]. It is accepted that electroencephalographic pattern of SWD resembles
‘spike-and-wave complexes’ in human absence epilepsy. The waveform and frequency of EEG seizures is varied
in different species (rats, humans, cats). In order to make a parallel between EEG profile of spike-wave seizures in
WAG/Rjj rats and in human patients (Chapter 3.1), EEG pattern of SWD is delineated in accordance to the
guidelines of clinical electroencephalography [INSECN, 1974; Weir, 1965].

Cellular and network mechanisms of SWD

Studies in GAERS [Marescaux et al., 1992; Avanzini et al., 2000] and WAG/Rij rats [Inoue et al., 1993]
showed that although SWD are recorded in the cortex, they have a thalamic origin. Large electrolytic lesions of the
lateral thalamus [Vergnes and Marescaux, 1992] and also chemical lesions of the RTN suppressed SWD in
GAERS [Avanzini et al., 1992; Avanzini et al. 1993].

Some theories assume that spike-wave activity is triggered by pacemaker cells located in the reticular
thalamic nucleus (RTN), in other words, it originates from the thalamus [Blumenfeld 2002; Avanzini et al., 2003].
Others emphasize that SWD are initiated in the somatosensory cortex (Sml) and that the thalamus is only
secondarily involved [Meeren et al., 2002; 2005]. The latter theory is that absence seizures have a focal onset. This
point of view is supported by clinical neurophysiologists, who noted that spike-and-wave seizures are not fully
generalized [Holmes et al., 2004; Craiu et al., 2006].

In the last few decades, experimental and computational studies led to tremendous progress towards
identifying basic cellular and network mechanisms underlying spike-wave activity [refs in Destexhe and
Sejnowski, 2001; Blumenfeld, 2002; Steriade, 2003]. Some point to a critical role for the thalamus in generation of
absence seizure, but others stress an important role of the neocortex (Table 1.1).

Experimental studies in animal models of absence epilepsy demonstrated that cortical and thalamic neurons
produce prolonged firing bursts during the ‘spike’ component of local field potential and that neurons are silent

* In humans some familial forms of absences have been identified, while an overall genetic predisposition indicates that this is
a multifactorial disorder (George Kostopoulos, personal communication).
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during the ‘wave’ component [e.g., Steriade, 1974; Avoli et al., 1983; Buzsaki et al., 1988; Inoue et al., 1993;
Seidenbecher et al., 1998]. In particular, it is shown that the spike in the SWD is associated with synchronous
neuronal bursts while the wave reflects the inhibitory phase mediated by fast GABA, and slow GABAjp
postsynaptic potentials [Inoue et al., 1993; Seidenbecher et al., 1998]. In HVSs (‘high voltage spike-and-wave
patterns’, equivalent to SWD), the spike component in local field potential as recorded at cortical surface is

characterized by neuronal bursts in almost all layers (bottom plot in Fig. 1.2, component a/=spike) [Kandel and
Buzsaki, 1997].
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Figure 1.2. Depth profiles of ‘high voltage spike-and-wave patterns’ (HVSs, equivalent to SWD, A) and sleep spindles (B).
The upper plot shows the distribution of single unit activity in different layers of the neocortex and neuronal field potential
recorded simultaneously from layer IV. Note the stronger recruitment of neurons during HVSs compared to sleep spindles.
Unit discharges during the Wave component of HVSs are completely suppressed. The bottom plot shows components of

HVSs: al - Spike and a2 - Wave; bl - surface-negative and b2 - surface-positive components of sleep spindle [from Kandel
and Buzsaki, 1997].
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It is remarkable that some physiological and anatomical features in rodent brain are crucially different from
that in the feline brain (earlier theories were grounded on neurophysiological data from cats). The frequency of
SWD in rats is 7-11 Hz [van Luijtelaar and Coenen, 1986; Coenen and van Luijtelaar, 2003], but in cats, it is 3-4.5
Hz that is about the same to 2.5-4 Hz in humans. In cats, GABA-ergic inhibitory interneurons are present
throughout the thalamus, including relay nuclei, but in rats, inhibitory interneurons are absent in thalamus, except
the lateral geniculate nucleus and reticular thalamic nucleus [Jones, 1985, Ohara et al., 1983]. In rats, in contrast to
cats and humans, the vast majority of thalamic nuclei receive only external inhibitory inputs from the RTN, while
intrinsic inhibition is absent in the largest part of the thalamus.

Table 1.1. The role of the thalamus versus the cortex in generation of absence seizures

Cortex

References

Thalamus

References

Spike-and-wave seizures are
depressed after thalamic lesions or
pharmacological inactivation of the
thalamus.

A form of spike-and-wave
activity can still be present in
the cortex after thalamic
inactivation or thalamectomy.

Pellegrini et al., 1979;
Avoli and Gloor, 1982;
Vergnes and Marescaux, 1992

Marcus and Watson, 1966;
Pellegrini et al., 1979;
Steriade and Contreras, 1998

Pollen, 1964;

Steriade, 1974;

Avoli et al., 1983;

Buzsaki et al., 1988;
Inoue et al., 1993;
Seidenbecher et al., 1998.

During spike-and-wave occuring
in the siezures cortex, majority
of thalamic neurons are steadily
hyperpolarized and completely
silent.

Cortical and thalamic cells exhibit
prolonged firing in phase with the
‘spike’ component and silent during
the ‘wave’.

Steriade and Contreras,
1995;
Pinault et al., 1998

Spindle oscillations, which are
generated by thalamic circuits, can
be gradually transformed into spike-
and-wave discharges.
Manipulations that promote or
antagonize spindles also affect
spike-and-wave seizures.

Steriade et al. 1994;
Avoli and Gloor, 1982;
Kostopoulos, 2000;
van Luijtelaar, 1997,
refs in Destexhe and
Sejnowski 2001.

The threshold for
epileptogenesis was much
lower in the cortex compared to
the thalamus.

Steriade and Contreras, 1998

Knock-out mice lacking the gene for
the T-type calcium current in

thalamic relay cells display a
resistance to absence seizures.
This suggests that bursting activity
in thalamic cells mediated by T-type

Kim et al., 2001.

Injections of high doses of
GABA, antagonists (penicillin or
bicuculline) into the cortex
resulted in spike-and-wave
seizures.

Gloor et al., 1979;
Steriade and Contreras, 1998

current is responsible for spike-wave
seizures.

Sleep spindles

Sleep spindles are among the most numerous spontaneous EEG events. Sleep spindles can be recorded in
EEG of humans and in mammals during non-REM sleep [reviewed in De Gennaro and Ferrara, 2003; De Gennaro
et al., 2005]. The name “spindle” refers to its characteristic the waxing and waning envelope. Sleep spindles were
first described by Loomis et al. (1935). The first commonly accepted definition given by Rechtschaffen and Kales
(1968): waxing and waning oscillations of 12—14 Hz and of at least 0.5 seconds duration. Steriade (1993) defines
sleep spindles as “waxing-and-waning field potentials of 7 to 14 Hz, grouped in sequences that last for 1 to 3 s and
recurrence every 3 to 10 s”. The International Federation of Societies for Electroencephalography and Clinical
Neurophysiology gives the following definition: “sleep spindle is a group of rhythmic waves characterized by
progressively increasing then decreasing amplitude” [IFSECN, 1974].

Sleep spindles have met great interest of neurobiologists and clinicians, because they are linked to synaptic
plasticity in neuronal networks and memory processes and play likely a role in the consolidation of declarative
memory and ‘offline memory processing’ [Buzsaki, 1998].

Spindles are known to be produced by the reciprocal interactions between inhibitory neurons in the reticular
thalamic nucleus and excitatory neurons in relay thalamic nuclei [Steriade, 1993, 2003, 2005; Steriade and Llinas,
1988]. In vitro, it is shown that thalamic neurons are capable to generate endogenous rhythmic activity (neuronal
bursting in the thalamus). At hyperpolarized membrane potentials, thalamic neurons stay in so-called “burst mode”
and produce high-frequency bursts (300 Hz) of action potentials [Steriade et al., 1993; Coenen et al., 1995;
Avanzini et al., 2000]. Slow-wave sleep is a favourable state for sleep spindles to emerge [De Gennaro and
Ferrara, 2003; De Gennaro et al., 2005]. During this state the reticular thalamic nucleus (RTN) strongly inhibits the
major part of the thalamus [Steriade, 2005], and triggers highly synchronized burst activity in a large population of
thalamo-cortical neurons. These neuronal bursts are distributed over the thalamo-cortical system and correspond to
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spindle sequences in the EEG (Fig. 1.2). The crucial role of the thalamus in sleep spindles has been demonstrated
in in vivo experiments. It is shown that spindles are present in the thalamus after complete removal of the cerebral
cortex. In addition, sleep spindles are completely absent in the isolated cortex and in athalamic animals [Steriade
and Llinas, 1988].

Generic relationship between sleep oscillations and spike-wave discharges

Sleep oscillations and spike-wave discharges can be distinguished by different amplitude, by having different
temporal and spatial profiles [Drinkenburg et al., 1991; Kostopoulos, 2000; Destexhe and Sejnowski, 2001]. SWD
can be recorded throughout the entire neocortex (they are generalized) and typically occur synchronously in the
two hemispheres (bilaterally synchronized) [Panayiotopoulos, 1999, 2005; Marescaux et al., 1992; Coenen and van
Luijtelaar, 2003; Steriade, 2003]. In contrast, sleep spindles are more local oscillations [De Gennaro and Ferrara,
2003; Kandel and Buzsaki, 1997]. The waveform of SWD and sleep spindles is markedly different. SWD have an
asymmetric pattern with distinctive spike and wave components. In contrast, sleep spindles are consisted of waves
which are more sinusoidal in shape, although the surface-negative portion is often sharper [Kandel and Buzsaki,
1997]. The spike component is absent in sleep spindles. Figure 1.2 (upper plot) shows that HVSs(=SWD) and
sleep spindles were characterized by different depth profile of unit activities. Sleep spindles neuronal bursts were
absent in deep layers (in layer VI and at the bottom of layer V; channels 11-13), but during HVSs firing activity
was detected in all cortical layers. Electrical potential of HVSs and sleep spindles as recorded at cortical surface
are generated by several neuronal dipoles. In HVSs, the earliest spike-associated changes of field potential
corresponds to surface-positive component with a source in layers II-1II and a sink in layers V-VI. The major
spike corresponds to a major sink in layer IV. A delayed surface-negative potential was associated with a sink in
layers II-11I and this potential is reversed in deeper layers.

It has long been proposed that sleep spindles and SWD are triggered by the thalamus. Early investigators
showed that spindle waves and SWD could be evoked by repetitive stimulation of intralaminar thalamic nuclei and
thus they both represent ‘recruiting’ responses [Demsey and Morison, 1942; Morison and Demsey, 1942; Jasper
and Drooglever-Fortuyn, 1946]. Latter on, it was found that spindle waves are more similar to the ‘augmenting’
response evoked by repetitive simulation of sensorimotor thalamic nuclei [Spencer and Brookhart, 1961; Morin
and Steriade, 1981]. More accurately, spindles type I (monophasic negative) were associated to recruiting
responses and spindles type II (biphasic sharper, associated to more firing) to augmenting.

In 1968, Pierre Gloor introduced a cortico-reticular theory of primary generalized absence by showing that
sleep spindles could be transformed into SWD when neocortex becomes hyperexcitable. In a feline penicillin
model, it was shown that SWD develop in the same circuits, which normally generate sleep spindles, by an
initially cortical transformation of one every two or more spindle waves to a spike component of SWD, while the
next one or more spindle waves are eliminated and replaced by a slow negative wave [cited by Kostopoulos,
2000].

A variety of experimental and theoretical studies have further supported the notion that sleep spindles are
related to SWD [Steriade et al. 1994; Avoli and Gloor, 1982; van Luijtelaar, 1997; Kostopoulos, 2000; refs in
Destexhe and Sejnowski 2001]. Sleep spindles typically appear during slow-wave sleep and they are typically
more numerous at sleep onset. SWD also appear during drowsiness and during the initial stages of sleep (stages I-
II) and later during transitions between REM and slow-wave sleep [van Luijtelaar and Coenen, 1988; Drinkenburg
et al., 1991]. Both sleep spindles and SWD are produced in the same thalamo-cortical circuit (Figure 1.3) [Gloor et
al., 1990; Avanzini et al., 1992, 1993; Kandel and Buzséaki, 1997; Destexhe and Sejnowski, 2001; Steriade et al.,
1993; Steriade 2001, 2003, 2005].

A common neurophysiologic mechanism is known to underlay both sleep spindles and SWD in two rodent
models of absence epilepsy, in GAERS [Avanzini, 2000] and WAG/Rjj rats [Kandel and Buzsaki, 1997; van
Luijtelaar, 1997]. Also pharmaco-EEG investigations in WAG/Rjj rats reveal a functional relationship between
sleep spindles and SWD [van Luijtelaar, 1997]. The dramatic reduction in forebrain responsiveness during sleep
and the common thalamo-cortical mechanisms suggest a generic relationship between sleep oscillations and SWD.
However, the genuine relationship between sleep spindles and SWD is now a matter of a hot debate [Steriade,
2003; Pinault, 2006; van Luijtelaar and Bikbaev, 2007]. We will address this problem in Chapters 4.1 and 4.2.

It seems unlikely that sleep spindles themselves prompt SWD [Pinault, 2006]. This point of view is
confirmed by investigating thalamic and cortical cellular mechanisms of spontaneous SWD in GEARS [Pinault et
al., 2001; Pinault 2003; 2006]. It was found that SWD are derived from medium-voltage 5-9 Hz oscillations,
which clearly differ from spindle oscillations (7-15 Hz). Chapter 3.3 examines amplitude-frequency
characteristics of EEG immediately prior to the onset of SWD in WAG/Rij rats (SWD-precursors).

The ‘cortico-reticular’ theory [Gloor, 1968; 1969; 1978] assumes that hyperexcitability of cortical neurons
plays a crucial role in transformation of normal oscillations into seizure activity. This theory considers the cortex
‘as a whole’, but different cortical regions seems to differ in respect to the epileptogenesis. A global role of the
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cortex in absence epilepsy is demonstrated in GAERS by the spreading depression technique [Vergnes and
Marescaux, 1992]. In these experiments the cortex of a single hemisphere is completely deactivated by unilateral
application of KCl onto the cortical surface. This causes an immediate abolishment of SWD in the injected cortex,
but SWD remain in the untreated hemisphere both in cortex and thalamus. The same effect is found in cats with
penicillin-induced SWD in which KCl-induced spreading depression prevents the transformation of sleep spindles
into epileptic bursts; therefore, SWD are abolished [Gloor et al., 1979]. SWD can also be reduced with surgical
removal of the cortex [Avoli and Gloor, 1982; refs in Kostopoulos, 2000]. All these data suggest that SWD can be
produced in a well-interconnected thalamo-cortical network in which an intact cortex should interact with an intact

thalamus.
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Figure 1.3. Spike-wave discharges and sleep spindles are both generated in a thalamo-cortical network. This network includes
neurons in the reticular thalamic nucleus, specific thalamus and neocortex. Sleep spindle sequences are triggered by GABA-
ergic cells of the reticular thalamic nucleus (RTN); mutual synaptic interactions between the RTN and the specific thalamus
are required for the progress of sleep spindle events [Steriade and Deschénes, 1984; Steriade and Llinas, 1988]. The specific
part of the thalamus consists of many nuclei that distribute sensory information of various sensory modalities to the
corresponding primary sensory areas in the neocortex. In their turn, cortical cells send feedback projections to the thalamus.
The ventroposteromedial nucleus (VPM) is the major relay somatosensory nucleus in the thalamus. It is known to have
anatomic and functional relations with the epileptic zone in the parietal cortex [Meeren et al., 2002]. The lateral geniculate
nucleus (LG) projects to the visual cortex and it might play a role in EEG oscillations in the posterior cortex (i.e., spindle
activity and SWD type II).

It seems likely that thalamocortical processes can account for both spindles and spike-and-wave rhythms. In
addition to that, intracortical circuits play a major role in spike-and-wave rhythms, but their role in sleep spindles
is low. In our animal subjects, primary epileptogenic processes are likely to take place in the Sml. More precisely,
SWD are initiated in the area of facial projections [Meeren et al., 2002].

It is likely that the occurrence of this type of SWD is under control of both local (intracortical) and global
(thalamocortical network) mechanisms. An adequate way to investigate local and global mechanisms that underlie
SWD, is to investigate whether they are identically influenced by the same manipulations. We used this approach
and changed pharmacologically first the neuronal excitability, locally in the epileptic zone in the neocortex (local
reversible deactivation of this zone with lidocaine) and, secondly, in the whole thalamo-cortical network (by
means of depletion of noradrenergic neurotransmission with clonidine).
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Oscillatory activity in the perioral area of the primary somatosensory cortex (Sml) in
rodents as a source of SWD

In 2002, Meeren and co-workers demonstrated that SWD initially appear in the restricted area in the Sml;
their cortical focus theory was subsequently placed in a historical theoretical perspective [Meeren et al., 2005].
Before that, Seidenbecher and co-workers (1998) have already mentioned that the Sml plays an important role in
SWD in GAERS. These authors found that before the paroxysm is evident on the gross EEG, precursor activity
(“embryonic” SW seizures) can typically be recorded in cortical units and in the thalamus. Generation of SWD is
associated with spike-concurrent, rhythmic burst-like activity in (mono-)synaptically connected regions of the
specific (somatosensory) thalamic regions, the Sml (layers IV/V) and the reticular thalamic nucleus. SWD-
correlated activity in layers IV/V of the Sml starts significantly earlier than the related burst firing in the reticular
and ventrobasal thalamic neurons [Seidenbecher et al., 1998].

Rhythmic activity in the neocortex occurs due to synchronous firing of the excitatory ‘intrinsically bursting’
pyramidal cells and inhibitory interneurons [Fellous et al., 2001; Silva et al., 1991; Steriade, 2001]. Intrinsically
bursting pyramidal neurons are located in deep cortical layers and produce rhythmic recurrent spike bursts of 5—10
Hz [Connors and Gutnick, 1990; Flint and Connors, 1996]. Network interactions with local inhibitory interneurons
govern synchronization of burst activity in a population of bursting neurons [Fellous et al., 2001]. When a large
number of neurons starts firing in synchrony, a sharp 5-10 Hz rhythm can be recorded as a field potential.

The firing of cortical neurons significantly influences thalamic activity, since descending cortico-thalamic
afferents (Fig. 1.2B) are several times more dense than thalamo-cortical ascending ones [Rouiller and Welker,
2000]. The pyramidal neurons of the deep cortical layers (V and VI) send dense descending projections to various
subcortical structures; therefore, cortical oscillations could easily be transferred to the thalamus and other
subcortical structures [Deschénes et al., 1998].

The area of the snout and vibrissae in the Sml is capable to initiate SWD [Meeren et al., 2002], because this
cortical region in rodents is specific in respect to functional and anatomic features. The largest region of the Sml in
the rodents is occupied by perioral sensory projections, including the vibrissae (Fig. 1.4A). The area of perioral
projections in the Sml is a central part of the vibrissal trigeminal system (Fig. 1.4B). In rats and some other
rodents, vibrissae are the instrument of ‘active sensation’ that is involved in exploratory behavior (‘whisking’) and
this has a large functional significance. Whisking is characterized by rhythmic movements of vibrissae with a
frequency of 10 Hz (‘whisker twitching’, Ahissar et al., 1997). Those movements are triggered by neuronal bursts
that first appear in the vibrissal area in the Sml as a cortical thythm 7-12 Hz [Nicolelis et al., 1995] and than
spread throughout the subcortical centers of the trigeminal system (Fig. 1.2B, thalamus, brainstem) [Nicolelis et
al., 1995; Nicolelis and Fanselow, 2002]. This rhythm is blocked by cortical lesions and by local injections of
muscimol (GABA,4 agonist) into the vibrissal region of the Sml [Nicolelis and Fanselow, 2002].

In rodents, somatosensory rhythm, sleep spindles and SWD appear with the same frequencies (7-12 Hz). We
share the opinion of the group of Nicolelis that ‘7-12 Hz oscillations alone cannot lead to seizure activity. Instead,
genetic manipulations (like those resulting from successive inbreeding) are required to make epileptic activity to
emerge’ [Wiest and Nicolelis, 2003, p. 914]. Due to a genetic predisposition to absence epilepsy, WAG/Rij rats
show serious disturbances in protein and enzyme synthesis, in properties of ion channels and membrane, as well in
neurotransmission and neuromodulation [Coenen and van Luijtelaar, 2003]. Therefore, cortical excitability in
WAG/R]j rats is altered, albeit this excitability seems to be more local than it was assumed by Gloor and co-
workers, and it is accompanied by impairment of inhibitory mechanisms. Moreover, 7-12 Hz somatosensory
rhythm in WAG/Rij rats may be transformed into SWD. Microanatomy of the neocortex in WAG/Rjj rats is
somewhat abnormal. A quantitative morphometric study of Golgi-stained slices of the frontal and parietal
(somatosensory) cortex shows that the geometry of pyramidal cells in the superficial cortical layers (I-III) is
changed or even impaired [Karpova et al. 2005]. Apical dendrites of these cells are often split in two branches,
decline and run in non-perpendicular directions and an abnormal pattern of dendritic arborization is found in the
Sml in WAG/R]j rats. Disturbances in dendritic trees, a receptive part of pyramidal neurons, may cause an
impairment of communications between individual neurons. As known, pyramidal cells of superficial layers send
long-range projections to remote cortical regions, thus they may synchronize intrinsic cortical oscillations [Gray
and McCormick, 1996]. Therefore, associations between the prime epileptic zone in the perioral area in the Sml
and other cortical areas may be changed in a way that facilitates synchronization, propagation and generalization
of SWD.
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Figure 1.4. Functional representation of whiskers in rat brain A. Somatotopic organization of sensory representations area in
the cortex. A large area of facial projections in the somatosensory cortex occupied by projections from vibrissae. B.
Ascending (afferent, left plot) and descending (efferent, right plot) pathways in the trigeminal somatosensory system in rats.
Information from whiskers (afferent pathway, left plot) is delivered to the trigeminal brainstem complex (TBC) and to the
brainstem reticular formation (RF). Then it is directly sent to the ventroposteromedial thalamic nucleus (VPM) and, indirectly,
to the reticular thalamic RT [adopted from Nicolelis and Fanselow, 2002].

Rats are nocturnal animals and use their vibrissae instead of vision more readily. As known, the genetic
predisposition to absence epilepsy is higher in albino than in other rat strain such as hooded, brown and agouti rats
[Inoue et al., 1990]. The presence of the albino gene in albino rats worsens the visual abilities and poor vision
could be compensated by other sensory systems. Probably, in albino rats with predisposition to epilepsy, the
functional demands of the vibrissae system are too high and the system is overloaded. As a result, the normal
somatosensory 10 Hz rhythm may be transformed into abnormal hypersynchronous high-voltage 10 Hz SWD.
Chapter 6.1 shows that SWD in the primary epileptic zone are endowed with specific elements (fast EEG
components and polyspiking), which may be associated with the processes of initiation of SWD I. The role of the
focal epileptogenic area in the incidence of SWD is examined by local deactivation of this zone with unilateral
microinjections of lidocaine (Chapter 6.2).

Aims and outline of the thesis

The present thesis is based on the results of electroencephalographic examination of normal and paroxysmal
electrical brain activity recorded in cortex and thalamus in a genetic model of absence epilepsy (WAG/Rjj rats).
All individuals of this strain exhibit spontaneous spike-wave discharges (SWD), which are the prominent EEG
hallmarks of absence epilepsy. According to the widely accepted cortico-reticular theory [Gloor, 1969;
Kostopoulos, 2000; Meeren et al., 2005], SWD are derived from spindle oscillations. In this thesis we provide
some cons and pros to this theory, we describe and compare basic EEG properties of spindle oscillations and
SWD, we also examine thalamo-cortical mechanisms and probable generic relationship between spindle
oscillations and SWD. Spindles are classified into anterior and posterior types based on their EEG features and
topographic distribution (Chapter 2.1). Thalamo-cortical mechanisms underlying anterior and posterior sleep
spindles are presented in Chapter 2.2. Particular attention is given to the role of the thalamus in the two spindle
types, because thalamic circuits are thought to be primarily involved in sleep spindles [Spencer and Brookhart,
1961; Morin and Steriade, 1981; Steriade, 1993, 2003, 2005; Steriade and Llinas, 1988].

As known, WAG/Rij rats exhibit two types of spike-wave paroxysms - generalized SWD type I and local
occipital SWD type II [van Luijtelaar and Coenen, 1986]. The two types of SWD differ in frequency and
amplitude and also have a different pharmacological profile [Midzianovskaia et al., 2001]. SWD I are the true
absence epileptic discharges, whereas SWD II do not seem to have clinical correlates. Neuronal mechanisms of
SWD II and their relation to the generalized absence seizures remain unknown. Chapter 3 examines and compares
electrographic features of SWD I and SWD II in spatially and functionally segregated parts of the cortico-thalamic
system. Chapter 3.1 describes EEG profiles of SWD I and SWD 1I (e.g. the EEG waveforms of the two types of
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spike-wave paroxysms) as recorded in cortex and thalamus. Chapter 3.2 illustrates that SWD I and II can be
distinguished by adrenergic controlling mechanism.

It has been suggested that anterior sleep spindles are transformed into a generalized type I SWD and
posterior sleep spindles - into a local occipital type Il SWD [van Luijtelaar, 1997]. A generic relationship between
sleep spindles and SWD has been suggested based on outcomes in the feline penicillin model [Gloor, 1969;
Steriade et al. 1994; Kostopoulos, 2000], but there are some doubts about the pro-epileptogenic nature of spindle
oscillations [Pinault, 2006]. Besides sleep spindles, the rat's somatosensory system produces another
spontaneously occurring 5-9 Hz rhythm which significantly differs from spindle oscillations [Pinault et al, 2005].
These medium-voltage 5-9 Hz oscillations precede SWD in GAERS (precursors of SWD, Pinault et al, 2001;
2005]. Chapter 3.3 examines precursor activity of SWD I in WAG/R]j rats, elaborates their electrographic
features and thalamo-cortical network mechanisms. Chapter 4 tests the validity of Gloor’s theory (1969, 1978) on
the functional relation between SWD and sleep spindles. Recent investigations in animal models support an
alternative to Gloor’s point of view, namely, that SWD and sleep spindles are independent phenomena. Indeed, the
thalamus (thalamic neuronal circuits) plays a primary role in triggering sleep spindles, while processes in the
neocortex (e.g., large-scale synchronization and hyperaxatability of cortical neurons) are crucial in initiating and
sustaining SWD [Steriade and Deschénes, 1984; Steriade and Llinds, 1988; Steriade et al. 1994; Steriade, 2001;
refs in Destexhe and Sejnowski 2001]. In the rat model, a focus of SWD was detected in the somatosensory
cortical area [Meeren et al., 2002; Meeren et al., 2005] confirmed by Manning et al. (2003; 2004) and Richards et
al. (2003). Altogether this suggests that the thalamo-cortical network mechanisms of SWD and sleep spindles are
different. In order to disclose these differences (Chapter 4.1), first, EEG properties of SWD (type I and II) and
sleep spindles (anterior and posterior) are compared with the aid of EEG power spectrum analysis. Second,
thalamo-cortical network mechanisms underlying anterior sleep spindles and SWD 1 are described using power
spectrum and cross-correlation analyses. Chapter 4.2 presents a neuronal model, which simulates the waveform of
local field potentials of sleep spindle and SWD. This model is used to examine neuronal mechanisms in the cortex,
such as spatiotemporal summation of trans-membrane currents and neuronal synchronization, which are
responsible for the occurrence of sleep spindles and SWD and also for the probable transformation ‘spindles —
SWD’. A relationship between anterior sleep spindles and SWD 1 is further examined in Chapter 4.3 using
continuous wavelet transform. In all, Chapter 4 aims to disclose what processes in the thalamo-cortical network

Several modern computational techniques and advanced methods of EEG analysis are used to extract
‘hidden’ information from the EEG in order to localize the source of SWD and to anticipate the onset of ‘absences’
as early as possible (in rats, Meeren et al., 2002; Refs for human data in Mormann et al., 2007). In order to
characterize functional coupling in cortico-thalamo-cortical circuitry at the onset of SWD in Chapter 5.1, we
employ EEG coherence as a traditional frequency domain measure of linear correlations between two EEG
channels. Furthermore, in Chapter 5.2 we use linear Granger causality in order to identify the coupling strength
and directionality of information transport between frontal cortex and thalamus at the onset and at the end of SWD.

The two abovementioned theories, e.g. the Gloor’s theory [Gloor, 1969; Kostopoulos, 2000] and Meeren’s
theory [Meeren et al., 2002; Meeren et al., 2005] stress the crucial role of the cortex in absence epilepsy. Gloor’s
theory suggests that a diffuse increase of neuronal excitability in the cortex causes the gradual transformation of
thalamically generated spindle activity into SWD. Meeren’s theory suggests that a local cortical zone triggers
SWD and does not consider sleep spindles as to putative precursors of SWD. Recent studies in GAERS provided
strong evidences that SWD are preceded by the medium-voltage 5-9 Hz oscillations [Pinault et al., 2001]
produced by the somatosensory part of thalamo-cortical system and launched by the frontoparietal cortex [Pinault,
2003; Pinault et al., 2006]. The current thesis concentrates on the local cortical mechanisms of SWD type |
(Chapter 6). Chapter 6.1 demonstrates that the fast EEG components are present in the local frontal and parietal
cortical regions at the onset of SWD (type I), thus indicating enhanced processes of epileptogenesis in these
cortical areas. Chapter 6.2 shows that deactivation of the local area in the Sml affects the occurrence of SWD 1.
General Discussion (Chapter 7) describes the local and global important role cortical SWD I, thalamo-cortical
network mechanisms of SWD I and SWD II and sleep spindles. Table 1.2 sums up topic problems addressed in the
current thesis.
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Table 1.2. Thesis outlines and references to the published materials

Topic problems

(numbered issues are addressed in Chapter 7 “General discussion”) Thesis Published form

Sleep spindles
EEG analysis of sleep spindles in WAG/RIj rats. Similarities (1) Sitnikova E, van Luijtelaar G. Sleep-

1 and distinctions between anterior and posterior sleep Chapter 2.1 Wake in the Netherlands, 2003, 14, 76-
spindles. 79
Thalamo-cortical network mechanisms of anterior and (2) Sitnikova E, van Luijtelaar G. Sleep-

2 posterior sleep spindles (analyses of cross-spectrum and Chapter 2.2 Wake in the Netherlands, 2005, 16,
cross-correlations). 133-136 and 137-140

SWD
SWD in WAG/RIj rats (average EEG waveform analysis).

3 (1) The electroencephalographic profiles of SWD type | and Chaoter 3.1 (3) Sitnikova E, van Luijtelaar G.
type Il in WAG/RIj rats. (2) Correspondence between SWD P ' Epilepsia, 2007; 48(12): 2296-2311.
in WAG/RIj rats and spike-and-wave complexes in humans.

Noradrenergic control of SWD | and SWD II.

4 The influence of depletion of noradrenergic Chabter 3.2 (4) Sitnikova E, van Luijtelaar G. Brain
neurotransmission (i.p. clonidine injections) on the P ' Res Bull. 2005; 64(6): 533-540
incidence and properties of SWDs.

5 The role of the thalamus in SWD I and SWD II. chapters 31, (3) and (4)

Precursor activity of SWD | (EEG power spectrum and
coherence analyses): amplitude-frequency characteristics (5) Sitnikova E, van Luijtelaar G.
6 and thalamo-cortical network mechanisms of seizure- Chapter 3.3 ’

precursors and subsequent SWD I.

Epilepsy Res., 2008 (submitted)

Sleep spindles and SWD

Distinctions between SWD and sleep spindles disclosed
with time-frequency EEG analysis

Neuronal network mechanisms of sleep spindles and SWD.
Intracortical neuronal processes underlying occurrence of
sleep spindles and SWD (computational network modeling).

Relationship between SWD | and anterior sleep spindles:
their EEG structure disclosed with continuous wavelet
transform and further implication

Chapters 4.1,
43

Chapter 4.2

Chapter 4.3

(6) Sitnikova E, van Luijtelaar G,
Epilepsia. 2003. 44(Suppl. 8) P147. 72
(Abstract)

(8) Sargsyan A, Sitnikova E, Melkonyan
A, Mkrtchian H, van Luijtelaar G. J
Neurosci. Methods. 2007; 164(1): 161-
176

(7) Sitnikova E, Hramov A, Koronovsky
A, van Luijtelaar G, J Neurosci. Methods
2008

(submitted)

Cortical and thalamic network mechanisms of SWD (type I)

10

Cortico-cortical and cortico-thalamic network
synchronization at the onset of SWD (analysis of EEG
coherence)

The local and global role of the somatosensory cortex in the

Chapter 5.1

Chapters 6.1,

(9) Sitnikova E. van Luijtelaar G.,
Epilepsy Res. 2006; 71(2-3): 159-180

(3)
(10) van Luijtelaar G, Sitnikova E.
Neurosci Biobehav Rev. 2006; 30(7):

M initiation of SWD | 6.2 983-1003. (Review paper)
(11) Sitnikova, van Luijtelaar. Brain Res.
2004; 1012(1-2): 127-137
Interactions between thalamus and cortex during SWD Chapter 5.2 (12) Sitnikova E, Dikanev T, Smirnov D,
1o (type 1) examined with traditional methods (cross- (Chap tors Bezruchko B, van Luijtelaar G. J
correlation, grand average EEG, coherence) and novel p Neurosci. Methods 2008; 170(2): 245-
. . 41,3.1,51) 254:
approach (Granger causality for causal relations) ’
13 Methodological considerations and technical questions Chapter 7
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WAG/Rij rats
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ABSTRACT

The present Chapter describes the time-frequency characteristics of anterior and posterior sleep spindles as
recorded during non-REM sleep in WAG/Rij rats. Anterior sleep spindles (frequency about 11 Hz) were expressed
in the frontal EEG and posterior sleep spindles (frequency about 10 Hz) in the occipital EEG. In the cortex, the
amplitude of anterior spindles was higher than those in posterior spindles. The same amplitude difference was
found in the thalamus, i.e., in the ventroposteromedial nucleus (VPM) and, to a lesser extent, in the reticular
thalamic nucleus (RTN). The power spectrum of thalamic sleep spindle activity revealed a relatively high
contribution of theta. As compared to pre-spindle background EEG, anterior sleep spindles showed more power in
delta-theta-alpha bands in the cortex and more alpha activity in the thalamus; posterior sleep spindles had more
alpha activity in the occipital cortex and less delta activity in the thalamus.

Analysis of thalamo-cortical associations was performed in the frequency domain (cross-spectrum) and in
the time domain (cross-correlation). A strong functional coupling between the frontal cortex, the VPM and the
RTN was found during anterior sleep spindles. A cross spectrum analysis demonstrated strong intracortical and
intrathalamic associations in the frequencies of 2-3 Hz, 8-10 Hz and 11-12 Hz, but thalamo-cortical associations
were restricted to 11 Hz. During posterior spindles, limited associations were found in intracortical and
intrathalamic EEG pairs (centered at 9-10 Hz), whereas the RTN and the occipital cortex were associated in the
non-spindle frequency of 7-8 Hz. The following conclusions were drawn: (1) in comparison to the pre-spindle
EEG, both spindle types displayed higher alpha activity in the characteristic cortical areas; (2) the quantitative and
qualitative power spectrum parameters of anterior and posterior sleep spindles differ in the cortex and also in the
thalamus;(3) the source of distinction between the two spindle types might lie in the RTN.

In general, it is found that anterior and posterior sleep spindles differ in respect to thalamo-cortical
interactions, suggesting that the two spindle types are generated in different oscillatory networks and distributed
over different cortical areas. Altogether this results in a characteristic topography of sleep spindles.

’ Adapted after:

Sitnikova E., van Luijtelaar G. Anterior and posterior sleep spindles in rats: a spectral analytical approach. Sleep-Wake research in the
Netherlands, 2003; 14: 76-79.

Sitnikova E., van Luijtelaar G. Thalamic and cortical correlates of sleep spindles in rats. Sleep-Wake research in the Netherlands, 2005; 16:
137-140.

Sitnikova E, van Luijtelaar G. Evolution of anterior and posterior sleep spindles in rats. Sleep-Wake research in the Netherlands, 2005; 16,
133-136.

Sitnikova E., van Luijtelaar G. Thalamo-cortical mechanisms of various types of sleep spindles in rats. Int. J. Psychophysiol.; 2004, 54(1-2):
169 (Abstracts of the 12-th Word Congress of Psychophysiology, Porto Carras, Greece, September 18-23, 2004).



Chapter 2

INTRODUCTION

Sleep spindles are a heterogeneous group of EEG oscillations, which show remarkable differences in
frequency, in time-evolution, in reaction to drugs and in occurrence in the circadian phase. Gibbs and Gibbs (1950)
were the first who mentioned a specific spatial distribution of sleep spindles over the cortex. More recently,
McCormick et al. (1997) elaborated the topography of visually scored sleep spindles in healthy humans and
demonstrated a maximal spindle amplitude in central EEG leads. A power density of the non-REM sleep EEG in
the frequencies of sleep spindles showed two distinct peaks at 12.0 and 14.0 Hz [Jobert et al., 1992] or at 11.5 and
13.0 Hz [Werth et al., 1997]. The first peak (~ 12 Hz) was localized in the frontal area and the second peak (~14
Hz) in the central and occipital regions [Jankel and Niedermeyer, 1985; Jobert et al., 1992; Werth et al., 1997;
Zygierewicz et al., 1999; Anderer et al., 2001]. Based on this information, sleep spindles were divided in two
types, i.e., frontal and centro-parietal sleep spindles. In animals, the topographical distribution of sleep spindles has
not been studied in such details as in humans, because of the limited number of EEG channels available in animals
and of the insufficiency of EEG mapping techniques. The topography of sleep spindles in rats has only been
studied by the group of Gottesmann [Terrier and Gottesmann, 1978; Gandolfo et al., 1985] as well as in cats by
Destexhe and Sejnowski (2001) and by Steriade (2003). It seems likely that basic mechanisms of sleep spindles in
humans and animals are principally the same, but a comparison based on topographical distributions of sleep
spindles in animals is lacking. Indeed, in Wistar rats anterior sleep spindles are most intensive in the primary
motor cortex (Krieg’s area 4, 6, 10), while posterior sleep spindles predominantly occur in the associative (visual)
area 18a [Terrier and Gottesmann, 1978; Gandolfo et al., 1985]. Anterior and posterior sleep spindles were
described in outbred Wistar and in WAG/Rij rats [Gandolfo et al., 1985; van Luijtelaar, 1997]. Kandel and
Buzsaki (1997) also mentioned that ‘sleep spindles are more restricted spatially and can occur in isolation in
various cortical areas’ (p. 6789). However, these authors did not perform a systematic analysis of EEG
topography of spindle activity.

One of the most widespread and trusted method of EEG analysis in the frequency domain is power spectrum
estimation using a standard Fast Fourier Transform (FFT). Power spectrum analysis has been used in clinical EEG
research, for instance, for the study of topographic differences of sleep spindles in the frequency domain of the
human EEG [e.g., Jobert et al., 1992; Werth et al., 1997]. In Chapter 2.1 an FFT was used in order to examine the
EEG properties of the two types of (anterior and posterior) spindles in WAG/R]j rats. In the present analysis, sleep
spindles were identified visually, because the EEG morphology of spindles is best perceived by visual analysis.
Visual detection of sleep spindles is widely used in practice. Furthermore, in Chapter 4.2, the recognition of sleep
spindle is computerized with the aid of the continuous wavelet transform.

Sleep spindles are generated by a thalamo-cortical network that involve neurons in the reticular thalamic
nucleus, thalamo-cortical cells in the relay thalamic nuclei and cortical cells (see Chapter 1.2, Fig. 1.2). GABA-
ergic neurons of the RTN are known to be primarily involved in the generation of spindle sequences acting as a
pacemaker cells [Steriade et al., 1993; Steriade and Llinas, 1988; refs in Destexhe and Sejnowski, 2001; Steriade,
2003]. The question arises weather the RTN plays the same role in anterior and posterior sleep spindles. Here, the
electrical activity in the cortex and in the specific thalamus (the ventroposteromedial nucleus of thalamus, VPM)
and the RTN was examined and compared during the two spindle types.

Investigators of sleep spindles in animals and in humans use different approaches and their results cannot be
easily compared. Animal studies are directed towards neuronal mechanisms of sleep spindles (such as membrane
and channel properties, electrical current in neuronal networks), while studies in humans often use brain imaging
techniques, such as scalp EEG recordings and MEG, and localize electrical sources of spindle activity. However,
they tend to disregard subcortical neuronal sources of sleep spindles [Anderer et al., 2001; Ishii et al., 2003; Shih et
al., 2000]. There is only one unique source localization study in human EEG in which two discrete sources in the
thalamus were found to be responsible for two spindle types [Ueda et al., 2000]. However, no further
investigations were performed in order to confirm and disprove these results. It is still questioned whether two
local spindle types have a common source (most likely in the thalamus), or whether they have separate sources.

As known, there are only sparse anatomic and functional connections between anterior and posterior areas of
the cortex. Probably, each cortical area sustains a specific type of sleep spindles, so that EEG properties of local
spindles of differential locations may be slightly different. The present Chapter examines EEG properties of
anterior and posterior sleep spindles at the cortical and thalamic level (VPM and RTN), whereas Chapter 2.2
examines the relationship between cortical and thalamic counterparts during anterior and posterior sleep spindles
with a cross-spectrum analysis.

It is known that different parts of the specific thalamus send terminals to different cortical areas, which
implies the existence of functionally independent thalamo-cortical circuits. These circuits may produce local sleep
spindles with different features. For instance, in Wistar rats, anterior sleep spindles are localized in the
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somatosensory and motor cortex [Terrier and Gottesmann, 1978], and these areas are known to receive dense
projections form the ventrobasal complex of the thalamus [Kolb, 1990], while posterior sleep spindles are present
in the occipital visual cortex [Terrier and Gottesmann, 1978], which is related to the lateral geniculate nucleus. In
the current thesis attention is paid to the VPM, since this nucleus densely innervates frontal and parietal areas of
the neocortex and might be particularly involved in the generation of anterior sleep spindles. The VPM does not
have direct projections to the occipital cortex, therefore, it is not expected that the VPM will be involved in
posterior sleep spindles. In this Chapter the role of the RTN and VPM in both spindle types is investigated, firstly,
by measuring the amplitude of electrical activity; secondly, by means of power spectrum analysis of the thalamic
and cortical activity; and, thirdly, by the analysis of cross-correlations between cortex, VPM and RTN. It is also
hypothesized that the occurrence of each spindle types is associated with specific frequency modulation of the
background EEG. In Chapter 2.1 changes in EEG power over delta, theta and alpha bands that accompany the
transition towards either anterior or posterior sleep spindles, are defined.

METHODS

Animals

Experiments were performed on nine male 11-12 months old WAG/Rij rats (body weigh 320-360 g).
Animals were born and raised in the laboratory of the Department of Biological Psychology of the Radboud
University Nijmegen. Rats were kept in pairs in standard cages with food and water available ad /libitum and
maintained on a 12-12h light-dark cycle (white light on at 18:00). After surgery, housing conditions were the same
except that rats were housed individually. Distress and suffering of animals were minimal. The experiments were
conducted in accordance with the regulation of animal experimentation in the Netherlands and were approved by
the Ethical Committee on Animal Experimentation of the Radboud University Nijmegen (RU-DEC).

Surgery procedure and histological control

Rats were chronically implanted with six still stainless electrodes for monopolar recordings (two sets of
tripolar electrodes Plastic One Inc. Roanoke, VI, USA: MS 333/2A, diameter 0.125 mm). Two epidural electrodes
were located over the frontal (AP 2; L 2.5) and occipital (AP -7; L 6) cortical areas (Krieg’s areas 6 and 18A in
which anterior and posterior spindle occur with the highest probability [Terrier and Gottesmann, 1978]). Two
depth electrodes were implanted in the ventroposteromedial nucleus of thalamus (VPM, AP -3.5; L 2.5; H 7.2)
and in the rostral pole of the reticular thalamic nucleus (RTN, AP —1.5; L 2.2; H 7.2). The remaining two
electrodes were placed symmetrically over both sides of the cerebellum and used as ground and reference
electrodes. All coordinates are given in mm relative to bregma [Paxinos and Watson, 1986].

Surgery was performed under isoflurane anesthesia, while body temperature was monitored and maintained
at 37°C with a heating pad. For post-surgery analgesia rats received a 0.1 mg/kg i.m. injection of 0.324 mg/ml
buprenorfinehydrochloride (Temgesic®, Reckitt & Colman Products Ltd., Kingston-Upon Hull, UK). After that,
animals were allowed to recover for at least 10 days.

Post mortem histological control was performed to verify the positioning of depth electrodes. Rats were
deeply anesthetized with an overdose of sodium pentobarbital (Nembutal, 60 mg/kg i.p.) and small electrolytic
lesions were made through the recording electrodes (DC current 10 pA, 10 sec). Next, animals were intracardially
perfused with 0,9% NacCl followed by 4% paraformaldehyde (pH=7.3). Then, brains were removed, kept in the
same fixative for 24 hours and transferred into 30% buffered sucrose. Serial coronal sections 60 um were cut in a
cryostat at — 20° C and stained with 0.1% cresyl violet. Location of electrodes was established referring to Paxinos
and Watson atlas of the rat brain (1986).

EEG recording

The EEG was recorded in freely moving rats in a noise-isolated Faraday cage during 5-7 hours in the dark
period of the light-dark cycle. Rats were habituated to the recording procedure and to Plexiglas recording cages
(25 cm X 30 cm width, 35 cm high) for two hours. Recording session started the next day. Animals returned to the
same cages and recordings of the EEG were made simultaneously with behavioral observations.

EEG signals were fed into a multi-channel differential amplifier via a swivel contact, band-pass filtered
between 1-500 Hz, digitized with 1024 samples/second/per channel (Data Acquisition Hardware and Software,
DATAAQ Instruments, Inc., Akron, OH) and stored on hard disk.

EEG pattern identification

Sleep spindles were selected in the EEG during slow-wave sleep (intermediate stage of sleep was not
included). Sleep spindles were identified visually during non-REM sleep using formal criteria [IFSECN, 1974;
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Steriade et al., 1993]. To put more accuracy in spindle detection, raw cortical EEGs were additionally 5-15 Hz
band-pass filtered, which was recommended by Schimicek et al. (1980). Sleep spindles were recognized as having
a regularly shaped sinusoidal form with a spindle-like envelope and a minimal duration of 500 msec. The
amplitude of sleep spindles exceeded the background of more than two times (Fig. 2.1). We evaded generalized
sleep spindles, i.e., those that appeared simultaneously in the frontal and occipital EEG, and only focused on local
sleep spindles. Anterior sleep spindles were present on the frontal EEG, but not in the occipital EEG. Oppositely,
posterior sleep spindles were only present only in the occipital EEG. All local sleep spindles were marked in the
full-length EEG and 30-70 representatives of each spindle type in each animal were used for statistical analysis.

EEG analysis

Data analysis was performed on 700 ms epochs with anterior sleep spindles, and on 500 ms epochs with
posterior spindles. The chosen epoch lengths correspond to the mean duration of each spindle type (Table 1). 700-
ms epochs that precede spindle activity (pre-spindle EEG) starting on 1.4 sec before spindle onset were selected as
the (non-oscillatory) background EEG (40 samples per animal).

Hanning windowed Fast Fourier Transform (FFT) with 0.25 Hz resolution was used to compare the EEG
frequency profile of anterior sleep spindles, posterior sleep spindles and the pre-spindle EEG. Power spectra were
averaged per channel, per spindle type and per animal. The power spectra were computed for all recording sites
using the full spectrum, Pry(w). A power spectrum was defined as the square modulus of FFT with a complex
conjunction between the real and imaginary parts of FFT function [Challis and Kitney, 1991].

Pri(®) = F(o) * F(o) =] F(w)|? where F(o) is the Fourier transform; o - discrete frequencies and * -
complex conjunction.

The following quantitative parameters were measured in the power spectrum of sleep spindles: (i) peak
frequency, i.e., mean frequency of each spindle type at its proper cortical area, (ii) total EEG power in the cortex
and in the thalamus, (iii) EEG power in the frontal and occipital cortex in the selected frequency bands: 1-4.5 Hz
(delta), 7.5-9 Hz (theta), 9-12 Hz (alpha was also divided in two sub-bands 9-10.5 Hz alphay., and 10.75-12 Hz —
alphaig).

The waveforms of the power spectra in different EEG channels were compared after eliminating amplitude
differences between frontal, occipital and thalamic channels. EEG power was normalized by the maximum
amplitude value at each spectrum.

In order to assess the linear synchronization between two EEG channels in the frequency domain, we
computed a cross-spectrum (a normalized version of cross-spectrum is the ordinary coherence). A cross-spectrum
measures a correspondence between power densities in the selected EEG channels [Bronzino, 1984; Lopes da
Silva et al., 1986],

CScht,cn2(®) = = Peompicnt,i (®) X Peompr chz,i (®) where CSgni cho(®) is the cross-spectrum between selected
channels (chl and ch2); Peompicnti (©) and Peompr on2,i are the complex power spectra of selected channels; i is the
number of individual sleep spindle; o are discrete frequencies.

The cross-spectra (uV?) were computed in six electrode pairs: fronto-occipital (intracortical), VPM-RTN
(intrathalamic) and in four possible cortico-thalamic pairs. Cross-spectrograms were further analyzed for the
presence of peaks in the frequency domain. Also the absolute amplitudes of cross-spectral densities were analyzed.
These numerical data were used to describe frequency-specific strength of coupling between the chosen EEG
channels.

A cross-correlation function was used to measure the linear correlation between two signals as a function of
their time delay [e.g., Quian Quiroga et al., 2000; Pereda et al., 2005]. This function ranges from -1 (complete
linear inverse correlation) to +1 (complete linear direct correlation). If x(2) and y(?) are normalized signals with
zero mean and unit variance, their cross-correlation function is:

C.,(1)= N; Z x(k+7)y(k) where N is the total number of data points (the size of time window) and t
’ -7
is the time lag between the signals. We examined cross-correlations in fronto-occipital (intracortical), VPM-RTN
(intrathalamic) and in four cortico-thalamic pairs. Examples of the cross-correlation functions are shown in Fig.
2.9A. We will come back to cross-correlation analysis in Chapter 4.1, in which in particular Fig. 4.5 presents an
average cross-correlation function for anterior spindles and for the waking EEG.

EEG analysis was performed with Brain Vision Analyser, © BrainProducts GmbH.

Statistical analysis

The results are expressed as mean = SD. Analysis of variance (ANOVA) was used to analyze the distribution of
EEG power density (= spectral power) with two factors: ‘spindle-types’ and ‘frequency band’. Fisher LSD test was
used for post-hoc analysis. General parameters of sleep spindles (e.g., duration, mean frequency, total amplitude)
were compared using paired t-tests. In all cases, the level of significance was p < 0.05.
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RESULTS

Local amplitude-frequency parameters of anterior and posterior sleep spindles: frequency
domain (Fourier) analysis

General EEG characteristics of sleep spindles

Anterior sleep spindles were identified in the frontal EEG, but only when concomitant spindle activity was
absent in the occipital EEG. Similarly, posterior sleep spindles were identified in the occipital EEG (Fig. 2.1) in
cases when anterior spindling was absent.

Histological examination showed that in five out of nine rats one depth electrode was placed in the RTN,
while in eight out of nine rats the second electrode was positioned in the VPM. EEG data from animals with
misplaced electrodes were excluded. Cortical spindle activity (both anterior and posterior spindles) was rarely
accompanied by spindle-like counterparts in the thalamus (Fig. 2.1). Both spindle types were preceded by virtually
the same pre-spindle activity. No differences in EEG power spectrum were found immediately prior to anterior and
posterior spindles. Therefore, we combined pre-spindle epochs of both spindle types and used them as a common
‘background’ activity for forthcoming spindles.

anterior spindles posterior spindles
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Figure 2.1. Two types of sleep spindles as recorded in WAG/Rij rat (male, six months old). Anterior and posterior spindles are
indicated by circles. Anterior spindles are present in the frontal EEG channel (Fr) and posterior spindles in the occipital
channel (Oc). Spindle oscillations are either present or absent in the thalamus (VPM — ventroposteromedial thalamic nucleus;
RTN - reticular thalamic nucleus).
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Anterior sleep spindles are distinguished from posterior spindles by a lower frequency and a longer duration
(Table 2.1). Besides, anterior sleep spindles appeared more frequently than posterior spindles.

Table 2.1. Basic quantitative parameters of sleep spindles (mean + S.D., n=9 rats)

Total number Duration, Frequency, Total EEG power, uV’
of events sec Hz frontal cortex occipital cortex
anterior spindles 445 0.68 £ 0.08 11.14 £ 1.02 11.3+1.7 42+0.6
posterior spindles 313 0.59 +0.07" 10.16 £ 0.88 * 73+16* 86+21*

*  significant differences between anterior and posterior sleep spindles, paired t-test, p<0.05.

Qualitative EEG power spectrum analysis

The power spectrum of anterior sleep spindles as recorded in the frontal cortex displayed an elevation
between 9 - 13 Hz (peak ~ 11 Hz, Fig. 2.2A). Power spectra of posterior spindles and pre-spindle EEG of the
frontal EEG were very congruent; both of them were flat and showed a gradual downward slope. In the occipital
cortex, posterior sleep spindles showed an elevation in the alpha frequencies (8-12 Hz) and a protruded peak in ~
10 Hz (Fig. 2.2B), but power spectra of anterior spindles and pre-spindle EEG were virtually identical.

In contrast to what was found in the cortex (Fig. 2.2A,B), the power spectrum of sleep spindles in the
thalamus (Fig. 2.3C) revealed moderate power in the alpha range, whereas the power in delta band was high.,
Power spectra of sleep spindles (both anterior and posterior) in the VPM was similar to that in the RTN.
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Figure 2.2. Power spectra of sleep spindles and background EEG immediately prior to spindles (pre-spindle EEG) as
measured in the cortex (A-B, mean + S.D.) and in the thalamus (C, mean + S.E.).
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Figure 2.3. Power spectrum of anterior and posterior sleep spindles as measured in the specific areas of the neocortex and in
the thalamus. The VPM — the ventroposteromedial thalamic nucleus, (dmVPM, n=3 rats; vVPM n=4 rats and RTN - the

reticular thalamic nucleus, n=5 rats). Posterior sleep spindles in the thalamus had a spectral peak ~ 11 Hz, in the occipital
cortex it was ~ 10 Hz. Both spindle types showed high theta activity in the thalamus.

More accurate revision of electrode positions in the VPM revealed a fine difference across subjects. In five
out of eight rats, this electrode was implanted in the ventral part of the VPM (vVPM), and three others in the
dorsomedial part (dmVPM). Two spindle types were distinguished by slightly different power spectra in the
dmVPM and vVPM (Fig 2.3A). The ~ 11 Hz spectral peak typical for posterior sleep spindles, was present in the
vVPM, but was less clear in the dmVPM. Both spindles types had relatively high theta activity in the thalamus as
compared to the cortex (Fig 2.2 and 2.3).

Quantitative analysis of EEG power spectrum

The total EEG power of the anterior spindles in the frontal EEG was significantly higher compared to the
power of the posterior spindles and, vice versa, in the occipital EEG, posterior spindles displayed higher total
power than anterior spindles (details of ANOVA and post-hoc tests are indicated in Fig. 2.4). It is interesting that
the total power of sleep spindles as measured in the non-specific cortical areas, i.e., the frontal cortex for posterior
spindles and the occipital cortex for anterior spindles, was the same and it did not differ from the power measured
during pre-spindle periods. No significant differences were found between the total power of sleep spindles (both
types) and pre-spindle epochs in the thalamus, yet these spindle oscillations showed a strong tendency for having a
higher power (especially in the VPM).
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Figure 2.4. Total EEG power of sleep spindles and pre-spindle background EEG (mean =+ SD), as measured in the thalamus
(VPM - the ventroposteromedial thalamic nucleus; the RTN — the reticular thalamic nucleus) and the cortex.
ANOVA, * - significant differences, post-hoc Fisher test.
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Figure 2.5. Power density in the specific frequency bands in two spindle types and in pre-spindle EEG, as measured in the
cortex and the thalamus (mean = SD). Abbreviations are similar to Fig. 2.4.
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In order to examine changes in EEG power that accompany the occurrence of sleep spindles, the power
density in the selected frequency bands in pre-spindle epochs and both spindle types was measured and compared
(Fig. 2.5). The outcomes of the ANOVA showed that, in each EEG location, two spindle types and pre-spindle
epochs showed different distributions of EEG power in the following bands: delta, theta, alphay,, (9-10.5 Hz) and
alphayg, (10.75-12 Hz). The most significant differences were found in the thalamus (VPM) and in the frontal
cortex, but were moderate in the occipital cortex.

Anterior sleep spindles in the frontal cortex (Fig. 2.5A, left graph) showed significantly higher power in
alphay,,, and alphay,;g, sub-bands as compared to posterior sleep spindles and to pre-spindles epochs. No differences
were found between posterior spindles and pre-spindles epochs. The power in theta band in all investigated
phenomena was the same, but the power in delta band in the posterior sleep spindles was higher than in the
anterior spindles and in the pre-spindles epochs. In the occipital cortex, no significant differences were found
between anterior spindles and pre-spindle EEG.

Posterior sleep spindles in the occipital cortex (Fig. 2.5A, right graph) were distinguished from anterior
spindles and pre-spindle epochs by having higher power in the alphay,, (9-10.5 Hz) and lower power in the delta
frequencies.

In the thalamus as recorded in the VPM, the power spectra of anterior sleep spindles (but not posterior
spindles) were significantly distinguished from pre-spindle epochs. The occurrence of anterior sleep spindles in the
VPM was accompanied by an increase of power in delta, theta and alphay,,, bands, and the same tendencies were
found in the RTN. The power density of posterior spindles in both thalamic nuclei (VPM and RTN) could not be
distinguished from pre-spindle EEG.

In Fig. 2.6 we consider the pre-spindle EEG as a common background from which the two spindle types are
to emerge. According to our analysis, changes in power band content in transition from pre-spindle to anterior
spindle activity were different in frontal cortex and the thalamus; both thalamic nuclei (VPM and RTN) displayed
an increase of delta, but the frontal cortex expressed higher power in spindle-specific alpha band
(alphaj,+alphayg,). Both frontal cortex and the VPM showed an elevation in alphay,,, (9-10.5 Hz). Posterior sleep
spindles were not accompanied by quantitative changes in the thalamus, being localized in the occipital cortex,
these spindles showed a decrease in delta and increase in alpha,,,, (9-10.5 Hz).

Altogether this suggests that WAG/Rij rats have two types of local ‘area-specific’ sleep spindles: anterior
spindles with a frequency of 11.1 Hz in the frontal, and posterior spindles in the occipital cortical areas with a
frequency of 10.1 Hz. Although both types of sleep spindles showed higher power in alpha band as compared to
pre-spindle epochs, anterior spindles were accompanied by a broader increase in power densities in the VPM
(deltattheta+alphay,,), in the RTN (delta) and in the frontal cortex (alphaj,talphayg,), but posterior spindles
were characterized by an increase in alphay,, in the occipital cortex with a limited thalamic contribution. During
both spindle types, thalamic counterparts show substantial delta and theta components. The dorsomedial part of
the VPM shows more theta, especially during anterior sleep spindles, while the ventral part (vVPM) shows more
alpha, especially at the presence of posterior sleep spindles.
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Figure 2.6. Summary of data from Fig 2.5 illustrating the dynamic changes in specific frequency bands: delta (1-4 Hz), theta
(7.5-9 Hz), alphay,,, ( 9-10.5 Hz) and alphay,,, (10.75-12 Hz). Pre-spindle EEG (a common background for both spindle
types) is shown in the bottom. A large empty arrow pointing to the left upper corner indicates transformation pre-spindle ->
anterior spindles. The symmetric arrow towards the right upper corner indicates the transformation pre-spindle -> posterior
spindles. The upper part of the graph (the white rectangular) highlights differences between spindle types.
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Thalamo-cortical mechanisms of anterior and posterior sleep spindles
Analysis of cross-spectrum

A cross-spectrum function was computed in order to characterize the strength of synchronization between
different parts of the thalamo-cortical circuitry during anterior and posterior sleep spindles. The cross-spectrum is
a measure of similarity between power densities of two signals, while the normalized version of cross-spectrum
represents the ordinary coherence.
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Figure 2.7. Cross power spectra between cortical (frontal and occipital) and thalamic (the VPM — the ventroposteromedial
thalamic nucleus and the RTN - the reticular thalamic nucleus) electrodes, mean + S.E.M.

The averaged cross-spectra were computed in six electrode pairs: fronto-occipital (intracortical), VPM-RTN
(intrathalamic) and in the four possible cortico-thalamic pairs (Fig. 2.7). Cross-spectra of anterior spindles between
two cortical and two thalamic pairs (black lines in Fig. 2.7A,B) showed a double peak in alpha frequencies (8-9
Hz and 11-12 Hz) and high delfa activity. Cross-spectra of the fronto-thalamic pairs showed a relatively small 8
Hz peak and a high-amplitude 11-12 Hz peak, in contrast to the cross-spectra of the occipito-thalamic pairs, which
showed a 6-7 Hz peak (black lines in Fig. 2.7C).

The cross spectra between two cortical and two thalamic pairs during posterior sleep spindles (gray lines in
Fig. 2.7A, B) showed an alpha peak around 9-10 Hz. Among different cortico-thalamic pairs, the cross-spectrum
of ‘occipital cortex - VPM’ was somewhat peculiar: it revealed two relatively large peaks with a frequency of 7
and 10 Hz. The cross-spectrum characterizing the associations between occipital cortex and RTN, had a prominent
8 Hz peak. Cross spectra in fronto-thalamic pairs were smooth and low-amplitude (gray lines in Fig. 2.7C), which
suggested a low association strength between these channels and which also suggested that fronto-thalamic
associations did not play a role in posterior spindles.

Figure 2.8 summaries the results of cross-spectral analysis. It shows that anterior sleep spindles are
characterized by strong associations in 8.2-8.5 Hz and 11-12 Hz between the frontal cortex, the VPM and the
RTN. The presence of 11-12 Hz peaks in cross-spectra ‘“VPM-RTN’ suggests that the generation of spindle rhythm
requires strong coupling between these structures. It is intriguing that anterior spindles showed additional peak
associations in the thalamus in the 2-3 Hz. Posterior sleep spindles had narrow-band associations restricted to the
mean frequency of the posterior sleep spindles (~10 Hz). Power of cross-spectrum in the pair ‘occipital cortex -
RTN’ was low with a peak centered in non-spindle frequency, e.g., 7.8 Hz. Although the RTN is integrated into
the thalamo-cortical loop for the production of posterior sleep spindles, its integration is relatively weak and rather
peculiar (the occurrence of 7.8 Hz peak in ‘occipital-RTN’ cross-spectrum).
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Figure 2.8. Frequency-specific characteristics of functional coupling in the thalamo-cortical circuit during anterior and
posterior sleep spindles as defined with cross-spectrum analysis. Black numbers at the connecting lines are the central
frequencies of associations (peak frequencies in corresponding cross-spectra, Hz), while the line thickness is proportional to
peak power density, uV2. Total EEG power in each area is shown in gray squares, pV>.

To generalize, anterior and posterior sleep spindles showed different association patterns between frontal
and occipital cortical areas and the thalamus. The thalamo-cortical oscillatory network comprises several (local)
circuits and each circuit could produce characteristic type of sleep spindles, which are projected to different
cortical areas, resulting in topographical differences of sleep spindles as measured in the cortex. Anterior sleep
spindles could be produced in a strongly coupled neuronal network comprising the [RTN] - [VPM] - [frontal
cortex]. However, in posterior sleep spindles, functional coupling between the (occipital) cortex and the thalamus
(VPM and RTN) is relatively weak. Although the RTN associates with the VPM, it has only weak associations
with the occipital cortex in non-spindle frequencies. Therefore a role of the RTN in posterior sleep spindles
remains obscure.

Analysis of cross-correlations

Analysis of cross-correlations was performed on the same data set as used for cross-spectral analysis.
Anterior and posterior sleep spindles were compared with each other and with the EEG episodes during passive
wakefulness.

During passive wakefulness, coefficients of cortico-thalamic cross-correlation, C,,, were high and positive,
suggesting a strong in-phase synchronization between the frontal cortex and the thalamus, e.g a direct information
flow from the thalamus to the cortex. Frontal cortex constantly lagged both thalamic nuclei with time delay (t) 1-3
msec and occipital cortex - with T = 15-25 msec.

The overall pattern of cross-correlation in sleep spindles remarkably differed from that of the waking EEG
Cortico-thalamic cross-correlations in both spindle types were complex and comprised three phases, positive-.
negative-positive. The negative cross-correlations, which appeared with minimal time delay (t = 3-5 msec), were
weak, suggesting out-of-phase (inverse) associations, while two positive peaks (t ~ -28 and +32 msec) were
relatively strong (Fig.2.9B), suggesting a strong backward information flow from the cortex to the thalamus
(probably, cortico-thalamic feedback).

Cross-correlations between the cortex and two parts of the VPM (vVPM and dmVPM) were distinguished,
especially during posterior spindles: (1) no significant cross-correlations were found between the cortex (both
frontal and occipital) and the vVPM, (2) cross-correlations ‘frontal cortex — dmVPM’ were characterized by
significantly different t (53 msec) as compared to that in anterior spindles (43 msec). Altogether this suggests a
different functional contribution vVPM and dmVPM in the two spindle types: both the vVPM and dmVPM are
involved in the anterior spindles, but only the dmVPM in posterior spindles.

This all means that straightforward relationships thalamus—cortex, which are predominant during
wakefulness, seems to be reversed during sleep spindles (Fig.2.9C). In both spindle types, the cortex intensively
communicates with the thalamus (cortico-thalamic feedback associations). Cortico-thalamic associations during
anterior spindles involve both ventral and dorsomedial parts of the VPM as well as the RTN; they are more
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widespread as compared to the more narrow cortico-thalamic associations during posterior spindles (those are
centered in the dorsomedial VPM and the RTN).
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Figure 2.9. Application of cross-correlation analysis for examining cortico-thalamic associations during two types of sleep
spindles in WAG/Rij rats. A. Examples of cross-correlation functions. B. Averaged cross-correlation functions. Note that in
waking state cross-correlations are direct (C,,>0), but in both spindle types, intracortical and intrathalamic cross-correlations
are direct (C,,>0), but cortico-thalamic cross-correlations are inversed (Cy,<0). C. Average peak values of cortico-thalamic
cross-correlations during anterior and posterior spindles. The most substantial differences between two spindle types are found
between frontal cortex and thalamus (in anterior spindles C, <0, but in posterior spindles C, ,>0).

In Fig. 2.10 it is summarized that cross-correlations during anterior sleep spindles are detected between
RTN—(vVPM+dmVPM)-frontal cortex, and during posterior spindles between the RTN-dmVPM-
(occipital+frontal cortices). Noteworthy is that during anterior spindles, both the dmVPM and vVPM associates
with the frontal cortex, while during posterior spindles only the dorsomedial part of the VPM associates with the
occipital cortex. It seems that anterior and posterior sleep spindles are not equally propagated over the VPM:
anterior spindles may occupy both the dorsomedial and ventral poles of the VPM, whereas the posterior sleep
spindles more readily appear in the dorsomedial pole. Also in posterior sleep spindles, the spectral peak in the
dmVPM is higher than in the vVPM. These two observations suggest that the dmVPM is preferably involved in
the propagation of both type sleep spindles, while vVPM is only involved in anterior sleep spindles.

The RTN demonstrates strong associations with the cortex during anterior and posterior sleep spindles.
Although the frequency profile of associations ‘occipital cortex — RTN’ is peculiar (cross-spectrum analysis
revealed a peak in non-spindle frequency, 7.5-8 Hz, Figs. 2.7 and 2.8), the RTN might still be involved in the
sustaining and propagating of posterior sleep spindles. Altogether, (1) the overall pattern of associations between
the cortex and the RTN differs in two spindle types; (2) functional coupling in thalamo-cortical system during
anterior sleep spindles is stronger than during posterior spindles.
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Figure 2.10. Summary of cross-correlation analysis illustrating thalamo-cortical network associations during two types of
sleep spindles. Arrows interconnect those structures in which |C,/>0.05 and arrow’s tip is directed towards the lagging
structure (t>0)

In summary, local cortical sleep oscillations, anterior and posterior sleep spindles, are characterized by
different associations across the thalamo-cortical neuronal network. In anterior sleep spindles, the frontal cortex
associates with the relay thalamic nucleus (VPM) and with the RTN with peak frequencies in 2-3 Hz, 8-10 Hz and
11-12 Hz. In posterior spindles, network associations are relatively weak: occipital cortex associates with the VPM
(dorsomedial part) in frequencies of 9-10 Hz. The RTN strongly associates with the VPM, but weakly with the
occipital cortex (in frequencies of 7-8 Hz). A role of the RTN in posterior sleep spindles seems obscure. We found
that associations between the RTN with the cortex differ in two spindle types. Therefore, the RTN may control
propagation of spindle sequences over the cortex and underlie topographic distinctions between anterior and
posterior spindles in the cortex. A key role of the RTN in initiation of sleep spindle activity is well known, and our
study adds that the RTN may, probably indirectly, also control propagation of sleep spindles and their distribution
over the cortex.

DISCUSSION

The present study confirms that WAG/Rij rats have two types of local spindle oscillations, anterior and
posterior sleep spindles. Anterior sleep spindles are present in the frontal cortex with a mean frequency of 11 Hz,
whereas posterior spindles are restricted to the occipital cortex and are slower (10 Hz). Besides that, posterior
spindles have lower amplitude than anterior ones. In the cortical site, where each spindle type has been specified
(specific area), the power EEG spectrum shows high-amplitude alpha activity and a sharp peak around the mean
frequency, whereas simultaneous activity at other cortical sites (nonspecific area) displays a flat power spectrum
with a very low activity in the alpha range for both spindle types. Altogether this suggests that the chosen
identification criteria of sleep spindles are relevant.

Alpha band was divided in two sub-bands and each of them was centered around the mean frequency of two
spindle types: alpha,, (9-10.5 Hz) includes peak frequency of posterior spindles (10 Hz) and alphay;g, (10.75-12
Hz) includes peak frequency of anterior spindles (~11 Hz). As compared to pre-spindle EEG, posterior spindles
showed higher power in alphay,,, only in the occipital cortex, but not in the thalamus. In contrary, anterior spindles
showed higher power in alphay,e, and alphay,, in the frontal cortex, while the thalamus (only VPM, but not RTN)
showed more power in alpha,,, It is important that both spindle types showed an elevation of alphay,, in the
specific cortical area (as compared to pre-spindle EEG), but elevation of alphay,, is only found in the anterior
spindles and in the frontal cortex, but not in the thalamus. This suggests that the 1 Hz gap between the mean
frequency of the anterior and posterior sleep spindles may have a cortical (but not thalamic) origin and could not
be explained by frequency drifts in individual spindles.

Analysis of dynamics of EEG power in the selected frequency bands during transition from pre-spindle
activity to sleep spindles showed that the occurrence of spindles in the cortex is associated with an increase of total
power, but the thalamus showed just a tendency to increase the total EEG power.

Involvement of the thalamus in generation of two spindle types

Oscillatory patterns of thalamically recorded sleep spindles were irregular (in power spectrum, several sub-
dominant frequencies, blurred spectral peaks; this is in accordance with the visual observation that sleep spindles
in the thalamus did not reveal such a regular shape as their well-shaped counterparts in the cortex). The power
spectrum of cortically recorded sleep spindles shows a clear spectral peak in 10 or in 11 Hz (mean frequency of
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sleep spindles). In thalamic spectra, those peaks are less pronounced and non-spindle frequencies had relatively
high power. This could be accounted for by the cyto-architecture of neuronal tissue around recording electrodes.
As known, 80% of cortical neurons are pyramidal cells in which apical dendrites are oriented in the same (parallel)
direction, therefore the neocortex is filled up by dipoles with large dipole moments and is capable of generating
high-amplitude electrical field potentials [Lopes da Silva and van Rotterdam, 1982; Lopes da Silva et al., 1986]. In
the thalamus, neurons are distributed in a more chaotic way and their dipole moments may sometimes damp each
other. Subsequently, oscillatory spindle activity in the thalamus could be less regular than that in the cortex.

It is reported here that, in the thalamus, the amplitude difference between anterior and posterior sleep
spindles is less significant than in the cortex. In fact, amplitude differences between two spindle types are more
pronounced in the VPM rather than in the RTN. In the VPM, anterior sleep spindles show a strong tendency for
having higher total power (due to more power in delta, theta and alphay,, bands), as compared to posterior
spindles; whereas in the RTN amplitude differences between two spindle types were found in the delfa band only.
To summarize, anterior and posterior sleep spindles in the cortex displayed different power per frequency bands;
the same but smaller distinctions are present in the VPM, while in the RTN distinctions are minor.

In the power spectrum analysis, we focused on the most representative frequency bands (delta, theta and
alpha), because it is known that a neuronal mechanism accounts for a balance between delta and alpha EEG
components during sleep. As is known, thalamo-cortical neurons generate spindle sequences when their membrane
potential is between -55 and -65 mV, and produce delta waves when the membrane potential is below -70 mV
[Nunez et al., 1992]. This may explain the occurrence of sleep spindles with different frequencies, e.g., the
frequency of sleep spindles depends on the duration of the hyperpolarization-rebound sequences in thalamo-
cortical neurons: the longer the period of hyperpolarization, the slower the spindle sequences [Steriade, 2003]. In a
population of thalamic neurons, membrane potentials of single cells may fluctuate. Some neurons may generate
spindle sequences and others may be hyperpolarized enough to produce delta oscillations. On the level of field
potentials this will result in a coincidence of spindle and delta waves (this is often seen in the EEG during non-
REM sleep). The fact that periods of hyperpolarization last longer with increasing sleep depth has two
consequences: firstly, delta activity increases at the expense of higher frequencies [Uchida et al., 1991]; secondly,
more hyperpolarized neurons produce slower spindle sequences. As a result, the frequency of sleep spindles
becomes lower as sleep deepens (in transition towards delta-wave sleep).

The thalamo-cortical network seems to have a mechanism which keeps a proper balance between delta, theta
and alpha that is necessary to maintain either anterior or posterior spindle activity. The waveform of the power
spectrum of anterior and posterior sleep spindles as measured at the specific cortical areas, was similar, suggesting
that both spindle types represent the same oscillatory activity. The 10 and 11 Hz peaks in power spectra are
considered as resonance frequencies occurring in the thalamo-cortical circuit during posterior and anterior sleep
spindles. This idea is supported by the presence of peaks in the thalamo-cortical cross-spectra with the same
frequency.

In the thalamus, anterior sleep spindles have more power in delta, theta and alpha,,, bands as compared to
pre-spindle EEG. Posterior spindles are characterized by the same tendencies. These data are obtained at the level
of local field potential (on macroscopic level) and we tend to interpret these results in terms of neuronal network
processes. In order to produce steady and regular oscillations with a certain frequency, a large number of neurons
must synchronize their firing activity in a specific frequency mode. In case of anterior sleep spindles, the VPM and
frontal cortex display high power in frequencies 9-10.5 Hz (alpha,o), suggesting that these two structures sustain
oscillations in the same frequency mode of alphai,, and their firing activity is synchronized in this sub-band. In
agreement to this hypothesis are the results of cross-spectrum analysis: 10.1 Hz peak characterizes ‘frontal cortex -
VPM’ pair.

As far as the distribution of EEG power is concerned, anterior and posterior sleep spindles show differences
in the thalamus. In the ventroposteromedial thalamic nucleus, the dorsomedial part (dAmVPM) reveals more theta
during anterior sleep spindles, while the ventral part (vVPM) shows more alpha during posterior sleep spindles.
Perhaps, different functional properties of these two parts of the VPM and different anatomic connections with the
cortex could underlie their different involvement in two types of spindles. As known, the VPM is a principal
sensory nucleus of the trigeminal system. Its dorsal part, the dmVPM, specifically interconnects the facial region
in the sensorimotor cortex [Haidarliu and Ahissar, 2001], while the ventral part of the VPM is innervated by other
thalamic nuclei and by brainstem structures [Carvell and Simons, 1990; Brecht et al., 1997]. Hence, an intensive
interconnection between the dmVPM and the sensorimotor cortex may by crucial for generating and sustaining
thalamo-cortical rhythmic activity (e.g. anterior and at some extent, posterior sleep spindles), while through the
vVPM spindle activity may be delivered to other subcortical structures.

Here we found that the thalamus (VPM and RTN) sustains a relatively high power in theta band during both
spindle types (peaks in 8-9 Hz), but in the cortex theta is relatively low. The role of the thalamic theta-band
activity in sleep spindle types remains obscure. This problem might perhaps be solved with single-unit or
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intracellular recordings of thalamic activity. In sleep spindles, thalamo-cortical functional coupling (analysis of
cross-spectrum) shows two maxima in 10-11 Hz and in 7-8 Hz. To date, 7-8 Hz peaks are well pronounced in the
cross-spectra between occipital cortex and the thalamus.

The role of the RTN in the posterior spindles is less obvious than in the anterior spindles. According to
cross-spectrum analysis, the RTN associates with the VPM during posterior spindles in frequency of 10 Hz (Fig.
2.6B), suggesting that RTN-VPM network sustains and, probably, generates 10 Hz rhythm. We show that the
VPM associates with the occipital cortex in the 10 Hz frequency, but there are no direct connections between these
areas (only indirect connections throughout the somatosensory cortex). On the other hand, the RTN displays weak
~ 8 Hz associations with the occipital cortex, suggesting that the occipital cortex does not associate with the RTN
in a way as it does in anterior sleep spindles. Altogether, this suggests a different involvement of the RTN in local
spindle activity. Namely, throughout other thalamic nuclei, the RTN may be linked to the frontal (sensorimotor)
cortex, but it may have sparse connections with occipital (visual) cortical area. Therefore, the RTN could be more
strongly incorporated in thalamo-cortical network during anterior spindles than during posterior spindles.

Particularities of sleep spindles WAG/Rij rats

WAGT/RI]j rats are an inbred strain that originates from Wistar Albino rats. The WAG/R1j rat has been used
as a genetic model of absence epilepsy for almost two decades [van Luijtelaar and Coenen 1986; reviewed in
Coenen and van Luijtelaar, 2003]. In general, characteristics of sleep spindles in WAG/Rij rats are similar to
Wistar rats [Terrier and Gottesmann, 1978; Gandolfo et al., 1985]. The only dissimilarity concerns the frequency
of posterior sleep spindles. The present study reports on ~10 Hz posterior sleep spindles, but in Wistar rats the
frequency of posterior sleep spindles is higher, 12.4 Hz [Terrier and Gottesmann, 1978]. Sleep spindles in
WAG/Rjj rats might have low frequency because of a genetic predisposition to epilepsy.

Until now, it is unclear how epilepsy affects the EEG features of sleep spindles. On one hand, in children
with primary generalized epilepsy, the mean frequency and length of the spindles are normal, suggesting that the
thalamo-cortical circuits can still make normal spindles [Myatchin and Lagae, 2007]. On the other hand, patients
with generalized epilepsy may have slower sleep spindles, but it could be a side-effect of medication [Drake et al.,
1991; Angeleri et al., 1993]. Recently, Myatchin and Lagae (2007) have found that the frequency of the slow (<12
Hz) sleep spindles, occurring at the beginning of sleep stage 2 in the untreated children with primary generalized
epilepsy, is higher than in healthy control (12.9 vs 12.2 Hz), but did not differ from that in the treated group (12.6
Hz). In contrast, in the untreated group, the percentage of spindles in stage 2 is significantly lower (as compared to
healthy control). After medication, the number of sleep spindles is restored (the treated primary generalized group
did not differ significantly from the control group, as did the untreated primary generalized group). Our animals
are drug-free and a low frequency of sleep spindles may therefore be caused by absence epilepsy per se. The EEG
in WAG/R]j rats looks pretty normal, except for periods with absence attacks, when the thalamo-cortical circuit
produces high-voltage 8-10 Hz spike-wave discharges [van Luijtelaar and Coenen, 1986; Kandel and Buzsaki
1997; Coenen and van Luijtelaar, 2003]. In patients with primary generalized epilepsy the macro-organization of
sleep is disrupted: patients more rapidly enter into sleep stage 2, but this stage 2 is characterized by fewer sleep
spindles. WAG/Rij rats also show disturbances of sleep structure: they have longer periods of intermediate stage of
sleep as compared to non-epileptic Wistar rats [Gandolfo et al., 1990]. The sleep cycle and the non-REM sleep
duration are shortened in WAG/Rij rats as compared to non-epileptic ACI rats (August Copenhagen Irish, black
agouti rats) by the presence of SWD, but only during periods when light sleep dominates, not during deep non-
REM sleep [van Luijtelaar and Bikbaev, 2006]. Although spindles and spike-wave discharges share the same
thalamo-cortical circuitry, their age-dependent dynamic and distribution across the sleep cycle is not the same.
This suggests that a functioning thalamo-cortical circuit in WAG/Rij and in ACI rats might be under control of
different mechanisms.

The present study shows the results of EEG power spectrum analysis of sleep spindles in the thalamus. We
found that the thalamus is more involved in anterior spindles than in posterior spindles. In the thalamus, sleep
spindles are accompanied by a relatively high theta activity, whereas in the cortex theta activity is low. A strong
functional coupling occurs within the thalamo-cortical network in the range of mean frequency of sleep spindles
and with a frequency ~ 8 Hz. The most strong associations during anterior sleep spindles are found between the
frontal cortex, the VPM and the RTN, suggesting that these parts of the circuit are involved in the propagation of
anterior sleep spindles. In posterior sleep spindles, the RTN, in dialogue with the VPM, has less specific
associations with the occipital cortex. To date, the cortical expression of sleep spindles in rats is not simply a
fingerprint of thalamic activity.
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EEG characteristics of spike-wave discharges

Spike-and-wave complexes are stereotypic electroencephalographic patterns that accompany different forms
of idiopathic generalized epileptic syndromes, such as childhood absence epilepsy, juvenile absence epilepsy,
juvenile myoclonic epilepsy, myoclonic absence epilepsy, and eyelid myoclonia with absences [Gibbs et al., 1935;
Panayiotopoulos, 1999, 2005]. In some rodent strains, such as Genetic Absence Epilepsy Rats from Strasbourg
(GAERS) and Wistar Albino Glaxo from Rijswijk (WAG/Rij), spike-and-wave discharges (SWD) spontaneously
appear in the electroencephalogram (EEG) [Danober et al., 1998; Coenen and van Luijtelaar, 2003; Depaulis and
van Luijtelaar, 2006].

In addition to the generalized SWD type I, a local occipital paroxysm, e.g., SWD type II, is found in about
50% of WAG/R]j rats at the age more than 6 months [van Luijtelaar and Coenen 1986; Midzianovskaia et al.,
2001; Schridde and van Luijtelaar, 2005]. The two types of SWD differ not only in frequency and amplitude, they
also have different pharmacological [Midzianovskaia et al., 2001], genetic [Gauguier et al., 2004] and ontogenetic
profiles [Schridde and van Luijtelaar, 2005]. Moreover, SWD type II lacks a clinical correlate. The origin of SWD
type II and their relation to the generalized absence seizures are still unknown.

A subcortical origin of absence epilepsy in humans was first proposed Jasper and Kershman (1941). Their
idea was supported by Morison and Dempsey (1942), who found experimental support that a subcortical
pacemaker of absence seizures might be located in the thalamus. The thalamus distributes seizure activity
throughout the cortex in both hemispheres via bilateral projections. It is difficult to confirm the presence of the
source of absence epilepsy in humans (similar to animals) in the thalamus, because patients with typical absence
epilepsy rarely undergo invasive monitoring with depth electrodes and it is extremely rare cases when electrical
activity can be recorded directly from the thalamus. Animal models help to solve this problem by offering the
possibility to combine surface and subcortical recordings. Our investigations are performed in WAG/Rij rat model
of human absence epilepsy [Coenen and van Luijtelaar, 2003]. A series of EEG studies in WAG/Rijj rats [reviews
Coenen and van Luijtelaar, 2003; van Luijtelaar and Sintikova, 2006] confirm that a functionally intact
thalamocortical network is required for the generation of SWD. Chapter 3.1 is focused onto electrographic
structure of SWD I and SWD II as recorded in spatially and functionally segregated parts of the thalamo-cortical
system. In Chapter 3.2 distinctions between SWD I and SWD II are further evaluated by studying noradrenergic
mechanisms which may control the incidence of SWD.

Pro-epileptogenic 5-9 Hz oscillations in EEG are known to occur immediately before episodes with
spontaneous absence epilepsy in GAERS [Pinault et al., 2001; 2006]. The medium-voltage 5-9 Hz forerunners of
seizure activity are referred to as the precursors of SWD in GAERS. Since SWD in GAERS are equal to SWD
type I in WAG/Rij rats, it is assumed that that the same 5-9 Hz oscillations can act as precursor activity for SWD 1
in WAG/R]j rats; if these oscillations are not present in WAG/Rij rats, then they are specific for GAERS and they
can be considered as epiphenomena of absence epilepsy in the GAERS model. Chapter 3.3 describes amplitude-
frequency characteristics of seizure precursor activity (preSWD episodes) in WAG/Rij rats. Short EEG epochs
immediately prior to SWD I are examined in order to disclose early EEG changes that may anticipate the onset of
SWD I. The role of the cortex and the thalamus in SWD-precursors is assessed with the aid of spectral and
coherence analysis. This Chapter also aims to define a probable relationship between electrographic properties of
SWD-precursors and subsequent SWD 1.
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3.1 EEG structure of SWD type l and Il ©
ABSTRACT

Purpose: The waveform of spontaneous spike-wave discharges (SWD) in the electroencephalogram (EEG) was
delineated in the WAG/Rij rat model of absence epilepsy according to the definitions of clinical
electroencephalography. We defined four elements in SWD based on the schema of Weir (1965): ‘Spike 1’ and 2,
Positive Transient (PT), and Wave. The EEG patterns of generalized type I and local type II SWD in cortical and
thalamic areas were analyzed.

Methods: EEGs were recorded in freely moving rats epidurally from different cortical regions and with deep
electrodes from the specific and reticular thalamic nuclei. Grand average SWD waveforms were computed to
assess spatiotemporal patterns of seizures.

Results: SWD 1 in the frontal cortex comprised of a large Spike 2 + Wave, and in the thalamus PT + Wave. Small
transient spikes were associated with SWD I in the anterior-middle part of the cortex. SWD II were found in the
occipital cortex as a sequence of (occasional) Spike 1 + PT + Wave.

Conclusions: The EEG structure of SWD in WAG/Rij rats was comparable with that of epileptic patients,
suggesting face validity of the WAG/Rij model. Fast transients spikes are an integrative part of SWD 1. Time-
amplitude linkage between cortical and thalamic counterparts of SWD I suggests a complex spatiotemporal
organization of SWD I. The thalamus sustained SWD I, but not SWD I1.

INTRODUCTION

In humans, spike-and-wave complexes are regular and symmetrical generalized discharges of 2.5-4 Hz. The
Committee on Terminology of the International Federation of Societies for Electroencephalography and Clinical
Neurophysiology (IFSECN) defines spike-and-slow-wave complex as “a pattern consisting of a spike followed by
a slow wave” (3). However, more than 40 years ago, Weir (1965) defined four epileptiform elements in spike-and-
wave complexes based on electroencephalograms (EEGs) from nearly 200 patients with petit mal epilepsy. In
particular, he wrote: “a small, short duration negative spike, followed by a prominent positive transient from
which the second, larger amplitude spike takes origin. The last element is the negative wave component, it is not a
complete dome but approximates the first three-quarters of one” (4, p. 285).

Clinical concomitants of absence seizures in humans and genetic rodent models are similar, e.g., behavior
immobility and minimal facial myoclonic facial jerks [van Luijtelaar and Coenen, 1986; Marescaux et al., 1992;
Willoughby and Mackenzie, 1992]. Absence seizures in rats and in humans have a genetic origin, although the
genes are not identified as yet [Vadasz et al., 1995; Depaulis and van Luijtelaar, 2006]. Both GAERS and
WAG/Rjj rat strains are considered as valid models of human absence epilepsy [Danober et al., 1998; Coenen and
van Luijtelaar, 2003]. Also the electroencephalographic pattern of SWD resembles those in humans with absence
seizures; however no attempts were made to compare them in detail. In this Chapter we investigate whether and
how Weir’s classification of the epileptiform elements in the spike-and-wave complex can be applied to SWD in
WAGT/R]j rats.

A vast body of data obtained in vitro and in vivo experiments showed that SWD are produced in the cortico-
thalamo-cortical neuronal circuits [e.g. Steriade 2003; Avanzini et al., 2003; Danober et al., 1998]. These circuits
are formed by mutually interconnected neurons located in the neocortex, specific thalamic nuclei and the reticular
thalamic nucleus (RTN). While some theories assume that spike-wave activity originates from the thalamus and it
is triggered by pacemaker cells located in the RTN [e.g., Blumenfeld 2002; Avanzini et al., 2003], others
emphasize that SWD are initiated in the somatosensory cortex and that the thalamus is only secondary involved
[Meeren et al., 2002; 2005; van Luijtelaar and Sitnikova, 2006]. Meeren and co-workers (2002) found that the
activity in the cortical epileptic focus leads thalamic activity only during the first few cycles of SWD. After this
initial period (five hundred milliseconds from the onset), cortical and thalamic areas lead and lagged each other
unpredictably. This suggests that the full expression of SWD takes some transitory period during which the
waveform of seizures may change. In the present Chapter we evaluate dynamic changes by comparing the
waveform of SWD immediately after the onset and in subsequent seizure cycles.

A few early reports in humans provided ambiguous depth profiles of SWD (reviewed in Blumenfeld, 2002),
though spike-wave activity seemed to be present in the mesencephalon and diencephalon [Angeleri et al., 1964;
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Jasper et al., 1947], including the thalamus [Williams, 1953]. Detailed mapping of the subcortical spread of SWD
in rodent models showed that high-voltage rhythmic activity was present in the thalamus, but not in limbic
structures, including the hippocampus [Vergnes et al., 1987; Inoue et al., 1993; Kandel and Buzsaki, 1997]. It was
noted that thalamic and cortical counterparts of SWD were dissimilar in WAG/Rjj rats: the former had a ‘spindle-
like’ waveform with an ‘arched appearance’ [Meeren et al., 2002]. However, previous comparative studies were
not quantitative and no clear differences were described for the difference between surface and depth EEG
recordings of SWD. In the present study we compare temporal structure of cortical and thalamic SWD in
WAGT/R]j rats.

Midzianovskaia et al. (2001) presented cortical maps for the spike and the wave components of SWD (both
types I and II) in WAG/R]j rats and showed that the spike had its maximum in the frontal area and the wave — in
the occipital area. In the present study we employ a statistical method (grand average of the spike-wave discharge)
to evaluate the waveform of SWD in the most characteristic cortical zones, e.g. frontal and occipital areas, in
which either the spike or the wave displayed their amplitude maximum.

METHODS

Animals

Experiments were performed in nine male WAG/Rjj rats (11-12 month old, body weight 370-410 g) which
were born and raised in the laboratory of the Department of Biological Psychology of Radboud University
Nijmegen. The experiments were conducted in accordance with the regulation of animal experimentation in the
Netherlands and were approved by the Ethical Committee on Animal Experimentation of Radboud University
Nijmegen. Before surgery rats were kept in pairs in standard cages with food and water available ad libitum and a
12-12h light-dark cycle (white light on at 18:00). After surgery animals were individually housed and allowed to
recover for at least 10 days. Distress and suffering of animals were minimal.

Surgery procedure and histological control

Stereotactic surgery was performed under isofluorane anesthesia while body temperature was monitored and
maintained at 37°C with a heating pad. Electrodes were implanted in small separate circular opening in the skull
(diameter = 1-2 mm). Electrode sets were mounted on the skull with a crown of dental cement and fixed with
embedded mounting screws. Rats received a 0.1 mg/kg i.m. injection of 0.324 mg/ml buprenorfinehydrochloride
(Temgesic®, Reckitt & Colman Products Ltd., Kingston-Upon Hull, UK) for post-surgery analgesia immediately
after completion of surgery,

Upon completion of the EEG recording sessions, rats were deeply anesthetized with an overdose of sodium
pentobarbital (200 mg/kg i.p.); their brains were stained with Nissl for the histological verification of depth
electrodes positions. To facilitate the recognition of electrode tips on brain slices, small electrolytic lesions were
made by passing DC current (10 pA, 10 sec) via the depth electrodes. Rats were then perfused with 4%
formaldehyde in neutral 0.1 M phosphate buffer via the ascending aorta. The brains were removed and post-fixed
in the same fixative solution plus 20% sucrose. Serial coronal sections 60 pm thick were made with a cryostat.
Slices were then mounted on gelatin-coated glasses and stained with 0.1% cresyl violet. Electrode positioning was
verified using the same atlas of the rat brain [Paxinos and Watson, 1986]. Rats, in which depth electrodes appeared
to be misplaced, were excluded.

Electrode setup

Rats received two sets of tripolar stainless steel electrodes (0.25 mm diameter) with non-insulated tips
(Plastic One Inc. Roanoke, VI, USA: MS 333/2A). Two electrodes were placed epidurally on the right side over
the frontal [AP 2; L 2.5] and occipital cortex [AP -7; L 6]. Other two electrodes were implanted in the
ventroposteromedial thalamic nucleus VPM [AP -3.5; L 2.5; H 7.2] and in the rostral part of the reticular thalamic
nucleus, RTN [AP —1.5; L 2.2; H 7.2]. The remaining two electrodes were placed symmetrically over two
hemispheres of the cerebellum and used as ground and reference. All coordinates are given in mm relative to
bregma according to the rat brain atlas of Paxinos and Watson (1986).

EEG recording

EEGs were recorded in freely moving rats during the dark period of the day-night cycle (because
spontaneous absence seizures are more frequent during the dark phase [van Luijtelaar and Coenen, 1988]).
Recordings were performed in a noise-isolated experimental chamber continuously during 5-7 hours. Animals
were placed in Plexiglas recording cages (25 x 30 cm and 35 cm high) a day before EEG recording session and
were habituated to EEG recording system and to connecting leads. EEG signals were fed into a multi-channel
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differential amplifier via a swivel contact, filtered between 1 and 500 Hz, digitized with 1024 samples/second/per
channel (CODAS software) and stored on hard disk.

EEG analysis

SWD I and SWD II were detected using criteria described in the earlier reports [van Luijtelaar and Coenen
1986; Midzianovskaia et al., 2001]. SWD I were recognized in the frontal EEG as a train of surface negative 7-10
Hz spikes with amplitude at least three times higher than the background. Duration of SWD I was more than 1 sec.
SWD I were detected automatically based on the threshold value of the EEG slope in the frontal channel with
efficiency 97-100% in the artifact-free EEG (the algorithm and original software were developed by P.L.C. van
den Broek, NICI, University of Nijmegen, the Netherlands). SWD II consisted of sharp repetitive positive 6-7 Hz
waves and lasted longer than 0.5 sec (more than three waves in a sequence) and were identified visually in the
occipital EEG in the absence or just little concurrent rhythmic activity in the anterior cortex. The numbers of SWD
I and SWD II were scored per hour and compared using t-test for related samples.

Details of seizure morphology were examined in the EEG as recorded from various cortical, hippocampal
and thalamic regions in both groups of animals. In order to access area-specific elements in SWD, episodes with
SWD were visually inspected for the presence of a consistent trend in the spatiotemporal distribution of
electroencphalographic seizure activity.

Statistical analysis of the waveform of SWD was performed in the second group of animals. Twenty
episodes with SWD I and ten episodes with SWD II per subject were randomly selected. Each SWD 1 was labeled
with two markers. The first marker indicating the initial cycle, was placed on the apex of the first negative spike in
the frontal EEG. The second marker indicating fully grown SWD I, was put on the apex of a periodic spike
occurring around 2 sec after the seizure onset (after the first marker). SWD II were selected and labeled in the
occipital EEG by putting a marker at the apex of the first sharp positive deflection. Marker positioning was applied
to all investigated channels. Time interval 0.5 sec before the onset of SWD was used for baseline correction.
Averaged EEG amplitude was computed in 1 sec period including 0.5 sec before and 0.5 sec after the marker. Data
were averaged per channel and per rat using the commercially available software package Brain Vision Analyzer
(BrainProducts GmbH). The grand EEG average was constructed for all subjects for each electrode position. This
EEG average was considered as typical seizure waveform for that specific brain region.

Components of SWD were identified according to the original description of Weir (1965, for more details
see Table 3.1, part II). The amplitude and timing of epileptiform components were measured and than statistically
compared using t-tests for related samples. To characterize polarity relations between the negative and the positive
phases in SWD, the ‘indices of polarity’ (k, the ratio between maximum negativity and maximum positivity) was
computed. Progressive changes in EEG seizure polarity were accessed by comparing the ‘indices of polarity’ in the
initial cycle and in the (subsequent) middle part of SWD I using Chi” test.

RESULTS

Descriptive characteristics of SWD. Phenotypes of SWD type | and type Il

SWD were detected in all (eighteen) subjects: SWD I occurred in 100% of the animals, 10-45 seizures per
hour (27 £ 11, mean + SD), SWD Il occurred in 72 %, 1-8 per hour, 2.9 + 1.8. SWD II were less numerous than
SWD I (p<0.001).

The basic configuration and topographic distribution of electrical seizure activity was assessed in both
groups of animals. Figure 3.1A illustrates the cortical distribution of SWD I and II and their absence in the dorsal
hippocampus. The bottom plates show the cortical and thalamic equivalents of SWD I and I1.

SWD I invaded practically all investigated areas. In that respect they were generalized (Fig. 3.A), although
their expression at the occipital cortex was minimal, in agreement with earlier reports [Midzianovskaia et al., 2001;
Vergnes et al., 1987]. SWD I in the frontal cortex consisted of repetitive high-voltage negative spikes and low-
voltage negative waves (Fig. 3.1A). SWD I spread throughout the cortex with a very consistent spatial gradient:
the amplitude of the spike component was maximal in the frontal cortex and declined in the posterior direction.
The amplitude of the spike in the epileptic zone of SWD I (the perioral region of the somatosensory cortex
[Meeren et al., 2002]) was lower than in the frontal cortex. The amplitude of the wave in the fronto-parietal cortex
was lower than in the occipital cortex.

SWD I in both thalamic channels were recognized as a complex of positive sharp waves and slow dome-
shaped negative waves. The positive polarity of thalamic SWD I was opposite to that observed in the fronto-
parietal cortex. The morphology of SWD I in cortex and thalamus was constant across animals.

34



EEG characteristics of spike-wave discharges

Table 3.1. Characteristic elements in EEG spike-and-wave complexes in epileptic patients and in WAG/Rjj rats.

Part I. Some specific EEG terms and definitions given by the International Federation of Societies
for Electroencephalography and Clinical Neurophysiology (IFSECN) [1974] °

Spike

Wave

Spike-and-slow-
wave complex

Multiple spike-and-
slow-wave complex

Multiple spike
complex

Sharp wave

Complex

Epileptiform
patterns

A transient clearly distinguished from background activity, with pointed peak at conventional paper speeds and
duration from 20 to under 70 msec. Main component is generally negative relative to other areas.

Any change of the potential difference between pair of electrodes in EEG recording.

A pattern consisting of a spike followed by a slow wave. Comment: hyphenation facilitates use of term in plural
form: spike-and-slow wave complexes or spike-and-slow-waves.

A sequence of two or more spikes associated with one or more slow waves.
Preferred to synonym: polyspike-and-slow-wave complex.

A sequence of two or more spikes. Preferred to synonym: polyspike complex.

A transient clearly distinguished from background activity, with pointed peak at the paper speeds; duration 70 —

200 msec.

A sequence of two or more waves having a characteristic form or recurring with a fairly consisting form,

distinguished from background activity

include spikes and sharp waves, alone or accompanied by slow waves, occurring singly or in bursts lasting at

most a few seconds”

Part Il. General description of epileptiform elements in spike-wave complexes

In patients * In WAG/Rij rats °
SWD I SWD 11
Soike 1 The small negative triphasic spike The small negative spike
pike B : o _ : L : - appears
(Sp1) appears in 44% of all records. appears in the occipital cortex and in the sporadically in the

Positive transient
(PT)

Spike 2
(Sp2)

Wave

Duration ~ 10 msec.

A positive portion of a complex.

The sharp positive deflection interrupted by
the negative spike.

- amplitude varied from being approximately
equal to double of the negative wave;
Duration ~ 100-150 msec.

The “classical” negative spike that interrupts
the positive transient and is followed by the
slow negative wave;

- maximum in frontal areas;

The amplitude of ‘Sp2’ is several times
higher than the amplitude of ‘Sp1’;

Duration ~ 30-90 msec.

The least clearly abnormal potential. Surface
negative wave, which joins with the positive
transient;

Duration ~ 150-200 msec (200-500 msec if
measured together with the positive
transient).

specific (ventroposterior) thalamic
nucleus.

Duration ~ 25 msec in the occipital cortex
and ~ 15 msec in the thalamus.

Diversified positive component

- appears in the cortex and in the
thalamus (in the frontal cortex, due to the
overlap with the ‘spike 2’, has two phases,
an early and late; is sharp and uniform in
the posterior cortex and the thalamus);
Duration ~ 40 msec in the occipital cortex
and ~ 20 msec in the thalamus

The large negative spike

- appears in the frontal cortex and absent
in other sites;

The amplitude is more than ten times
higher than the amplitude of ‘Sp1°.

Duration 25-35 msec

Slow negative wave

- appears with variable amplitude in cortex
and thalamus (usually low in frontal cortex
and high in thalamus);

Duration 40-60 msec (the same in
different regions).

occipital cortex

Sharp positive
deflection;

- maximum in the
occipital cortex;
Duration 40-60
msec.

Absent

- maximum in
occipital cortex;
Duration 80-100
msec.

! Cited by: Chatrian GE (Chairman), Bergamini L, Dondey M, Klass DW, Lennox-Buchthal M, Petersen I (1974) A glossary of terms most
commonly used by clinical electroencephalographers. Electroencephalogr Clin Neurophysiol 37: 538-548.
2 Data from Weir B (1965)

3 Our own data

Amplitude and frequency of SWD I progressively changed during a seizure. In the first few (two-four)
cycles, the amplitude of the spike increased and did not change significantly during a seizure (Fig. 3.1, Table 3.2).
The amplitude of the last few spikes decreased abruptly and was several times lower than the amplitude of the
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spikes at the beginning. The amplitude of the waves tended to increase during a seizure at all cortical sites. The
frequency of SWD reduced from 10-12 Hz to 4-6 Hz at the end (Fig. 3.1A). This seizure dynamics was in close
agreement with previous reports [Drinkenburg et al., 1993; Midzianovskaia et al., 2001]. The contribution of the
present study was to highlight temporal evolution of SWD I in the thalamus. The amplitude of the thalamic SWD
progressively increased during a seizure (see Table 3.2 for quantitative data — the major seizure component,
positive transient, PT, increased in amplitude from 85 to 124 uV in the RTN and from 78 to 108 uV in the VPM).

A Multichannel EEG (Group 1) — SWD
Spike-wave discharges (SWD) type 1 ~ SWD type Il
Fror:?glm I et e !
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Figure 3.1. Electroencephalographic expression of spike-wave discharges (SWD) in cortex and thalamus in WAG/Rjj rats. (A)
Distribution of generalized SWD type I and local SWD II across the cortex and dorsal hippocampus. Amplitude of SWD I
decreased in the anterior-posterior direction. The high amplitude negative spikes are present in the fronto-parietal areas, but
they are less recognizable in the occipital EEG. SWD II are present in the occipital cortex but poorly expressed in the anterior
and middle cortical regions and in the dorsal hippocampus. (B) SWD I and SWD II recorded simultaneously in the cortex and
in the thalamus. In SWD 1, the negative spike predominates in the frontal cortex and the sharp positive wave predominates in
the thalamus. SWD II are hardly visible in the thalamic nuclei. Negativity is presented upward. Abbreviations: RTN - reticular
thalamic nucleus; VPM — ventroposteromedial thalamic nucleus (specific somatosensory nucleus of the ventrobasal complex).
Black small arrows indicate the onset of SWD.

The presence of SWD II was restricted to the occipital cortex and did not spread to anterior cortical areas
and the dorsal hippocampus (Fig. 3.1B). Interestingly, the waveform of the local occipital SWD II resembled the
waveform of SWD I in the same occipital EEG site.
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SWD in WAG/Rij rats in terms of clinical electroencephalography

The EEG pattern of SWD in WAG/Rij rats fitted the descriptions given by the international guidelines for
clinical electroencephalographers (IFSECN, ref. Chatrian et al., 1974). Table 3.1, part I, gives the definitions for
the terms used in the present paper. It was found that SWD in the rats consisted of several elements which were
analogues to the elements in spike-and-wave complexes in the human EEG (Table 3.1, part II). Although special
the distribution and duration of spike-and-wave complexes in humans and in rats were distinctive, the similarity
between them is striking (see ‘Discussion’).

SWD type I appeared in the fronto-parietal cortex as three-phasic potentials consisting of the early positive
transient (PTc.ny), the high-voltage negative ‘Spike 2’ and the late positive component PTy,. (Fig. 3.2a, Table 3.1).
PT..iy Was an inconsistent element in which the shape and magnitude varied across seizures, across channels and
across animals.

In the occipital cortex and thalamus, SWD 1 consisted of high amplitude sharp PT and dome-shaped
negative Wave. An additional small and sharp negative spike that often appeared at the transition between PT and
Wave (Spl in Fig. 3.2Bb) fitted Weir’s definition of ‘Spike 1’ (4): ‘a small, short duration negative spike, followed
by a prominent positive transient’ (p.285, Weir, 1965).

SWD type II was present in the occipital cortex as two-phasic negative-positive deflections; they were
hardly visible in the fronto-parietal cortical area, dorsal hippocampus and thalamus. SWD II comprised the high
amplitude sharp PT and the dome-shaped negative Wave (Fig. 3.2C, 3.2Cc). The small negative ‘Spike 1’
sometimes appeared on the positive slope prior to PT.
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Figure 3.2. Schema illustrating EEG pattern of SWD in epileptic patients and in WAG/Rjj rats. (A) Replica from the original
paper of Weir (1965). The author defined the following epileptiform elements: Spl — early negative spike 1, PT — positive
transient, Sp2 — late negative spike 2 and negative wave. (B-C) Application of Weir’s classification to SWD in WAG/Rijj rats.
Both SWD type I and II show epileptiform elements comparable to Weir’s Spl, Sp2, PT, and Wave. Insertions a-c¢ show
electrical seizure activity: a, in the frontal cortex, SWD I appeared as a sequence of PTeyny — Sp2 — PTiye — Wave; b, in the
thalamus, (Spl) — PT — wave and ¢, SWD II in the occipital cortex (Spl) — PT — Wave. Abbreviations: Fr - frontal cortex; Oc
— occipital cortex; VPM — ventroposteromedial nucleus of the thalamus; RTN - reticular thalamic nucleus.

Statistical analysis of SWD

Grand average waveforms of SWD I and SWD II were constructed in the second group of rats (n=9). These
animals had epidural electrodes in the frontal and occipital areas and depth electrodes in the VPM and RTN.
Cortical SWD I were studied in all nine rats. Thalamic EEG data were derived from five rats in which depth
electrodes were located in the VPM and RTN (as verified by histological examination). SWD II were found in six
rats and among them five rats had thalamic electrodes in VPM and RTN. EEGs from those five rats were used to
analyze SWD II.

The grand average waveforms of SWD I and SWD II were smooth and had relatively high signal-to-noise
ratios (aperiodic low-amplitude components and noise were attenuated, Fig. 3.3). Fig. 3.4 summarizes grand
averages SWD I and shows typical spike-wave patterns (so-called local seizure ‘archetypes’).

General pattern description of SWD type 1

Spike 2 appeared in the frontal cortex with excessively high amplitude and interfered the positive phase,
therefore, PT seemed fragmented in two discontinuous elements with ‘Spike 2’ as a boundary. ‘Spike 2’ lasted 25-
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35 msec, which is comparable with the duration of ‘Spike 2’ detected in humans (30-90 msec, [Weir, 1965]),
considering the lower interspike frequency in man.

Spike 1 was present in the VPM and in the occipital cortex (arrow in Fig. 3.3A), but absent in the frontal
cortex and in the RTN. In spite of its small amplitude, ‘Spike 1° was not eliminated by the averaging process,
suggesting that this element was constantly present across seizures and across animals. The duration of the ‘Spike
1’ was around 15-25 msec (Table 3.1, part 2), that is two times longer than in humans (10 msec, Weir, 1965).

Wave was a negative slow component, it could be recognized in all EEG channels in both SWD I and SWD
II. Wave had a stereotypic configuration but varied in amplitude. It was clearly less pronounced in the frontal
cortex, in contrast to the occipital cortex and the thalamus, in which the ‘Wave’ appeared as a high amplitude
deflection (between 34 and 65 uV, Fig. 5A and Table 3.2).

PT was found in all investigated EEG sites; despite its widespread distribution, configuration and amplitude
PT was distinct in different recording sites. PT was shorter (20 msec) in rats than in humans (100-150 msec, Weir,
1965). The amplitude of PT in the cortex was usually lower than the amplitude of the negative ‘Spike 2’. In the
frontal EEG, PT was split into PTc,qy and PTy,.. These fragments were heterogeneous with diversified profiles and
amplitudes. PT appeared in the occipital cortex only when seizures were fully developed. Also, PT cortex was
shorter and sharper in the occipital than (both PT.y and PTi,.) in the frontal cortex. PT appeared in the thalamus
as sharp and with high amplitude, resembling ‘sharp wave’.
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Figure 3.3. Grand average waveforms of SWD type I and type II in the cortex and the thalamus (RTN - reticular thalamic
nucleus; VPM — ventroposteromedial thalamic nucleus; pV + S.D., n =5 rats, 20 epochs per animal for SWD I, 10 epochs for
SWD II per animal). Note the peculiar dynamic behavior of ‘Spike 1°. It was seen in fully grown SWD I in the occipital cortex
and it correlates with modifications of this component in the VPM, where ‘Spike 1’ became sharper than during initial seizure
cycle.
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Table 3.2. The amplitude (mean = SD, uV) and timing (msec, between brackets) of epileptiform elements in SWD I

initial cycle middle part
Reticular  Ventropos Reticular Ventropost
Occipital thalamic teromedial Frontal Occipital thalamic eromedial
Weir’s cortex nucleus, nucleus, cortex cortex nucleus, nucleus,
elements RTN VPM RTN VPM
Wave -43 + 27 -21+£57 -41+£14 -34 + 11
(preceding) (-48) (-39) (-62) (-61)

. 20+ 16* -12 £ 36 -21+17 -3+67
Spike 1 -5) 12) 6) (-10)
Spike 2 -478 + 162 -554 + 175
Positive 128 + 91 85+ 62 78 + 57 138 + 62 37 +£32 124 +70 108 + 49
transient (late) (22) (7) 9) (30) (20) (6) (7)
Wave -21+20* -95 + 58 -41 £ 40 -18 + 30 -62 + 33 -53 + 21
(subsequent) (25) (36) (40) (74) (58) (59)

Time relations were accessed in relation to the gross frontal ‘Spike 2’ (time zero). N = 5 rats. VPM - ventroposteromedial nucleus
* — these elements in the immature occipital SWD I did not meet the classification of Weir.

Temporal relations between epileptiform components of SWD I in cortex and thalamus

The very large-amplitude Spike 2 was the most prominent component in the rat’s EEG seizure complex,
therefore it was used as a benchmark to access timing in a sequence of epileptiform elements. When the apex of
‘Spike 2’ in the frontal EEG coincided with time zero, it was found that ‘Spike 1’ occurred with a negative time
lag and Wave with a positive time lag (for the numerical data we refer to Table 3.2, time lags are given between
brackets). Time difference between frontal ‘Spike 2’ and ‘Spike 1’ in the VPM was -12 msec; between frontal
‘Spike 2’ and occipital ‘Spike 1” it was -5(-6) msec. PTc,1y (20 msec) appeared before ‘Spike 2’ and was followed
by PTu. (22 msec). PT appeared simultaneously in the thalamus and occipital cortex and both PT’s were followed
by the frontal ‘Spike 2’ with a time delay ranging from 6 to 9 msec.

SWD type I

— 2 sec after beginning
k (coefficient of asymmetry) = negativity/positivity

— the first (imitial) cycle

Cortex Thalamus

Frontal k=373-401 VPM k = 0.52-0.49
(relay nucleus)
I

Occipital k=558-056% RIN k=1.11-0.5 *
(reticular nucleus)

IMW | -9
-~

50 pv I 50 msec

Figure 3.4. Typical waveforms of cortical and thalamic SWD I immediately at the onset (black line) and two seconds after the
onset (grey line) as recorded in cortex and in thalamus. Cortical and thalamic seizures did not perfectly coincide with each
other neither in phase nor in time. There was no straight pair-wise correspondence between certain elements of cortical and
thalamic SWD 1. The presence of large positive transient (PT) in both thalamic loci creates the illusion that thalamic SWD I
are inverted compared to SWD I in the frontal cortex.

The most obvious dynamic changes in EEG morphology were found in the occipital cortex, where the initial cycle of SWD 1
characterized by very small positive component and two subsequent negative spikes. Later on, the positive transient in
occipital SWD I seemed to grow and replaced the second negative spike. It is interesting that the waveform of fully grown
occipital SWD I resembled thalamic seizures. To quantify dynamic changes in the polarity of SWD I we computed index k as
a ratio between the maximum of negativity and the maximum of positivity.

To summarize, there were no congruency between the waveform of cortical and thalamic counterparts of
spike-wave seizures. Cortical and thalamic seizures consisted of different components which followed each other
with a consistent time shift. The latter suggests a strong temporal coupling of the electrical activity in the cortico-
thalamic system during SWD 1.
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Dynamic changes of the waveform of SWD I

At the onset, SWD I display already a well formed EEG profile. The waveform of SWD 1 did not
substantially change over time in frontal cortex and thalamus, except in the occipital EEG (Fig. 3.3A, B and 3.4).
Moderate changes were noticed concerning the shape of the wave component. In the frontal EEG, the wave
became more pronounced and more isolated as seizure progresses. In the thalamus, the distance between the two
subsequent negative waves in the middle of SWD I became larger than it was in the initial cycle, indicating a
decrease of the intrinsic frequency of SWD 1.

The EEG pattern of SWD I in the occipital cortex changed substantially with time (Fig. 3.4). The positive
phase was poorly pronounced at seizure onset and PT was not recognized. Instead, two negative components were
present (somewhat primordial seizure components): the first was a sharp ‘Spike 1°, the second was an unspecified
component which appeared 30 msec later.

Symmetry and polarity in SWD 1

The polarity of the EEG paroxysm was established according to the IFSECN recommendations (3). Here,
we characterized symmetry/asymmetry in spike-wave pattern as a ratio between the two extreme negative and the
positive amplitude values (k, ‘index of polarity’ see Methods section and Fig. 3.4).

In the frontal cortex, SWD I were asymmetric (k=3.7) due to the disproportionately high negative phase
(Spike 2) as compared to the positive transient. SWD I became even more asymmetric as seizure progresses and k
was equal to 4.0 in the fully grown SWD L

In the thalamus, SWD I were much more symmetrical compared to their cortical counterparts. During the
initial cycle, SWD I in the VPM were positively oriented (k=0.52, PT was higher than Wave, Fig.3.4), also in the
fully developed SWD I, the positive deflection was two times larger in amplitude than the negative deflection
(k=0.49, Fig. 3.4). In the RTN, the initial cycle of SWD I was symmetrical (k=1.1, Wave was slightly higher than
PT) and the positive phase increased in the fully developed SWD I and their pattern became more asymmetric
(k=0.5, Fig. 3.4, Table 3.2). In the occipital cortex, SWD I showed a polarity shift as seizure developed. Initially,
the positive component in the occipital SWD I was very weak and SWD I was oriented negatively. The occurrence
of the well-shaped PT in mature SWD I was associated with a phase shift in the positive direction.

Therefore, symmetry in SWD changed as seizure progresses, and in different recording areas these changes
were different. One common feature, an increase of the absolute values of the positive phases, was obtained during
the evolution of SWD I in both thalamic sites and in the occipital cortex.

Table 3.3. The amplitude of comparable elements in SWD type I and II (uV mean + SD; n = 5 rats).

- Reticular thalamic Ventroposteromedial
Frontal cortex Occipital cortex nucleus, RTN nucleus, VPM
SWD I SWD I SWD I SWD I SWD I SWD Il SWD | SWD Il
Positive transient 138 + 62 631 29 37+32 92+30°" | 12470 26+9° 108 + 49 17+13°
Wave (subsequent) - 2846 1830 -49+24 * | -62+33 21458 -53 + 21 -18+17°

S _ elements of SWD I and SWD II had significantly different amplitude, p<0.05, paired t-test.
* - elements of SWD Il in the occipital channel had significantly higher amplitude than in the frontal channel, p<0.05, paired t-test.

SWD type I as compared to SWD type 11

The largest difference between SWD 1 at the frontal cortex and SWD II at the occipital cortex was the
presence of the large Sp 2 in the SWD I in the frontal cortex. SWD I and SWD II revealed the same components
(PT and Wave) in the occipital cortex, however SWD 1 displayed ‘Spike 1’°, while SWD II did not. PT was
significantly higher in SWD II than in SWD I in the occipital cortex. All components of SWD II in the occipital
cortex were significantly higher in amplitude than in the frontal cortex and in the thalamus (all p’s<0.05, Table
3.3), suggesting that SWD II had an occipital distribution. This is in agreement with earlier reports
[Midzianovskaia et al., 2001]. In the thalamus, amplitude of PT in SWD I was significantly higher than amplitude
PT in SWD II (Table 3.3) and it seemed that the two types of SWD were clearly different at the level of the
thalamus. Only rudimentary SWD II activity was present in the thalamus and frontal cortex, it mirrored and
perhaps passively followed the occipital activity. This is in contrast to the classical SWD I; its phenotype showed
large topographic differences in waveform architecture dependent on the recording area.
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DISCUSSION

The present study provides statistical descriptions of SWD occurring in cortex and thalamus in a genetic
model of absence epilepsy, the WAG/Rjj strain of rats. Based on principles of clinical electroencephalography and
the classification of Weir, we found similarities in EEG patterning of spike-wave seizures in our rats and in
patients with absence epilepsy. The SWD in rats appeared as a unique constellation of epileptiform events that
were described using Weir’s classification of elements into ‘Spike 1°, ‘Spike 2°, PT and Wave [Weir, 1965].

The classical SWD type I and the local SWD type II are both multi-phasic negative-positive-negative
potentials, however they consist of different epileptiform elements. SWD 1 in the frontal cortex appeared as
sequence PTeaiy— Sp2 — PTiy and in the thalamus as (Spl) — PTi.e — Wave. SWD 1I was recognized in the occipital
cortex as a short train of (Sp1) — PT — Wave.

General remarks on the waveform of SWD

The EEG pattern of SWD in WAG/R]j is not identical to that in humans, however, the human pattern is
mimicked by the rats. In the present study we used intracortical electrodes for both deep and surface (epidural)
EEG recordings. The electrodes are implanted in close vicinity of the sources of electrical activity and the problem
of inequality of EEG signals recorded from thalamic and cortical sources might be less. Anyway, we found well
pronounced SWD 1 in the thalamus; this means that thalamic structures are capable to reproduce stercotypic
epileptic activity on the level of local field potentials. Depth EEG recordings done in the past cast some doubt on
the role of the thalamus in absence seizures in humans. As known, subcortical SWD appear to be less regular and
pronounced than SWD recorded simultaneously in the cortex [Angeleri et al., 1964]. Electrical activity derived
from deep brain structures is not comparable with activity originating from the scull surface considering
differences in spatial organization of neuronal current sources and resulting electric fields and dipoles. Depth EEG
electrodes are surrounded by radial distributed sources of electrical activity. Therefore the resulting currents damp
each other and produce dispersion of electrical fields [Lopes da Silva and van Rotterdam, 1982]. Distinctions in
morphology between SWD in rats and humans can be explained by differences in scalp versus intracranial
recording, needle vs disk electrodes, configuration of electrical fields, choice of the location and type of reference
[Rodin, 1989], the absence of convolutions in the cerebral cortex of rodents, the smaller size of the brain, and
interspecies difference in the frequency of SWD.

We found that the waveform of SWD I in VPM and RTN have a similar appearance as previously
described: “the thalamic discharges were characterized by slow negative waves combined with a positive sharp
wave or positive spike. The positive spike was preceded by a highly sharp (small) negative spike appearing on the
decreasing slope of the negative wave at certain thalamic recording sites,” (Meeren et al, 2002, p. 1488). In this
description, ‘the positive sharp wave’ precisely matches the definition of PT and the ‘highly sharp (small) negative
spike’ — to ‘Spike 1°. Our data strongly agree with Meeren’s et al’s observation that a sharp negative spike (Spike
1) was present in SWD I in the VPM, but absent in the RTN. Besides that, elements of SWD I appeared in the
RTN and in the VPM virtually without a time delay and they were tightly time locked, suggesting that
epileptogenic processes in these two nuclei are closely interconnected.

On the temporal evolution of SWD 1

The temporal evolution of SWD 1 is characterized by a decrease in frequency. This follows from the period
between two subsequent waves in the thalamus: at the beginning it was ~80 msec, in the middle part it was ~120
msec respectively. Therefore, the initial seizure frequency was ~12.5 Hz and reduced with time to ~8.3 Hz, in
agreement with other data [Drinkenburg et al., 1993; Midzianovskaia et al., 2001]. Similar dynamics were recently
described with a modified wavelet analyses, albeit with higher frequencies at the beginning of the SWD
[Bosnyakova et al., 2006]. We also found progressive changes in seizure polarity: the shift in negativity/positivity
asymmetry was associated with an increase of the positive phase. Noteworthy is that the temporal evolution of
SWD I in the frontal cortex did not follow this scenario.

The initial cycle of SWD I in the occipital cortex comprised atypical elements that were absent in mature
seizures. Probably, occipital neurons are not perfectly integrated in the oscillatory machinery that start producing
SWD 1. In that sense, SWD I are not completely generalized during the initial stage. Several cycles should pass
until SWD I become fully developed and the spike-wave pattern in the remote cortical areas (such as occipital one)
acquire a mature waveform. Tiny transient changes of the waveform characterize the time evolution of SWD I in
the thalamus. The absence of significant dynamic modifications in the waveform of SWD I in the frontal cortex
and in the thalamus confirms that the spike-wave rhythm is highly constant and stabile.
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Differences between SWD type I and SWD type I1

The differences between SWD I and II were as follows: SWD II had lower amplitude, lower frequency (6-7
Hz), opposite EEG polarity, shorter duration (~ 1 second). These characteristics, including the fronto-parietal
distribution of SWD I and occipital predominance of SWD II, are in agreement with previous reports [van
Luijtelaar and Coenen 1986; Midzianovskaia et al., 2001]. Comparative studies of SWD I and SWD II have shown
that these seizure types have a different pharmacology, genetics and ontogeny, yet very little is known about
neurophysiological mechanisms of SWD II. Virtually nothing is known about the source of type II SWD; therefore
it is important to note that SWD II are nearly absent in the thalamus and in the dorsal hippocampus. The present
analysis further underlines differences in the averaged waveform of cortical SWD I and SWD II. In particular, the
phenotype of the fronto-parietal SWD I was characterized by a high voltage negative ‘Spike 2’ in the frontal EEG
derivation, a small ‘Spike 1’ in the occipital SWD I, that appeared 5-6 msec prior to the frontal ‘Spike 2’ and a low
amplitude Wave. In contrast, local occipital SWD II were characterized by an occasional ‘Spike 1’ and high-
amplitude Wave.

We found that SWD II were nearly absent in the thalamus and dorsal hippocampus, but the waveform of
local occipital SWD II resembled the waveform of SWD I in the same occipital EEG site. We assume that SWD 11
might appear in the EEG when the thalamus (at least its somatosensory part) is not integrated into the
epileptogenic network, thus preventing generalization of primordial SWD 1. This results in ‘residual” SWD II in
the occipital cortex. In contrast, SWD II may have a cortical occipital origin. They may appear in the occipital
cortex as ‘underdeveloped’ (non-generalized) spike-wave activities, furthermore, the thalamus and the anterior
cortex might merely be passive followers of this occipital rhythm.

Cortical expression of SWD and their thalamic equivalents

The EEG profile of SWD I differed in the cortex and in the thalamus. First, SWD I had small waves in the
cortex, in the thalamus the wave component was relatively large. Second, the negative ‘Spike 2’ was extremely
high in the frontal cortex, but it was absent in the thalamus. Instead, ‘Spike 1’ was more stable in the thalamus than
in the cortex.

SWD I occur simultaneously in the cortex and thalamus, but they were not congruent to each other. First,
SWD I in the anterior-middle cortex and in the thalamus had an opposite polarity. As known, signals recorded
simultaneously from the surface and the depth of the brain with a common reference electrode, show polarity
reversal [Freeman, 1978; Coenen, 1995]. The same polarity reversal was found in petit mal patients [Hayne et al.,
1949] and likely to reflect an opposite orientation of electrical currents formed by the superficial and deep neural
mass [Lopes da Silva and van Rotterdam, 1982]. Second, the largest component of thalamic SWD I was the sharp
positive transient (PT) that appeared in both thalamic loci 7-9 msec after the frontal ‘Spike 2’. This time lag can be
accounted for by the synaptic delay. It seems likely that synchronous bursting of cortical cells during ‘Spike 2’
could enter the thalamus via dense descending projections [Deschénes et al., 1998] resulting to a sharp positive
deflection (PT) in both thalamic leads. This creates the illusion that thalamic SWD I are inverted compared to
frontal cortical SWD 1.

The frontal cortex can augment the spike element because of dense mutual (ascending and descending)
associations between pyramidal neurons in deep cortical layers and numerous thalamic nuclei (including
somatosensory thalamic nucleus, the VPM). Besides that, the frontal cortex sends and receives long distance
intracortical projections [Kolb, 1990; Rouiller and Welker, 2000]. Therefore, it is also engaged in the
generalization and propagation of SWD 1. In all, the frontal cortex plays a key role in the distribution of spike-
wave activity throughout the horizontal and vertical pathways of the thalamo-cortical circuitry.

Opposite to the frontal (and parietal) cortical regions, the occipital cortex seems to be passively involved in
SWD I. The waveforms of SWD I in the thalamus and in the occipital cortex were very congruent (Fig. 3.3-3.4),
suggesting that the occipital cortex may simply mirror epileptiform activity derived from the thalamus and is just
passively involved in the propagation of spike-wave activity.
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CONCLUSIONS

(1) Both types of SWD in WAG/R]j rats represent a sequence of elements, which are relevant for elements in
spike-wave complexes as has been described in patients with absence seizures (Weir, 1960). In that sense
SWD in our subjects resemble spike-and-slow wave activity in humans.

(2) Elements of SWD I in the frontal cortex are PTeuy — Sp2 — PTia; in the occipital cortex they are (Spl) — PT —
Wave, and in the thalamus (Spl) — PT — Wave. The elements of SWD I are area-specific and show different
patterns in distinct EEG channels due to neuronal properties and cytoarchitecture.

(3) The largest component of SWD I, ‘Spike 2°, is most pronounced in the frontal cortex, smaller in the parietal
cortex and absent the occipital cortex, suggesting that ‘Spike 2’ may by augmented by local processes within
the anterior cortex.

(4) Wave is present in the neocortex and in the thalamus. More generalized Wave (as compared to Spikes) may
relate to the processes of neuronal generalization.

(5) Complexity of spatiotemporal pattern of SWD I can be accounted for the specific contribution of reciprocally
interconnected neuronal populations in cortex and thalamus.

(6) The occipital cortex is unable to generate any de novo elements. The waveform of SWD I in the occipital
cortex resembles the waveform in the thalamus, therefore occipital SWD I may be just a fingerprint of
thalamic activity.

(7) ‘Spike 2’ in frontal SWD I relates to a delayed (6-9 msec) positive deflection on thalamic records, suggesting a
descending propagation of paroxysmal activity from frontal cortex to thalamus.

(8) SWD type 1II is characterized in the occipital cortex as: PT — negative Wave. Simultaneous activity in the
frontal cortex, VPM and RTN was low, suggesting that SWD II only passively spread over the investigated
thalamo-cortical loci.
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3.2 Adrenergic control of SWD type l and Il

ABSTRACT

The alpha-2 adrenoreceptor agonist clonidine in low dose inhibits the release of noradrenaline and
aggravates absence seizures. The present study examines properties of two types of spike-wave discharges (SWD)
in a genetic model of absence epilepsy, the WAG/Rjj rats. After reduction of noradrenergic neurotransmission with
clonidine (0.00625 mg/kg, i.p.), the electrical activity was recorded in the neocortex, the ventroposteromedial
nucleus (VPM) and the reticular thalamic nucleus (RTN).

Clonidine temporally reduced percentage of wakefulness but did not affect sleep. Clonidine decreased the
spectral power of sleep EEG (mostly in the delta band), this effect was found in the cortex and in the VPM.
Clonidine increased the incidence of SWD type I (generalized); the spectral power of SWD I was lower in the
frontal cortex (mostly in 1-9 and 30-100 Hz) and in the VPM (1-5 Hz), but higher in the RTN (9-14 Hz). Local
occipital SWD (type II) had a tendency to be less numerous after clonidine, they had a lower power in the 5-9 Hz
band in the occipital cortex, in the VPM and in the RTN. It can be concluded that strengthening of 9-14 Hz
activity in the RTN may underlie clonidine-induced aggravation of SWD 1.

INTRODUCTION

In Chapter 3.1 we reported on a difference in EEG morphology between two types of SWD. We also
mentioned that they differ in respect topographic distribution [Midzianovskaia et al., 2001] and Chapter 4.1
reports on spectral properties between two types of SWD. This section describes noradrenergic mechanisms that
control the incidence of SWD I and SWD II. Systemic injections of alpha-2 agonist clonidine are known to
aggravate generalized SWD type I, but do not influence local occipital SWD type II [van Luijtelaar, 1997].
Probably, noradrenergic neuromodullatory supply is necessary for the occurrence of SWD I, but not SWD II. It
seems likely that noradrenergic system modulates thalamo-cortical activity thus promoting SWD I, but SWD II
remain unaffected.

An importance of noradrenergic modulation of epilepsy (in particular, absence epilepsy and SWD) has been
confirmed by extensive literature. The central noradrenergic system is among intrinsic anti-epileptic mechanisms
can normally protect the brain against paroxysmal activity. On the synaptic level noradrenaline (NA) adjusts a
balance between excitation and inhibition, this impedes neurons to enter a hyperexcitatory state, therefore the
probability of absence seizures diminishes for review on anti-epileptic activity of NA (see Refs. [Weinshenker and
Szot, 2002; and Giorgi et al., 2004]). Activation of alpha-2 AR on dendrites and soma of noradrenergic neurons of
the locus coeruleus (autoreceptors) reduces firing of noradrenergic neurons that inhibit NA release [Langer, 1974;
Svensson et al., 1975; Gobert et al., 1998].

Historically, clonidine is used as a selective agonist of alpha-2 AR [Ruffolo and Hieble, 1994; Bylund et al.,
1994]. Alpha-2 AR is also present on terminals of other neuromodulatory neurons (heteroreceptors) such as
dopaminergic and serotoninergic neurons [Svensson et al., 1975; Gobert et al., 1998, Scheibner et al., 2001]. These
receptors are 10 times less sensitive to clonidine than autoreceptors [Maura et al., 1985]. Since almost all brain
structures receive NA-containing terminals from the locus coeruleus [ Aston-Jones et al., 1984; Jones, 1985; Jones
and Moore, 1985], peripheral administration of clonidine reduces noradrenergic neurotransmission throughout the
entire brain. In particular, weakening of the ascending adrenergic innervation may facilitate bursting activity of the
thalamo-cortical neurons [Steriade and Deschenes, 1984; McCormick, 1989; McCormick, 1991] and reinforce
oscillatory activity in the thalamocortical loop (relay nuclei in the thalamus, the reticular thalamic nucleus (RTN)
and the neocortex [Steriade 2003; Avanzini et al., 2000]). In such an indirect way clonidine may promote
generalized SWD 1. However, clonidine is unable to provoke de novo SWD in non-epileptic animals [Marescaux
et al.,, 1992]. As known, some rat strains with absence epilepsy have a congenital deficit of aminergic system
[Vantini et. al., 1984; Buzsaki et al., 1990] this gives a room for clonidine to have a specific pro-absence effect.
Mechanism by which clonidine can intensify absence seizures is still unknow. Buzsaki et al. [1991] showed that
clonidine promote SWD via both pre-synaptic and post-synaptic alpha-2 AR. Here we examine the hypothesis that
the more synchronous thalamic activity after clonidine injections results to the increase of SWD 1.

Clonidine aggravates absence epilepsy in a dose-dependent manner [Micheletti et al., 1987; Buzsaki et al
1991]. The administration of clonidine in a low dose results in electroencephalographic and behavioural sedation

T . .
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[Drew et al., 1979; Hayashi et al., 1993; Seidel et al., 1995; Bischoff et al., 1998], apparently associated with the
reduction of noradrenergic neurotransmission. Low-vigilance and transitory states are favourable for the
occurrence of SWD [Lannes et al., 1988; Drinkenburg et al., 1991]; therefore clonidine-induced sedation may
indirectly influence SWD. High doses of the drug (higher than 0.1 mg/kg) can also intensify some side effects
(decrease of temperature, heart and respiratory rates, salivation etc. [Pickworth et al., 1982]) and result to
dissociation between EEG and behavioural activities. Here we use clonidine in minimal dosage 0.00625 mg/kg: it
is enough to inhibit NA release via pre-synatic mechanisms [Langer, 1974; Svensson et al., 1975] and to enhance
SWD I in WAG/R]j rats [van Luijtelaar, 1997], yet it is insufficient to influence other neuromodulatory systems
via heteroreceptors [Cervo and Samanin, 1991] or to destroy the usual pattern of EEG and behaviour [Drew et al.,
1979; Pastel and Fernstrom, 1984; Fontana and Schefke, 1989; Frankhuyzen and Mulder, 1982].

In the present chapter we examine how depletion of noradrenergic innervation (systemic injections of
clonidine) changes the number and the properties of SWD I and SWD II. We also examine changes of electrical
activity in the cortex and the thalamus during SWD I, SWD II and normal sleep.

METHODS

Experiments were performed in nine male WAG/Rjj rats (11-12 month old, body weight 370-410 g).
‘Surgery procedure and histological control’, ‘Electrode setup’ and ‘EEG recording’ are the same to that
described in Chapter 3.1 ‘Methods’.

Clonidine (Catapresan®, 0.15 mg/ml clonidinehydrochloride, Boehringer Ingelheim bv, Alkmaar, the
Netherlands) was intraperitoneally injected in a dose of 0.00625 mg/kg. The EEG was recorded in freely moving
rats in a noise-isolated Faraday cage during 4 h immediately after the cessation of injection. Animals were allowed
to habituate to a Plexiglas recording cage (25 cmx30 cm width, 35 cm high) for an hour before each recording
session, 6 h base-line EEG was recorded prior to the pharmacological experiment and used as control. All
recording sessions were performed during the dark period, when the incidence of SWD I is known to be higher
[van Luijtelaar and Coenen, 1988]. The EEG signals were fed into a multi-channel differential amplifier via a
swivel contact, band-pass filtered between 1 and 500 Hz, digitized with 1024 samples/s and stored onto hard disk
(Data Acquisition Hardware and Software, DATAQ Instruments Inc., Akron, OH).

Two types of SWD were detected on the frontal and occipital cortical derivations (Fig. 3.1 in Chapter 3.1)
using criteria described by van Luijtelaar and Coenen (1986) and by Midzianovskaia et al. (2001). SWD I were
detected automatically based on the threshold value of the EEG slope (software developed by P.L.C. van den
Broek (NICI, University of Nijmegen, The Netherlands). The number of SWD I and II after injections of clonidine
was scored on the full-length EEG records, i.e. during 4 h after each injection. Number and duration of SWD were
calculated and averaged in 30 min blocks. Periods of sleep and waking were counted and presented in percentages
in time-blocks of 30 min. The cumulative time of SWD 1 (total time of seizures) was also examined in 30 min
intervals. General linear model (GLM) of ANOVA was used for the two-factor analysis: the effect of clonidine
(factor ‘Drug’) was estimated over time (factor ‘Time’).

EEG analysis

A Hanning windowed Fast Fourier Transform (FFT) was performed in the whole EEG segments with SWD
activity (0.1 Hz resolution). The spectrum of SWD I in control was compared with the spectrum of SWD during
the first, second and third hours after injection of clonidine. Coherence (non-normalized) was measured in
intracortical EEG pairs (between the frontal and occipital EEG) and cortico-thalamic pairs (between the frontal
cortex and VPM) as a square of the cross-spectrum of the two channels with 0.1 Hz (Brain Vision Analyser
Software © BrainProducts GmbH). The maximal value of coherence was computed and averaged. Paired t-test
was used for statistical analysis.

In addition to that, 1-sec (1024 samples) EEG epochs during non-REM sleep (n=20 per animal), SWD I
(n=20 per animal) and SWD II (5—20 per animal) were selected for the statistical analysis of EEG power. Episodes
with SWD I begun 500 ms after the first spike in a train of SWD); episodes with SWD II started immediately from
the first spike. In clonidine conditions the EEG samples were taken in a period 30-90 min after injection. Total
EEG power and power of the specific frequency bands: 1-5 Hz, 5-9 Hz, 9-14 Hz, 14-30 Hz, 30-60 and 60-100 Hz
were calculated and statistically compared with t-tests for related samples (p<0.05).

45



Chapter 3

RESULTS

Effect of clonidine on vigilance

After injections of clonidine animals were sluggish and drowsy. Accelerated breathing, twitching of
vibrissae and eyes, facial myoclonic jerks were often observed during periods of immobility, all these behavioral
manifestations were accompanied by steady SWD 1.

Percentage of wakefulness after injections of clonidine significantly decreased compared to control
(F(1,6)=5.09, p<0.05). This effect was significant at the beginning of the post-injection period and disappeared at
the end of the second hour after injection (post-hoc paired t-test, p<0.05, Fig. 3.5B). Decrease of wakefulness is
likely to occur at the expense of the prolonged seizures. Clonidine significantly increased total time of seizures
(F(1,6)=35.7, p<0.002), but did not affect amount of sleep (Fig. 3.5B). In total, pro-absence effect of clonidine
lasted around 90 minutes; this corresponds well to half-life of the drug [Castro and Eisenach, 1989].
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Figure 3.5. Transient changes of behavioral states after i.p. injection of clonidine (0.00625 mg/kg, n=8 rats).
Asterisked are significant changes, post-hoc analysis, paired t-test - * 0.005<p<0.05; ** - p<0.005.

EEG pattern of SWD I and SWD I1

All experimental animals had spontaneous SWD. EEG at the frontal cortical contained clear high-voltage
SWD 1, which lasted 5.8 £ 1.4 sec (= SD). SWD II were present on the occipital cortical EEG lead and were
recognized as sharp 6-7 Hz waves (Fig. 3.1). SWD I were abundantly present in all subjects (25 — 45 seizures per
hour), six out of eight rats had SWD II (2 - 5 per hour).
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Figure 3.6. Records of electrical activity in the cortex (Fr - frontal, Oc - occipital), in the ventroposteromedial thalamic
nucleus (VPM) and in the reticular thalamic nucleus (RTN) in control (A) and after injection of clonidine (0.00625 mg/kg, B).
Periods with SWD I are shaded, typical examples of SWD I are shown below in larger time resolution.
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Effect of clonidine on the dynamic and duration of SWD

The EEG pattern of SWD 1 after injection of clonidine was less regular than the pattern of control SWD I:
amplitude and frequency of the spikes fluctuated (Fig. 3.6B). Compared to control, after injection of clonidine
SWD I lasted longer (from 5 to 30 sec, mean = 13.3 £ 3.6 sec, = SD), this effect was significant (F(1,6)=17.8,
p<0.01) and a significant ‘Drug—Time’ interaction - F(1,6)=14.9, p<0.01) and temporal effect of ‘Time’ -
F(1,6)=27.3, p<0.001) was also found.
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Figure 3.7. Time course of incidence and duration of SWD after clonidine injection (0.00625 mg/kg).
SWD I (A) were aggravated and lasted longer till the end of the third hour (n=8 rats, mean + SD). * - significant changes,
post-hoc analysis, paired t-test, p<0.05.Clonidine did not significantly affect SWD II (B, n=6 rats, mean + SD).

Number of SWD I increased nearly twice during the first hour after clonidine injection as compared to
control (38 + 23 versus 69 + 20 seizures per hour). This effect of clonidine was significant F(1,6)=21.6, p<0.005).
The incidence of SWD I changed over time (factor ‘Time’ - F(1,6)=80.9, p<0.005), interaction factors ‘Drug’ and
‘Time’ was also significant (F(1,6)=25.8, p<0.01). Clonidine was most effective 30-90 minutes after injection
(post-hoc analysis, paired t-test, p<0.05, Fig. 3.7A).

SWD II after injection of clonidine tended to be reduced in number (4.8 £+ 4.3 versus 2.3 &+ 2.2 per hour, £
SD, Fig. 3.7B). Appearance of SWD II highly varied from subject to subject, therefore the effect of clonidine on
SWD Il is less clear than that on SWD I.

Effect of clonidine on the spectral features of SWD

The lower regularity of the spike-components of SWD I, which were seen on EEG after injection of
clonidine, might have been one of the reasons why the shape of power spectrum of SWD I including the peak
frequency (Fig. 3.8B) was not changed. The pattern of EEG spectrum of SWD I was nearly the same after
clonidine than after control (Fig. 3.8A).

Intracortical coherence significantly decreased during the first hour after clonidine injection (p<0.05, paired
t-test), cortico-thalamic coherence was not changed (Fig. 3.8C). Noteworthy was that in both conditions, the
strength of coherence between the frontal and occipital cortices was lower than between the frontal cortex and the
VPM.

Effect of clonidine on the amplitude characteristics of SWD and sleep EEG

Visual inspection of sleep EEG revealed that EEG amplitude after injection of clonidine was lower than in
control; sleep spindles and delta waves appeared less frequently. Clonidine injections resulted in a decrease of the
EEG power during sleep, SWD I and SWD II. Compared to control, EEG spectral power during sleep significantly
decreased in the frontal and occipital cortical cortices and in the VPM mainly due to a decrease of low (1-4 Hz)
frequencies (Fig. 3.9A).

47



Chapter 3

SWD |
w' A power spectrum in the frontal cortex
80 — control after clonidine,
| hours: -— 4-st
80 il ~ 2-nd
' I 3-rd

e S —

2 4 6 8 10 12 14 16 18 20 22 Hz

B main C strength of EEG coherence
fre%uency intracortical  cortico-thalamic
(FFT) P ‘

Hz

- o 0 -
clonidine clonidine clonidine

Figure 3.8. Amplitude characteristics of SWD I after administration of clonidine (0.00625 mg/kgm, (n=8 rats, mean + SD, * -
p<0.05, significant changes, paired t-test). Clonidine did not change the shape of EEG power spectrum (A), nor mean
frequency (B), but it temporally diminished fronto-occipital (intracortical) coherence (C).

Total power of SWD I was significantly lower in the frontal cortex after clonidine administration compared
to control, the decrease in power was found in the 1-5 Hz, 9-14 Hz and 30 - 100 Hz frequency bands. In contrast,
the electrical activity in the RTN increased with clonidine, the power of 9-14 Hz was significantly higher than in
the control condition (Fig. 3.9B).

Total power of SWD II in the occipital cortex and in the VPM decreased after clonidine injections, this was
mainly due to the reduction in 5-9 Hz, also the electrical activity in the RTN had a low power in the 5-9 Hz band
(Fig. 3.90).

A. sleep EEG -
Ve frontal cortex |/ occipital cortex s RTN s VPM f.;::;‘:",‘?;
Fr |.w.¢'-_.«_\’;2\s i a h - - O gt
¢ |g_ﬁ. e SV e Y 4 ; i . 1
@ 9-14
N P 1
RTN I T " 2 . i 05 05 - ds5-98
i l" Lkl i total total total O 1-5
e i power . power i " power
hiad control clonidine control clonidine control clonidine control clonidine
pv frontal cortex  p\° occipital cortex PV RTN pv? VPM frequency
-l w‘ . i & 10 5 5 bands, Hz:
Fr M&W %{wﬂdllmﬂk Wﬂjﬂ;& e 3 — ol ol — W 60-10C
Tt & =
e I"“"fr‘ﬂ‘w'w""ﬂr‘!— A g 2 3 3 | 14-30
! 3 9-14
RTN ["-".’?'f'w'n"i"r,-l\i_\':"\\"'-“.‘\\'-J'."."’-f".\"."'i“"""‘ 4 - 2 2 E 5-%
2 2 1 : L 1 1-5
L total total
VPM [-‘-.-‘i‘i«,';:“.‘*.‘.. 5 pou?er i 5 power
o control clonidine centrol clonidine control clenidine control clonidine
C.SWD Il ipk :
Ve frontal cortex u_V‘ occipital cortex uve RTN HV VPM .
Fr I"M e p S ngenins 5 2 bands, Hz:
4l 18 W 50-100
Oc [l inem 15 I 30-60
[t 3| 1 [ 14-30
Rl L 1 o 9-14
RTN l;h s e 2 H - - E 5-8
VPM. [oomdithonmi L : total O 1-8
100 wv 1 sec ] e B e o a e
enntral elonidine eontral clanidine eontral elanidina eantral elanidine

Figure 3.9 Changes in power of electrical activity during sleep (A), SWD I (B) and SWD II (C) 30-90 min after injection of
clonidine. Noteworthy that clonidine increased 9-14 Hz activity in the RTN only during SWD [; SWD II contained less power
in the band with the peak frequency, 5-9 Hz. * - significant changes, paired t-test, p<0.05.
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DISCUSSION

The present study shows that pharmacological reduction of noradrenergic neurotransmission with low-dose
of alpha-2 agonist clonidine had the following effects: (1) increased time spent by animals in waking state; (2)
increased the incidence and duration of SWD I; (3) reduced fronto-occipital coherence during SWD I (for one
hour); (4) decreased of EEG power during sleep and during SWD I and SWD 1I; (5) affected activity in the RTN:
increased total EEG power and alpha activity during SWD I, and decrease theta activity during SWD II.

Effect of clonidine in vigilance and sleep EEG

In our experiment i.p. injection of clondine decreased vigilance for approximately 1.5 hour. A sedative effect
of clonidine is known for a long time [Drew et al., 1979; Hayashi et al., 1993; Seidel et al., 1995]. This effect
might be a consequence of the inhibition of noradrenergic modulation, in addition to that, clonidine may directly
affect ‘sleep-active neurons’ in the preoptic hypothalamic area (these neurons have mostly alpha 2-receptors), that
would also facilitate low vigilance states and promote sleep [Osaka and Matsumura, 1995]. Altogether, this
explains well why wakefulness in our subjects decreased after clonidine. Here we did not find a sleep-promoting
effect of the drug. Probably, the dosage of clonidine was too low (0.00625 mg/kg) to make our subjects fully
asleep, yet a soporific effect of clonidine was found in higher (0.02-0.04 mg/kg) dose [Seidel et al., 1995]). In the
present dose, clonidine induced drowsiness, e.g. a state, which is favorable for SWD to appear [Lannes et al.,
1988; Drinkenburg et al., 1991]. Per se, this low vigilance state cannot cause such an enormous amount of long-
lasting SWD, as we found here.

The amount of sleep did not change with clonidine, but the properties of sleep EEG have altered: delta
activity decreased in the cortex and in the VPM. Clonidine is known to suppress delta activity in non-epileptic rats
[Pastel and Fernstrom, 1984] but, in opposite, it enhances delta EEG activity in humans [Bischoff et al., 1998].
Clonidine seems to oppositely affect oscillatory activity in thalamo-cortical and hippocampal circuits, namely, it
suppress hippocampal theta activity and enhance alpha (thalamo-cortical) activity [Emilien, 1989; Kitchigina et al.,
2003]. SWD are known to originate from thalamo-cortical circuit and comprise a strong alpha band component.
Here we did not found drastic changes of alpha frequencies after injections of clonidine, in contrast to a
considerable decrease of delta and theta EEG components. A genetic predisposition to absence seizures and SWD
in our subjects may be underlain by impairment of thalamo-cortical neuronal system [Avanzini et al., 2000;
Buzsaki et al., 1990; Coenen and van Luijtelaar, 2003]. As known, delta oscillations and SWD share same
thalamo-cortical mechanisms [reviewed in Steriade 2003] and at the same time, delta and alpha activity cannot be
produced at the same time [Nuiiez at al., 1992]. By decreasing delta activity, clonidine might create a favourable
state for thalamo-cortical circuit to generate SWD.

Effect of clonidine in thalamo-cortical activity during SWD

Clonidine is known to promote absence seizures in various rodent models: in WAG/Rij rats [van Luijtelaar,
1997], in GAERS [Micheletti et al., 1987], in Fisher 344 [Buzsaki, 1991], and also in old Charles River rats
[Kleinlogel, 1985]. To explain the absence-seizure promoting effect of clonidine, Buzsaki and co-workers [1991]
assumed that clonidine may interact not only with presynaptic alpha-2 AR, but also with a specific type of
postsynaptic alpha-2 AR in the thalamus. It is not possible to make a difference between presynaptic and
postsynaptic effects of drugs affecting alpha-2 AR (e.g. AR on the terminals of the locus coeruleus and target
cells). According to our data, clonidine injection resulted in a decrease of EEG power all over the cortex and the
thalamus, except the RTN, where an increase in power was found only during SWD I and mainly in 9-14 Hz. This
could mean that the RTN, rather than the VPM, may control occurrence of SWD I by putative modulatory alpha2-
adrenergic mechanisms. In the RTN, an enlargement of electrical activity in 9-14 Hz (mean frequency of SWD I)
may imply high neuronal synchronization therefore the RTN might be responsible for SWD-promoting effect of
clonidine. Moreover, the RTN seems to be more sensitive to noradrenergic modulation as compared to the rest
parts of the thalamus. As known, the RTN receives the most dense innervation from noradrenergic terminals, the
latter are extended throughout the thalamus but concentrated within the thalamic reticular nucleus [Swanson and
Hartman, 1978].

Another indication of changes in the thalamo-cortical system is a reduction of fronto-occipital coherence
during the first hour after injections of clonidine. This weakening of intracortical associations is intriguing: the
number of generalized SWD type I is increased in clonidine-injected subjects, but frontal and occipital areas are
not synchronized. This means that clonidine-induced seizures appeared less generalized as compared to SWD I in
drug-free animals. It is important that fronto-occipital dissociation was found only during the first hour after
injection and returned the initial level as soon as the number of SWD 1 is restored. This assumes that fronto-
occipital dissociation may be involved in preventing the further propagation of paroxysmal activity.
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We indicated that clonidine altered EEG power in the cortex and in the thalamus. After clonidine injections,
sleep EEG revealed less delta activity in the cortex and the thalamus. A decrease was found in theta band in all
locations during SWD II. A decrease was also found in alpha band during SWD I, but only in the frontal cortex,
whereas alpha activity in the RTN, in opposite, increased. In general, clonidine affected power around the main
frequency of SWD (type I and type II).

It is known that density of alpha-2 AR in the cortex and thalamus is low [Happe et al., 2004] and it seems
unlikely that functional changes are mediated directly by postsynaptic alpha-2 AR. Clonidine inhibits adrenergic
neurotransmission via presynaptic alpha-2 AR resulting to a general decrease of NA this diminishes activation of
postsynaptic alpha-1 AR and probably beta AR. The density of alpha-1 AR in the frontal cortex and in the
thalamus is known to be higher than in the occipital cortex [Jones et al., 1985], therefore, clonidine induced
different changes in local EEG.

As known, the density of alpha-2 AR in the hippocampus, amygdala and septum [Happe et al., 2004] is very
high, suggesting that clonidine may directly affect the activity of these structures. Clonidine in low doses is known
to suppress hippocampal theta activity [Kitchigina et al., 2003]. In our experiments, clonidine reduced theta
activity during SWD II. This effect was observed in the occipital cortex and in the thalamus, and probably reflects
the reduction of the hippocampal activity. Thalamo-cortical oscillations, e.g. sleep spindles and SWD I, are
modulated by another noradrenergic mechanism, which is probably mediated by more complex interaction
between presynaptic alpha-2 and postsynaptic alpha-1 and beta AR. Due to this complex NA modulation, thalamic
relays neurons may easily switch from tonic to bursting firing mode [McCormick, 1989; McCormick, 1991] and
start producing hypersynchronous thalamo-cortical oscillations which are recorded in our subjects as SWD L.

Mechanism of alpha-adrenergic modulation of absence epilepsy

Clonidine may have a pro-absence effect because of combination of several factors. First is a reduction of
efficacy of noradrenergic supply. NA adjusts a balance between excitation and inhibition therefore it is regarded as
an intrinsic anti-epilectic agent. NA is known to modulate the efficacy of inputs, rather than directly activates
postsynaptic targets [Armstrong-James and Fox, 1983, McCormick, 1991]. Clonidine activates presynaptic alpha-2
adrenoreceptors (autoreceptors) on the neurons of locus coeruleus (LC), providing a negative feed-back of NA-
release [Svensson et al., 1975; Langer, 1980]. Low level of NA results to a hyperpolarization of neurons and
thalamo-cortical cells easily turn into ‘busting mode’ and start producing regular oscillations [McCormick, 1989,
McCormick et al., 1991], i.e. SWD. This effect is mediated by postsynaptic (alpha and beta) AR.
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effects:
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placet with our experiment: aggravation of SWD during the third post-injective hour

Figure 3.10. Alpha-adrenergic mechanism by which alpha-2 agonist clonidine may modulate spike-wave activity. (A) The
drug may aggravate seizures affecting noradrenergic neurotransmission. Clonidine reduces NA release by acting via the
presynaptic alpha-2 AR (a2”) in the locus coeruleus (LC) [' Svensson et al., 1975; Langer, 1980]. This causes
hyperpolarisation and promotes bursting activity of thalamo-cortical neurons [> McCormick, 1989, McCormick et al., 1991]
that facilitates genesis of SWD. (B) A specific pool of postsynaptic alpha AR (™) in the thalamus might be primarily
involved in seizure-aggravated effect of clonidine [ Buzsaki et al., 1991]. (C) Retarded changes in the spectrum of SWD,
which were observed in the third post-injective hour, may be explained by secondary alterations on postsynaptic membranes
and changes in neuronal metabolism.

Figure 3.10A illustrates abovementioned effect of clonidine. It is important that a decrease of alpha-
noradrenergic neurotransmission either 9with alpha-1 antagonists or alpha-2 agonists) never induces de novo SWD
in non-epileptic animals [Marescaux et al., 1992b], therefore, clonidine do not act as a primary pro-absence agent.
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Density of alpha AR in subcortical structures of Fisher 344 rats (which have spontaneous absence seizures
[Buzsaki et al., 1991]) is three times lower than in non-epileptic Buffalo rats [Vantini et. al., 1984, Buzsaki et al.,
1990]. To date, in addition to NA release, clonidine may also inhibit release of other monoaminergic
neuromodulators such as dophamine and serotonine [Langer, 1980; Gobert et al., 1998]. Altogether may provide a
cumulative action and result to strengthening of SWD.

Second, a sedative effect of clonidine [Drew et al. 1979; Makela et al., 1986; for reference on humans in
Bischoff et al., 2004], which is explained by lowering of noradrenergic modulatory effect on the thalamic and
cortical neurons have. This effect is mediated by postsynaptic AR (alphal and beta) which are known to be dense
in the cortex and the thalamus [Jones et al., 1985, Diop et al., 1987]. The decrease of vigilance occurs in the
present study during the first hour after clonidine injection. Clonidine is known to have clear soporific effect in
dose 0.02-0.04 mg/kg [Seidel et al., 1995]. We used the drug in a very low dose (0.00625 mg/kg), so that rats did
not fall into sleep, but stayed in transition between sleep and wakefulness, were drowsy. l.e. clonidine promotes
transitory state of vigilance which is favourable for SWD to appear [Lannes et al., 1988; Drinkenburg et al., 1991].
Clonidine may also affect the “sleep-active neurons” in the preoptic area (these neurons have mostly alpha 2-
receptors) resulting to a decrease of vigilance and promotion of sleep [Osaka and Matsumura, 1995]. However,
sedative effect of clonidine could not be a prime reason of such a large amount of long-lasting SWD and status
epilepticus as it is found here.

Third, clonidine may impair interactions between electrical activity over the brain [Bischoff et al., 1998,
Emilien, 1989; Hayashi and Maze, 1993], it induces disballance between EEG and behaviour [Pastel and
Fernstrom, 1984] and provokes non-classical states of vigilance [Pickworth et al., 1982]. Conclusively, clonidine
may alter normal pattern of interactions within a brain and promote abnormal states such as absence seizures.
Fourth, clonidine is a well-known centrally acting antihypertensive agent [Myers, 1977; Hayashi and Maze, 1993;
Szabo, 2002]. Systemic injections of clonidine decreased blood pressure on the periphery, but increased blood
flow in the cerebral cortex [Klupp et al., 1970]. Clonidine also interferes with endocrine system: it affects glucose
homeostasis, thyroid and parathyroid hormones, adrenal steroid metabolism. All these factors might have a
cumulative effect on the neurohumoral homeostasis and facilitate seizure-aggravated effect of the drug.

Spectral analysis of SWD I does not give us an insight to a mechanism by which clonidine has so clear pro-
absence effect. Power spectrum of SWD I in the cortex and the thalamus during the first and the second hours after
injections was the same to that in control. Slight but significant decrease in power of 7.5-8.5 Hz is found in the
VPM during the first hour after injection. This fact may contribute to a hypothesis of Buzsaki et al. (1991) that
clonidine promotes SWD due to activation of a specific postsynaptic AR in the thalamus (Fig. 3.10B).

CONCLUSIONS

The pharmacological reduction of noradrenergic neurotransmission with systemic injections of clonidine increased
the number and duration of SWD I, but did not affect the number of SWD II.

Several factors may contribute to the increase of SWD I after clonidine injections. First, direct or indirect
activation of pacemaker cells in the RTN. Second, impairment of interactions within the cortex, i.e., a decrease in
EEG power in the cortex and weakening of intracortical coherence may facilitate occurrence of SWD 1.

The noradrenergic system might selectively control SWD I, but not SWD 11, at the level of the RTN.
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3.3 EEG precursor activity of SWD type | *

ABSTRACT

We examined periods in the electroencephalograms (EEG) that immediately preceded spontaneously
occurring spike-wave discharges (SWD), i.e., epochs with seizure precursor activity (preSWD), in the WAG/Rjj
rat model of absence epilepsy. PreSWD epochs in the frontal EEG were divided in four classes based on the EEG
power in delta-theta-alpha frequency bands. It was found that 95% of these epochs show high power in the delta
band (1-4 Hz) and 73% contained powerful theta (4.5-8 Hz). By having large theta component, preSWD epochs in
our subjects resemble the 5-9 Hz medium-voltage oscillations that were previously described before the onset of
SWD in GAERS, yet in our subjects, preSWD epochs did not show the well-shaped (presumably theta) rthythm in
EEG. It is concluded that a coalescence of delta and theta in the cortical EEG is most favorable for the occurrence
of SWD. The thalamocortical coherence increased at the onset of SWD, however, no features of EEG coherence
could be considered as unique for any of the subtype of preSWD epochs. Coherence between frontal cortex and
thalamus was higher then intracortical coherence. Reticular and ventroposteromedial thalamic nuclei were strongly
mutually coupled even before the onset of SWD.

INTRODUCTION

Absence seizures in humans and in animal models of absence epilepsy begin abruptly and unpredictably.
There are no obvious clinical or electroencephalographic signs that can be used in order to anticipate the
occurrence of absence seizures. Only some less specific disturbances can be found by close visual inspection in the
background EEG immediately before the onset of SWD. Seizure precursor activity in humans has been referred to
as ‘poorly developed epileptiform discharges’ [Inouye et al., 1990]. It has been shown that in Genetic Absence
Epilepsy Rats from Strasbourg (GAERS) that SWD are preceded by medium-voltage 5-9 Hz oscillations [Pinault
et al., 2001]. The presence of these pro-epileptic 5-9 Hz medium-voltage oscillations [Pinault et al., 2001] has not
been confirmed in another animal models of absence epilepsy (e.g. in the WAG/Rij* strain of rats that resembles
GAERS in many respects [Danober et al., 1998; Depaulis and van Luijtelaar, 2006]). Therefore, the possibility
cannot be excluded that 5-9 Hz oscillatory precursors of absence seizures (SWD) are merely an epiphenomenon
characterizing the GAERS strain. In the present study we examine EEG activity in WAG/Rjj rats in order to figure
out weather WAG/Rij rats exhibit the same 5-9 Hz oscillations (or similar oscillatory patterns) as GAERS in the
EEG just prior to SWD.

The 5-9 Hz oscillatory activity preferably appears in the EEG during a specific behavioral state, in which
animals are awake, but less alert (they sit in a safe environment and not do not anticipate any imminent stimulus)
[Pinault et al., 2001; Pinault, 2003]. Interestingly, these oscillations were detected in epileptic (GAERS) as well as
in non-epileptic rat strains. Therefore, 5-9 Hz oscillations in rodents may be considered as ‘normal’ (i.e.,
physiological) and they are not necessarily associated with absence epilepsy. It is still obscure why 5-9 Hz
rhythmic activity precedes SWD in epileptic rats, but it does not encourage absence seizures in non-epileptic
animals.

The cellular mechanisms of the medium-voltage 5—9 Hz oscillations have been investigated in drug-free
GAERS by Pinault and co-workers (2003; 2006). These authors found that, firstly, absence-related 5-9 Hz
oscillations were generated by interconnected neurons in the somatosensory part of the thalamo-cortical system.
Secondly, neurons in layer IV of the somatosensory cortex began to fire at 5-9 Hz a few milliseconds earlier than
neurons in the corresponding specific and reticular thalamic nuclei. Thirdly, cortical neurons were capable to
modulate membrane potentials of thalamic neurons throughout dense cortico-thalamic synaptic interactions.
Altogether these findings suggest that cortical neurons in layer IV largely affect neuronal activity in the
functionally related thalamic nuclei. In such a way, the cortex initiates a pro-epileptic state, in which the cortico-
thalamo-cortical network produces 5-9 Hz seizure-precursor rhythm followed by SWD. It is hypothesized that an
impairment in the cortico-thalamo-cortical system in epileptic animals results in seizure-precursor (5-9 Hz)
rhythm that is subsequently transformed in absence seizures. Our study is directed towards epileptic processes that
may underlie the transformation of seizure-precursor activity (preSWD, a presumable 5-9 Hz activity) into SWD.
In order to describe the dynamic changes of neuronal network synchronization, EEG coherence in the cortico-
thalamo-cortical network, including frontal and occipital cortical areas and ventroposteromedial nucleus (VPM,

! Submitted paper:

Sitnikova E, van Luijtelaar G. Precursors of spontaneous spike-wave seizures in the electroencephalogram in WAG/R1j rats: power
spectrum and coherence analyses. Epilepsy Research, 2008.

3 WAG/RY]j rat strain is a valid and widely used genetic animal model of absence epilepsy [van Luijtelaar and Coenen, 1986; Coenen and
van Luijtelaar, 2003].
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somatosensory relay thalamic nucleus) and reticular thalamic nucleus (RTN) before, and after the onset of absence
seizures will be measured.

The results are divided in three parts: (1) amplitude-frequency EEG parameters of preSWD epochs as
measured in the cortex, in the VPM and RTN; (2) relationship between electroencephalographic properties of
preSWD and subsequent seizure activity; (3) cortico-thalamo-cortical network associations as measured during
preSWD and subsequent SWD (EEG coherence).

METHODS

Animals

The EEG was recorded in five male WAG/RIij rats of one year old (body weigh 320-360 g). Animals were
born and raised at the laboratory of Biological Psychology, Donders Institute for Brain, Cognition and Behavior of
Radboud University Nijmegen (The Netherlands). They were kept in pairs in standard cages with food and water
available ad libitum and 12-12h light-dark cycle, with white lights on at 18:00. After surgery, housing conditions
were the same except that rats were housed individually. Distress and suffering of animals was kept to a minimum.
The experiments were conducted in accordance with the legislations and regulations for animal care and were
approved by the Ethical Committee on Animal Experimentation of the Radboud University Nijmegen.

EEG recording design and equipment

All animals were equipped with six stainless steel electrodes (Plastic One Inc. Roanoke, VI, USA: MS
333/2A). Two EEG electrodes were placed epidurally over the cortex in the frontal (AP 2; L 2.5) and occipital (AP
-7; L 6) areas, skull flat. Another two EEG electrodes were implanted in the ventroposteromedial nucleus of the
thalamus (VPM, AP -3.5; L 2.5; H 7.2) and in the reticular thalamic nucleus (RTN, AP —1.5; L 2.2; H 7.2). All
coordinates are given in mm relative to bregma. Ground and reference electrodes were placed symmetrically over
both sides of the cerebellum. Electrodes were permanently attached to the rat’s skull with dental cement.

Stereotactic surgery was performed under isofluorane anesthesia. For post-surgery analgesia rats were i.m.
injected with buprenorfinehydrochloride (Temgesic®, Reckitt & Colman Products Ltd., Kingston-Upon Hull, UK)
in a dose of 0.1 mg/kg. Animals were allowed to recover from surgery for at least 10 days.

The location of depth electrodes was verified post mortem. Rats were deeply anesthetized with overdose of
Nembutal, their brains were removed, sectioned (serial coronal 60 um sections) and stained for Nissl (0.1% cresyl
violet). Electrode positioning was determined in accordance to the stereotaxic atlas of the rat’s brain [Paxinos and
Watson, 1986].

The EEG was recorded in freely moving rats while staying in a Plexiglas recording cages (25 cm x 30 cm
surface, 35 cm high) that was placed in a noise-isolated Faraday cage. The recording session lasted 5-7 hours and
took place in the dark period of the light-dark cycle, the rats were simultaneously observed. One day before the
EEG recording session, the rats were allowed to habituate to the recording procedure.

The EEG signals were fed into a multi-channel differential amplifier via a swivel contact, band-pass filtered
between 1-500 Hz, digitized with 1024 samples/second/per channel (Data Acquisition Hardware and Software,
DATAQ Instruments, Inc., Akron, OH) and stored on hard disk.

EEG analysis

All SWD in full-length EEG were marked and 1 sec epochs immediately before and 1 sec after the onset of
SWD were analyzed. Power spectrum analysis was performed in the selected EEG epochs using the traditional
Fast Fourier transform.

EEG event recognition. SWD (type 1) were detected in the frontal EEG using criteria of van Luijtelaar and
Coenen (1986). Briefly, SWD appeared as a train of asymmetric 8-11 Hz sharp spikes interfered by waves. SWD
lasted longer than 2 sec and their amplitude was at least three times higher than the background amplitude (usually
it exceeded the background more than five times). The first sharp (often biphasic) spike was marked as the onset of
SWD.

Power spectrum analysis. A Hanning windowed Fast Fourier Transform (FFT) of EEG signals was
performed with 0.5 Hz resolution (Brain Vision Analyser, ©BrainProducts GmbH). The resultant power spectrum
was averaged per event and per animal. EEG power in frequency bands of delta, 1-4 Hz; theta, 4.5-8 Hz and alpha,
8.5-12 Hz was calculated. Statistical analysis was performed with the aid of an ANOVA and post-hoc LSD test.

EEG coherence was measured in order to access linear synchronization between cortical and thalamic
signals. The coherence measures a degree of similarity between two signals in the frequency domain [Challis and
Kitney, 1991]. It is a normalized function of cross-power spectrum:
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Coh, (0) = |G, (oa)|2 /G, (@) x Gyy(w) [;Coh, ,(®) - coherence between channels 1 and 2; o - discrete
frequencies (here we assigned @ with bin = 0.5 Hz); G, ,.( ®) - cross-power spectrum of the Channel 1 and 2;
G, (o) and G, 5(®) — two individual spectra (autospectra) of Channel 1 and 2.

Coherence was computed in six EEG channel pairs: (1) intracortical (between frontal and occipital
channels); (2) intrathalamic (between VPM and RTN) and (3-6) thalamo-cortical in four pairs (frontal-VPM,
frontal-RTN, occipital-VPM, occipital-RTN). Measurements were made in two subsequent epochs: 1 sec preSWD
and the first sec of SWD. Coherence spectra were computed with 0.5 Hz frequency resolution from 0.5 to 31.5 Hz,
averaged per 1.5 Hz bins. Differences between coherence in preSWD epochs and during SWD epochs were
statistically evaluated with paired t-tests.

RESULTS

Power spectrum analysis of SWD-precursors
In total, 477 SWD-precursor epochs (preSWD, from 47 to 153 per animal) were analyzed.
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Figure 3.11. Power spectrum of SWD-precursors (preSWD) in WAG/R]j rats as measured in the frontal EEG. Four

classes of preSWD epochs are distinguished based on the waveform of the power spectrum and on the distribution of

EEG power over the frequency bands. A representative example of preSWD activity and its power spectrum are shown

on the left side; the right graphs depict the averaged power spectra (per rat and per class, mean £ SE, bin=0.5 Hz).

Noteworthy is that all classes of preSWD epochs, except preSWDn, show relatively high power in the delta frequency
range.
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In the frontal cortex, the epochs with preSWD activity were heterogeneous with respect to the waveform
of EEG activity and their power spectra varied considerably. The epochs with preSWD were subdivided in
four classes based on the value of EEG power in delta (1-4 Hz), theta (4.5-8 Hz) and alpha (8.5-12 Hz)
frequency bands (Fig. 3.11 and Table 3.4). Almost all (95%) of preSWD epochs showed a peak in delta
frequencies (1-4 Hz). Among them, 22% of preSWD epochs, in which power in the delta band exceeded the
EEG power in the other bands, were classified as preSWDA. 38% of the preSWD epochs showed predominant
theta activity (4.5-8 Hz), they were named preSWDO, while 35% of the preSWD epochs contained a
maximum power in the a/pha band, they were named preSWDa.. Interestingly, preSWDa showed in addition
relatively high power in the delta and theta bands. 5% of the preSWD epochs, preSWDn, were characterized
by low-amplitude desynchronized EEG and showed a flat power spectrum. PreSWDn were rather atypical (see
below).

Distribution of EEG power over delta-theta-alpha frequency bands

It was tested whether the distribution of the various frequency bands was different for the four classes of
precursor epochs activity in the frontal and occipital cortex and VPM with a two way ANOVA (‘preSWD class’
and ‘Band’ as factors. The data used in this analysis are presented in Fig. 3.12).

SWD precursor epochs:
distribution of EEG power over the frequency bands
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Figure 3.12 Statistical analysis of EEG power density in the four classes of SWD-precursors (GLM, two-factors ANOVA). A.
In the frontal EEG, factors ‘PreSWD class’ and ‘Band’ are significant, as well as the interaction ‘PreSWD class’*‘Band’ (all
p’s<0.05). B. In the occipital EEG, factors ‘PreSWD class’ and ‘Band’ are significant (p’s<0.05), but the interaction is not. C.
In the thalamus, factors ‘PreSWD class’ and ‘Band’ are significant (p’s<0.05), but no interactions between these factors.

* _ significant differences as determined with LSD post-hoc test (p<0.05). Note that preSWDn epochs are exceptional in
respect to significantly lower power in the frontal cortex and in the thalamus as compared to the other classes of preSWD

epochs.
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Frontal cortex (Fig. 3.12A). Significant differences were found for the different preSWD epochs (factor
‘PreSWD class’ F(3.41)=15.4, p<0.0001), but the factor ‘Band’ was not significant (F(2.41)=2.6, p>0.05);
however, the interaction between ‘PreSWD class’ and ‘Band’ was significant (F(6.41)=2.8, p<0.05). The
subsequent one-way ANOVA indicated significant differences between different classes of preSWD epochs
(F(3,50)=10.2, p<0.0005). Post-hoc tests (LSD) showed that all epochs contained more power (all p’s<0.05)
compared to preSWDn epochs. Also the interaction was further analyzed: differences between different classes of
preSWD epochs were significant in the delta band (F(3,14)=13.3, p<0.005), in the theta band (F(3,14)=3.3,
p=0.05) and in the alpha band (F(3,14)=5.06, p<0.005). More specifically, preSWDA epochs had more delta
power than preSWDn and preSWDO epochs (p's<0.05; asterisked in Fig. 3.12A); preSWD6 epochs had higher
theta power than preSWDn epochs (p<0.05); preSWDa had higher alpha power than preSWDn and
preSWDA epochs (p's<0.05).

Altogether this confirms, first, that our criteria for dividing preSWD epochs in four classes were statistically
reliable. Second, that in the frontal EEG, amplitude-frequency EEG parameters in seizure-precursors epochs were
quite variable. It was not possible to assess a single common pattern of seizure-precursor activity (likewise 5-9 Hz
oscillations in GAERS [Pinault, 2001]), instead, we propose an empirical classification of preSWD based on
(significant) difference of EEG power as measured in traditional frequency bands.

Occipital EEG. Two-way ANOVA revealed some differences between different classes of preSWD epochs
(factor ‘PreSWD class’ F(3,41)=4.6, p<0.014; factor ‘Band’ F(2,41)=37.4, p<0.0001) and no interaction between
these factors, Fig. 3.12B. Differences in power between different preSWD epochs (post-hoc test for the factor
‘Band’) were not found neither in delta band (F(3,14)=1.6, p>0.05), nor in theta band (F(3,14)=1.4 , p>0.05), nor
in alpha band (F(3,14)=1.5, p>0.05).

The one-way ANOVA for the factor ‘Band’ showed significant differences in power (F(2,50)=32.6,
P<0.00001). Post-hoc tests showed that the power was largest in the delfa band, followed by theta and alpha (all
p’s<0.05).

Thalamus (ventroposteromedial nucleus). Power in the investigated frequency bands also differed for the
different preSWD epochs (Fig. 3.12C): factor ‘PreSWD epoch’ F(3.41)=6.9, p<0.005; factor ‘Band’ F(2.41)=4.4,
p<0.01, but no interaction between these factors. The one-way ANOVA showed that the factor ‘PreSWD epoch’
was significant (F(3,50)=4.1, p<0.05) with preSWDn epochs contained less power than the other classes of
preSWD epochs (all p’s<0.05).

According to one-way ANOVA for the factor ‘Band’, differences in power only approached the level of
significance (F(2,51)=3.1, p=0.055).

Table 3.4. Peak frequencies of SWD-precursors and subsequent SWD

% from SWD-precursors SWD
the total Reticul Specifi Reticul
amount of F | EE i eticular pecific eticular
oun 0 rontal EEG Specific thalamic | Frontal EEG thalamus thalamic
seizures thalamus (VPM)

nucleus (VPM) nucleus

preSWDn 5 no peaks - desynchronlzed EEG 9-10.5 8.5;10.0; 11.5 9.5

preSWDA 22 3.0 2.0;7.0 2.0; 7.5 10.0 9.5 9.5
preSWD6 38 4.0-4.5;7.5 1.0;7.0 1.0; 7.5 10.0 9.5-10.0 8.5;10.0

preSWDa 35 3.0;6.5;9.0; 10.5 1.0; 6.5-7.0; 9.0 1.0; 6.5 10.0-10.5 8.5-9.5 9.0

We found dissimilarities in the shape of the power spectra between the frontal cortex and the thalamus (Fig.
3.13). In all classes of seizure precursor epochs (except preSWDn), power spectra in the thalamus revealed peaks
in delta (1-2 Hz) and in theta frequencies (6.5-7.0 Hz, Table 3.4). Delta peaks in the cortex were found in
frequencies 3-4 Hz. It is remarkable that, in the thalamus, all classes of preSWD epochs (except preSWDn) were
characterized by a substantial theta component (note spectral peaks in theta frequencies indicated by arrows in Fig.
3.13), white theta peaks were less pronounced in the frontal cortex and were missing in the preSWDA epochs
(22% of all preSWD).

Power spectrum analysis of preSWD epochs as recorded in the frontal and occipital cortex and in the
thalamus leads to the following conclusions:

1) In the frontal EEG recordings, different classes of preSWD epochs showed the most sharp and significant
differences in power spectrum and the same tendencies were observed in the thalamus, while differences were
absent in the occipital cortex.
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Figure 3.13 Normalized power spectra of preSWD epochs and subsequent SWD. The EEG power spectra profile of preSWD
epochs in the frontal cortex is distinguished from that in the thalamus. The most remarkable distinction is that all classes of
preSWD (except preSWDn) show peaks in theta frequencies (~ 7 Hz as indicated by arrows). In preSWDA epoch, theta-band
component is nearly absent in the frontal cortex, but it is present in the thalamus. During SWD (type I), power spectra in the
frontal cortex and the thalamus closely coincide with each other, however, peak frequencies of SWD in the frontal cortex and
in the thalamus showed a consistent shift (~10 Hz versus ~9 Hz with approximately 0.5-1.5 Hz difference).

2) In the frontal EEG recordings, almost all preSWD epochs showed 3-4 Hz peaks in their power spectrum
and 95% of preSWD epochs contained a powerful delta component. Delta power was maximum in preSWDA
(22% of all investigated epochs) as compared to other classes of preSWD epochs.

3) The peak frequency of delta differed in the thalamus and in the cortex (1-2 Hz versus 3-4 Hz); this might

suggest that SWD-promoting delta components have independent (putative) sources in the cortex and in the
thalamus.

4) The power in delta band in the frontal EEG appeared to be maximum in preSWDA epochs, where
preSWDO ~ preSWDA > preSWDa > preSWDn. In the occipital cortex and in the thalamus, all classes of
preSWD epochs showed the same power in delta band.

5) An exceptional preSWDn epochs (that prerequisite 5% of all SWD) in the frontal cortex displayed
extremely low EEG power in all frequency bands; in the thalamus, delta and theta power showed a tendency to be
lower, and power in alpha band was significantly lower.
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6) The power in theta band in the frontal EEG was highest in preSWD epochs that was significantly higher
than in preSWDn and showed a tendency to be low than in preSWDa and preSWDA epochs. In the occipital
cortex and in the thalamus, power in theta band did not differ in different classes of preSWD epochs.

7) The power in alpha band in the frontal EEG differed significantly in different subtypes of preSWD
epochs, i.e., preSWDO ~ preSWDa > preSWDA > preSWDn, and the same tendencies were observed in the
thalamus. The power in alpha band as recorded in the occipital EEG was the same in all classes of preSWD epochs.

Correspondence between SWD-precursors and subsequent SWD |

The differences between cortical and thalamic power spectra that we notified between the four classes of
preSWD epochs were no longer present during subsequent seizure activity. During SWD, the waveform of cortical
and thalamic power spectra was similar (Fig. 3.13). A sharp ~ 10 Hz peak was found in the frontal cortex in all
SWD subtypes, and, in the thalamus, this peak was detected in frequencies between 8.5 and 9.5 Hz. It seems
striking that the peak frequency of frontal EEG during SWD was constantly above the corresponding values
obtained in the thalamus (difference in peak frequency was 0.5-1.5 Hz, Table 3.4).

SWD:
distribution of EEG power over the frequency bands
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Figure 3.14 Statistical estimations of EEG power during SWD epochs which are preceded by different preSWD (GLM
two-way ANOVA, the design of data analysis is similar to that in Fig. 3.12). A. In the frontal EEG, power in alpha band
is several times higher than in other bands (note four-hold difference in scale). The factor ‘Band’ is significant (p<0.0001),
but the factor ‘PreSWD class’ is not significant. B. In the occipital EEG, the investigated factors are not significant. C. In
the thalamus, the factor ‘Band’ is significant (p<0.0001), the factor ‘PreSWD class’ is not significant. Interactions
‘PreSWD class’*‘Band’ are significant (p<0.05).

* - significant differences as determined by LSD post-hoc test.
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In order to elucidate a putative relationship between the class of the preceding EEG activity and the
subsequent SWD, the electroencephalographic properties (i.e., frequency profile) of SWD were related to the
differences in precursor epochs. The power distribution over the delta, theta and alpha frequency bands was
statistically analyzed using a GLM ANOVA procedure with factors ‘PreSWD class’ (4 levels) and ‘Band’ (3
levels).

In the frontal EEG (Fig. 3.14A), the factor ‘Band’ was highly significant (F(2.42)=40.1, p<0.0001). Post
hoc tests for the factor ‘Band’ showed more alpha as compared to delta and theta power (all p’s<0.05). In fact, the
alpha power was more than four times higher than the power in the delta and theta bands (note scale difference in
Fig.3.14A). The factor ‘PreSWD class’ and interaction were not significant.

In the occipital EEG (Fig. 3.14B), neither the factor ‘Band’, nor ‘PreSWD class’, nor the interaction was
significant. This suggests that the frequency profile of SWD in the occipital cortex was rather flat and similar for
different preSWD epochs.

In the thalamus (VPM, Fig. 3.14C), the factor ‘Band’ was significant F(2.42)=25.3, p<0.0001, but the factor
‘PreSWD class’ was not. Results of post-hoc tests for the ‘Band’ were similar to that in the frontal EEG: preSWD
epochs had more power in the alpha band than in theta and in delta bands (p’s<0.05). The interaction
‘Band’*‘PreSWD class’ was significant F(2.42)=3.0, p<0.05. As compared to the other classes of preSWD epochs,
thalamic counterpart of preSWDn epochs showed significantly higher del/fa and preSWDa - more alpha (p’s<0.05,
LSD post-hoc test, asterisked in 3.14C).

Altogether, there was a simple relationship between EEG power content (a distribution of EEG power
over delta-theta-alpha bands) in SWD and the type of SWD-precursor activity in the frontal and occipital EEG
recordings: no clear effects could be ascribed to the type of seizure-precursor activity as determined in the
frontal cortex. The significant ‘Band’ effect indicates that the frequency spectra of SWD in the frontal cortex
and in the thalamus contained quite some alpha frequencies. In the thalamus, the frequency distribution of
EEG power in SWD was predetermined by the type of seizure-precursor activity (significant interaction
‘Band’*‘PreSWD class’). 5% of SWD, which were preceded by a desynchronized frontal EEG (preSWDn
epochs), displayed an enlarged delfa in the thalamus; seizures, whose precursor epochs had exaggerated alpha
activity in the frontal EEG (preSWDa), were characterized by high alpha activity in the thalamus (but no
longer in the cortex).

Thalamo-cortical network associations during SWD-precursors and subsequent SWD |: EEG
coherence study

It is well accepted that SWD are caused by large-scale neuronal synchronization in the thalamo-cortical
network. In this oscillatory network, the cortex is thought to be recruited by the thalamus [Destexhe and
Sejnowski, 2002] primarily through the RTN [Buzsaki, 1991; Avanzini et al., 1992; 2000; Blumenfeld and
McCormick, 2000 etc]. Recently, several studies in animal models of absence epilepsy cast doubts about the
primary role of the RTN in absence epilepsy, suggesting that the neocortex, rather than the thalamus, plays the
major role in initiating spike-wave seizures [Sitnikova and van Luijtelaar, 2004; Timofeev and Steriade, 2004;
Meeren et al., 2002; 2005; Pinault, 2003; Pinault et al., 2001, 2006; Polack et al., 2007]. In the present Chapter we
access dynamic changes of network synchronization between the cortex (frontal and occipital areas) and the
thalamus (ventroposteromedial and reticular nuclei) during the pre-ictal stage of absence seizures by measuring the
ordinary coherence. EEG coherence analysis was performed in continuous EEG data, including preSWD and
subsequent SWD. In theory, the value of coherence may vary from 0 to 1 and a value close to zero indicates no
correlation between two EEG channels and a value close to 1 - high correlations. In the current study, the
coherence was analyzed in frequencies from 0.5 to 31.5 Hz and coefficients of coherence were averaged per 1.5
Hz bin for the statistical analysis (Fig.3.15).

Intrathalamic coherence (Fig. 3.15B). The highest values of coherence (peak values above 0.8) were
detected between RTN and VPM irrespective of the subtypes of preSWD epochs, suggesting that these nuclei are
highly coupled even before the onset of seizure. Intrathalamic coherence just slightly changed with the onset of
SWD. Significant changes in intrathalamic coherence were found in transitions from preSWDn to SWDn and from
preSWDA to SWDA, while coherence remained unchanged in transitions from preSWDO to SWD6 and from
preSWDa to SWDa. In SWDn, coherence increased in the narrow frequency band, i.e. 8-9.5 Hz, as compared to
preSWDn. Transition from preSWDA to SWDA were characterized by a broader increase of coherence, i.e., from
9.5 to 17 Hz. Only SWDA showed a decrease of coherence in 3.5-5 Hz and in 26-31.5 Hz (preSWDA versus
SWDA, Fig. 3.15B), while all other seizure subtypes showed only a tendency of theta coherence (4-9.5 Hz) to be
reduced as compared to subsequent SWD.

Intracortical fronto-occipital coherence (Fig. 3.15A) was higher (maximum 0.1-0.25) in preSWDn than in
other preSWD epochs (maximum 0.05-0.1); also in SWDn, peak values of coherence were higher (0.4) than in the
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other SWD (maximum 0.2). The frequency profile of intracortical coherence showed significant changes in
transition from preSWD to SWD and the most significant increase of coherence was found between 17.5-21.5 Hz.
More specifically, SWDn showed an increase of coherence in 11-12.5 Hz and SWDA - in 11-14 Hz.

Usually (in 75% of seizures), coherence in alpha band increased with seizure onset, except transition
preSWDa—SWDa, when alpha coherence did not change. In all investigated transitions we found an increase of
coherence in harmonic (beta) frequencies, 17-23 Hz. In preSWDA to SWDA and in preSWDO to SWD®, the
increase of coherence in beta frequencies was particularly strong and widespread (i.e., two-three fold increase in
21.5-31.5 Hz and in 17-27.5 Hz correspondingly).

Thalamo-cortical coherence (Fig. 3.15C) was two times higher than intracortical coherence as measured
during SWD (maximum values of thalamo-cortical coherence were between 0.4-0.6, whereas the maximum of
intracortical coherence - 0.2-0.4). The onset of all seizure subtypes correlated with an increase of coherence
between frontal cortex and the VPM. The most robust increase was detected in alpha frequencies (8-14 Hz) and a
moderate increase was found in beta frequencies (> 14 Hz). SWDn epochs were again exceptional: they showed
the most narrow-band increase of coherence, i.e. in 9-12.5 Hz, and did not demonstrate an increase in beta
coherence, as did the remaining subtypes of SWD. A particularly strong increase in beta coherence was found at
the transition from preSWDO to SWD0 and at preSWDa to SWDa . In the latter case, the increase of thalamo-
cortical coherence was particularly widespread, i.e., 11-31.5 Hz.

EEG coherence: preSWD versus SWD |
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Figure 3.15. EEG coherence characterizing different subtypes of preSWD and subsequent SWD (averaged per rat and per
1.5 Hz bin, mean +S.E., asterisked are significant differences paired t-test, p<<0.05).

60



EEG characteristics of spike-wave discharges

DISCUSSION

In the present Chapter we examined EEG activity immediately prior to SWD (preSWD epochs) by means of
Fourier analyses and also elaborated thalamo-cortical network mechanisms of preSWD by measuring EEG
coherence. In our subjects, WAG/Rij rats, preSWD epochs were characterized by a remarkable diversity in the
waveform and time-frequency characteristics, therefore, we were could not identify a common EEG pattern
seizure-precursor activity, as has been reported by Pinault et al (2001) in GAERS (these authors convincingly
demonstrate that SWD in GAERS derive from medium voltage 5-9 Hz). In agreement to that, we found that 73%
of preSWD in our rats contain powerful activity in the theta range, suggesting that in WAG/Rjj rats, similar to
GAERS, absence seizures are preceded by essential 5-9 Hz (theta) in EEG. An even larger percentage of SWD
was also preceded by delta activity, suggesting that at least in WAG/Rij rats delta is the predominant characteristic
component in frontal EEG preceding SWD.

Conformity of our data with similar studies in GAERS and in human patients

PreSWD epochs are classified in four types based on the properties of their power spectrum as measured in
the frontal EEG. The classification was based on statistical tests, more precisely, by the assessment and
comparison of the EEG power in the delta, theta and alpha frequency bands with the aid of analyses of variance.
Its outcomes showed that the classification of preSWD is justified considering that the four types of preSWD
epochs as measured in the frontal EEG, are statistically different: preSWDA, preSWD0, and preSWDa show
significantly more power in, respectively, delta, theta and alpha frequency bands than in most of the other bands.
More precise, preSWDA epochs were characterized by the highest power delta band, preSWDO - the highest
power in theta band, preSWDa - the highest power in alpha band and preSWDn showed the least power in all
investigated frequency bands.

Our data are comparable in some extent with the recent observations of Aarabi and co-workers (2007), who
investigated spike-wave seizures in human EEG. These authors compared the waveform of EEG recorded in a few
seconds before the onset of spike-wave seizures with the background EEG and also distinguished four types of
seizure-precursors. They reported that in about 14% of cases, seizure-precursor activity was characterized by
synchronized EEG with high-amplitude slow activity. This may correspond to preSWDA in our animals (22% of
all preSWD epochs) that showed an amplitude maximum in the delta band. Aarabi and co-workers (2007) also
found that less than 10% seizures were preceded by some transient events in EEG, such as spikes and spike and
wave activity, and about 6 % of seizure-precursors could not be differentiated from the background EEG. The least
subtype may correspond to preSWDn in our rats (5% of all preSWD epochs) that have a flat EEG spectrum and a
somewhat desynchronized EEG. According to Aarabi and co-workers (2007), the vast majority (71%) of the
seizure-precursors in humans, are characterized by the disappearance of alpha or theta activity. In contrast, we
found a substantial theta component in preSWDO, and preSWDa epochs these classes of seizure-precursors
comprised 73% (35 + 38%) of all seizures (Fig. 3.11).

The only, albeit serious, discrepancy between seizure-precursors in humans and in epileptic rats (GAERS
and our WAG/RIj rats) concerns theta(alpha) activity: it is reduced in humans, but aggravated in rats. 5-9 Hz
medium-voltage oscillations that prerequisite SWD in GAERS [Pinault, 2001] are known to primary involve
somatosensory thalamus and fronto-parietal (somatosensory and motor) cortex [Pinault et al., 2006]. Considering
the differences in the frequency of spike-wave discharges between humans and the rodent models, as well as
species differences in architecture of thalamo-cortical somatosensory system and essential anatomical differences
between the rodent and human brain, it is not surprising that some pro-epileptogenic EEG activity, in this case 5-9
Hz, is absent in humans. It seems crucial that, despite high variability of preictal EEG waveforms, Aarabi et al.
(2007) are able to define a specific signature in cortical EEG that is reproducible in each patient, but did not appear
in other patients. In our subjects, SWD-precursors also varied from animal to animal, but we did not perform
individual analysis. In the future, it is worth paying more attention to the individual properties of SWD-precursor
activity.

Involvement of the thalamus and occipital cortex in EEG seizure-precursor activity

The distribution of EEG power over delta-theta-alpha frequency bands in the occipital cortex in various
subtypes of preSWD epochs sharply differs from that observed in the frontal EEG. The amount of delta and theta
was equal in 75% of preSWD epochs (not in preSWDa epochs, where the power in both bands is lower than in the
alpha band. It seems that the frontal and occipital cortical regions are different in the way of sustaining SWD-
precursor activity. Characteristic theta- and alpha-components in preSWDO and preSWDa epochs (38% and 35%
of the total amount of SWD respectively) may locally be produced by neuronal networks that involve the frontal
cortex, but not the occipital cortex.
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We found that in the thalamus power in theta and alpha bands was the same in 95% of preSWD epochs
(except preSWDn epochs). The power of thalamic delta was the same in all preSWD epochs (100%, including
preSWDn), but in the frontal cortex the power of delfa was high in preSWD6 and in preSWDA epochs, moderate
in preSWDa and minimal in preSWDn epochs.

Pinault and co-workers (2003; 2006) found that 5-9 Hz oscillations are coherently present in cortex and
thalamus. They also showed that SWD-precursor oscillations originate in the cortex and enter the thalamus with a
few milliseconds time delay [Pinault et al., 2006]. This assumes strong thalamo-cortical coupling during preSWD
activity. We found that thalamo-cortical correlation is relatively weak during preSWD, peak values of thalamo-
cortical coherence reach values of 0.1 (0.25 in preSWDn). The inconsistency between Pinault and co-workers and
our results can be explained by differences in recording procedure. First, Pinault et al. (2001, 2003) recorded in the
somatosensory cortex and related thalamic sites, we recorded from the frontal cortex and the VPM (these areas are
known to lack direct ascending connections); second, experiments of Pinault et al. (2001, 2003) were mostly
performed under neuroleptic analgesia, we used freely moving animals. Third, Pinault et al. used multi-unit and
single-unit recordings, but we recorded and analyzed local field potential. It is known that field potentials are
generated by different neuronal elements in the cortex (i.e., mostly straight-trunked pyramidal cells with
longitudinal orientation and large dipole polarity) and in the thalamus (i.e., neurons with radial dendrites forming
dipoles with a specific orientation and little polarity) [Lopes da Silva and van Rotterdam, 1982], therefore, results
of EEG coherence studies might not fully correspond to results of coherence studies based on unit activity.

Our power spectral analysis shows that in the frontal cortex, preSWD epochs have peaks in the delfa range
(around 3-4 Hz, Fig. 3.11 and Table 3.4). Fig. 3.13 in the frontal cortex, preSWDA showed only one peak in delta
band, but in the thalamus — one peak in delta and another one in theta band. Based on our data, we stress the role
of cortical and thalamic delta activity in the initiation and further development of SWD (see the next few
paragraphs).

Power spectrum of 95% preSWD epochs (except preSWDn) as measured in the frontal cortex and in the
thalamus, reveal prominent peaks in delta frequencies (besides peaks in preSWD-specific frequencies), albeit
thalamic delta is centered at the lowest edge of the frequency scale (i.e., 1-2 Hz), but in the cortex, the peak
frequency of delta is found in 3-4 Hz (Table 3.4). In other words, the delta component of preSWD epochs in the
cortex and the thalamus has 2 Hz difference in peak frequency. Probably, there are two independent sources of
delta during preSWD epochs — one is located in the cortex and another one — in the thalamus. This agrees with
recent findings of Steriade and his group who distinguished two types of delta generated in the thalamus and in the
cortex [Steriade, 2002]"". Cortical delta oscillations survive thalamectomy, but little is known about their cellular
mechanisms. One of the hypotheses suggests that cortical delta could be driven by the firing activity of
intrinsically bursting neurons [Amzica and Steriade, 1998]. Thalamic delta (1-4 Hz) is generated intrinsically by
thalamic relay neurons as a result of the interplay between two intrinsic currents (low-threshold Ca®" current, Ir,
and hyperpolarization activated cation current, I,).

From seizure-precursor towards a seizure

Different classes of preSWD activity showed remarkable differences in the waveform of cortical and
thalamic power spectra. However, within a single second after the onset of SWD, cortical and thalamic power
spectra closely resemble each other (Fig. 3.13). It seems that the similarities between electroencephalographic
features of cortical and thalamic signals increase with seizure onset. The occurrence of SWD was associated with a
sharp ~10 Hz peak in the frontal cortex and in the thalamus. However, the average peak frequency in the thalamus
(8.5-9.5 Hz) was lower than the mean frequency in the frontal cortex (10 Hz, Table 3.4).

A 0.5-1.5 Hz gap between the mean frequency of thalamic and cortical absence seizures may appear because
neurons in these two structures may fire in different frequencies during SWD. It was found that the thalamus is
readily sustains a 6.5-7.0 Hz rhythm during the pre-epileptic state [Pinault, 2006] and, when SWD start, the
thalamus might transform the original cortical epileptic ~10 Hz seizure rhythm to a slightly lower frequency. At
the beginning, SWD have a frequency of ~10-11 Hz or even higher [Bosnyakova et al., 2007] and the cortex is
leading the thalamus [Meeren et al., 2002], initially the cortical oscillations force the thalamus to follow this
rhythm, however after 500 msec the cortex is no longer leading the thalamus and consequently, the influence of
the thalamus on the cortex becomes bigger. As a consequence, the preferred thalamic frequency might become
more dominant and the frequency drops further to 7-8 Hz in the cortex and to 6.5-7.0 Hz in the thalamus.

In the present Chapter we have found that that the transition from preSWD to a fully blown SWD is
characterized by abrupt and robust changes in the EEG. First, the shape of power spectra is changed. Large
differences are found between various preSWD epochs in EEG power spectra as measured in the frontal and

™ see also M. Bazhenov, I. Timofeev ‘Thalamocortical oscillations’ Scholarpedia, 2006; 1(6):1319.
http://www.scholarpedia.org/article/Thalamocortical oscillations
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occipital cortex and in the thalamus, however, the differences in cortical power spectra quickly disappeared within
the first second of a SWD and the effects of the preceding epoch quickly vanished and could not be detected. In
the thalamus, there is a correspondence between frequency profile of SWD and their precursor epochs: seizures,
whose precursor epochs in the frontal EEG are desynchronized (preSWDn epochs), have an enlarged delfa, and
seizure-precursors with exaggerated alpha activity in the frontal EEG (preSWDa) are followed by seizures with
high alpha activity in the thalamus (while the enlarged alpha component in the frontal cortex has disappeared).

Second, the power in the investigated frequency bands is quickly changed. The predominant presence of
delta and theta characterizing almost all preSWD epochs is replaced by a predominant activity in the alpha band
during SWD (Figs. 3.12 and 3.14); this general picture was found in cortex and thalamus.

Third, intracortical, intrathalamic and thalamo-cortical coherence is largely changed. The occurrence of
SWD is accompanied by an increase of intracortical and thalamo-cortical coherence in 9.5-14 Hz and in the
frequency band of the first harmonic, i.e. beta (Fig. 3.15).

It is assumed that amplitude-frequency properties in preSWD epochs may depend on coordination and
consolidation of thalamic and cortical parts within the entire network. The variability of seizure-precursor activity
may be caused by dynamic changes of synchronization between specific parts throughout the cortico-thalamo-
cortical network. Probably some local factors may predetermine the characteristics of the preSWD epochs.
Unfortunately, we cannot figure out a single mechanism that may govern the variability of amplitude-frequency
characteristics of precursor epochs in the frontal EEG, but we found a correspondence between some features of
preSWD and subsequent SWD. For instance, the high power of alpha in preSWDa is the most probable reason
why transition preSWDa to SWDa is not accompanied by an increase in the alpha coherence in the thalamo-
cortical pair, as it does in the rest subtypes of SWD. In all cases, the transition from preSWD to SWD corresponds
to an increased befa coherence. Perhaps this finding is related to the theory that fast activity may trigger seizures
and that synchronization in a network might be responsible for the spreading of seizure activity.
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Chapter 4

It is well accepted that a common thalamo-cortical mechanism underlie the occurrence of sleep spindle
oscillations and absence seizures [Steriade and Deschénes, 1984; Kostopoulos, 2000; reviewed in Steriade, 2003
and in Meeren et al., 2005]. Animal models of human primary (idiopathic) absence epilepsy are beneficial for
investigating various aspects of absence epilepsy, including neuronal, genetic and cellular mechanisms, as well as
treatment and diagnosis [Danober et al., 1998; Marescaux et al., 1992; Vadasz et al., 1995; Coenen and van
Luijtelaar, 2003; Depaulis and van Luijtelaar, 2005]. One of the first experimental animal models was the ‘feline
penicillin model of generalized epilepsy’, in which generalized bilaterally synchronous spike-wave discharges
were induced by systemic injections of penicillin [Prince and Farell, 1969]. In high concentration, penicillin
disturbs GABA-ergic neurotransmission and acts as a GABAa-antagonist, resulting in hyper-excitatory responses
of cortical neurons to the activation of thalamocortical afferents [Avoli and Gloor, 1982; Gloor and Fariello 1988;
Kostopoulos, 2000]. This neurophysiological mechanism is thought to underlie a transformation of sleep spindles
into SWD [Gloor, 1969, 1978]: ‘SWD develops in the same circuit, which normally generate sleep spindles, by an
initially cortical transformation of one every two or more spindle waves to a ‘spike’ component of SWD, while the
next spindle wave or waves are eliminated and replaced by a slow negative wave’ (cited by Kostopoulos, 2000).

Animal models of epilepsy have been used to discover cellular, subcellular and neuronal network
mechanisms which are known to be responsible for the functional relationship between sleep spindles and SWD
[Avanzini et al., 1993; Avanzini et al., 1992; 2000; Avoli and Gloor, 1982; Blumenfeld, 2002]. EEG studies in
genetic rodent models also reveal that time-frequency EEG properties of sleep spindles and SWD are similar
[Drinkenburg et al., 1993; Kandel and Buzsaki, 1997]. It is also known that sleep spindles and SWD more often
occur during low vigilance states such as drowsiness, light slow-wave sleep, passive wakefulness [Drinkenburg et
al., 1991] and that they are controlled by the same neuromodulatory systems [Buzsaki et al., 1991; van Luijtelaar,
1997]. The principle results of the above mentioned studies could be summed up in the following statements:

In the feline penicillin model of generalized epilepsy, it is shown that hyperexcitability of cortical neurons
underlies the transformation of normal spindle activity into SWD, suggesting that epileptogenic processes take
place in the cortex [Prince and Farell, 1969].

In rat models of absence epilepsy, sleep spindles and high voltage spindles (HVS = spike-wave discharges)
are characterized by the same distribution of extracellular currents throughout the cortical depth [Kandel and
Buzsaki, 1997]. As known, a depth profile of cortical field potentials depends on the activity of thalamo-cortical
afferents, and the thalamus provides the same excitatory input to the cortex during sleep spindles and during
absence seizures.

Several computational models prove that strong hyperexcitation and hypersynchronization in the neocortex
are crucial for the occurrence of spike-wave discharges [Destexhe and Sejnowski, 2000; Sargsyan et al., 2007]. All
this implies that thalamic neurons are acting in the same ‘oscillatory mode’ during normal spindle activity and
during absence seizures. In particular, spindle-like sequences are delivered to a hyperexcitable neocortex where (in
the cortex) they are transformed into hypersynchronous SWD. In other words, the cortex is the prime source for
the transformation of sleep spindles into SWD; the thalamus, which plays an active role in providing the basis
oscillatory spindle pattern, has a passive role in sustaining and distributing epileptic discharges.

SWD more often appear during quiet wakefulness, in drowsiness and transitions towards slow-wave sleep.
Sleep spindles are also abundant during these states [Drinkenburg et al., 1991]. The circadian dynamics of SWD
positively correlate with the dynamics of light slow-wave sleep [van Luijtelaar and Coenen, 1988], therefore, the
same arousal systems of the brain may control the occurrence of both sleep spindles and SWD [Buzsaki et al.,
1988; 1991]. The spectral characteristics of normal sleep spindles in WAG/Rjj rats are similar to those in SWD
[Drinkenburg et al., 1993].

The present chapter aims (1) to compare EEG features of sleep spindles and SWD in WAG/R]j rats, (2) to
find out similarities and distinctions between SWD, sleep spindles and seizure-precursor activity (preSWD) and,
finally (3) to disclose thalamo-cortical network mechanisms, which are responsible for the occurrence of normal
spindling and paroxysmal spike-wave activity. To achieve these aims, we use several approaches, such as analysis
of power spectrum and cross-correlations (Chapter 4.1), simulation tool (a neuronal model which simulates
cortical field potential of SWD and sleep spindles, Chapter 4.2) and continuous wavelet transform (Chapter 4.3).
Wavelet analysis in Chapter 4.3 provides us with a clue for the selective identification of sleep spindles and
SWD.
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4.1 Correspondence between local cortical rhythmic activity: )
anterior sleep spindles versus SWD | and posterior sleep spindles versus SWD ||

INTRODUCTION

Two types of spontaneous SWD have been distinguished in the EEG of WAG/Rjj rats. The first type, SWD
I, is more or less generalized and it is predominant in the fronto-parietal cortex. The second type, SWD II, is
localized in the occipital region [van Luijtelaar and Coenen, 1986; Midzianovskaia et al., 2001]. Sleep spindles are
divided in two classes, i.e., anterior and posterior sleep spindles, as indicated in Wistar rats [Terrier and
Gottesmann, 1978; Gandolfo et al., 1985], in WAG/Rjj rats [van Luijtelaar, 1997; see also Chapter 2] and also in
humans [Jobert et al., 1993]. Considering the same anterior-posterior topographic distribution of sleep spindles and
SWD, it is hypothesized that anterior sleep spindles are functionally linked to SWD I and posterior spindles — to
SWD II. In order to examine this hypothesis, we compare EEG power spectrum of corresponding types of sleep
spindles and SWD: anterior spindles versus SWD I and posterior spindles versus SWD II.

Besides this topographic difference, SWD 1 differ from SWD II in many other aspects. In comparison to
SWD I, SWD 1II are shorter, have lower frequency 5-7 Hz (vs 9-11 Hz in SWD 1) and have a different
pharmacological profile [van Luijtelaar and Coenen, 1986; van Luijtelaar, 1997; Midzianovskaia et al., 2001;
Sitnikova and van Luijtelaar, 2005]. All WAG/Rjj rats older than 6 months have SWD I, but only ~ 50% of these
rats have SWD II [Schridde and van Luijtelaar, 2005]. The origin and phenomenology of SWD II is uncertain and
the EEG pattern of SWD II is poorly investigated. Although two types of SWD differ in terms of their
electrographic structure [van Luijtelaar and Coenen, 1986; Midzianovskaia et al., 2001] and neuromodulatory
(noradrenergic and dophaminergic) supply [Midzianovskaia et al., 2001; Sitnikova and van Luijtelaar, 2005;
Chapter 3.2], both SWD types comprise the same epileptiform (Weir’s) elements [Sitnikova and van Luijtelaar,
2007; see also Chapter 3.1]. This implies that both SWD types could be considered as genuine epileptic
phenomena. However, behavioral observations contradict this point of view: no clinical manifestations of absence
seizures are seen during SWD II.

It is known that the waveform of SWD I is gradually changing from the beginning towards the end: the
amplitude of spikes gradually diminishes towards the end of SWD I, whereas the amplitude of the waves are
elevated [Midzianovskaia et al., 2001] and the frequency of SWD I monotonously decreases from 10 to 7 Hz
[Drinkenburg et al., 1993]. Altogether, the waveform of SWD I at the end closely resembles the waveform of
SWD II. We hypothesize that SWD II a ‘residual’ local form of spike-wave seizures which appear in the occipital
cortex when SWD I in the fronto-parietal cortex are no longer present. Here we test this hypothesis by examining
the amplitude-frequency characteristics of SWD I (at the beginning and at end of a seizure) and by comparing
these characteristics in SWD I and SWD II. Measurements were made in fontal and occipital EEG.

Thalamic and cortical activity during anterior spindles and SWD I are investigated in more details. The
results help to understand thalamo-cortical neuronal network mechanisms underlying a putative functional
relationship between spindle and SWD.

METHODS
Animals and EEG recording design

Nine male 11-12 months old WAG/Rjj rats (body weigh 320-360 g), which were born and raised in the
laboratory of the Department of Biological Psychology of the Radboud University Nijmegen, were chronically
implanted with six still stainless electrodes (Plastic One Inc. Roanoke, VI, USA: MS 333/2A) for monopolar EEG
recordings. Two electrodes were implanted epidurally over the frontal (AP 2; L 2.5) and occipital (AP -7; L 6)
cortical areas. Two depth electrodes were implanted in the ventroposteromedial nucleus of thalamus (VPM, AP —
3.5; L 2.5; H 7.2) and in the rostral pole of the reticular thalamic nucleus (RTN, AP —1.5; L 2.2; H 7.2). All
coordinates are given in mm relative to bregma [Paxinos and Watson, 1986]. Ground and reference electrodes
were placed symmetrically over both sides of the cerebellum. Post mortem histological control (standard Nissl
staining of brain slices) was performed to verify the positioning of deep (thalamic) electrodes.

Description of EEG patterns

SWD and sleep spindles were identified in the frontal and occipital EEG channels during 5-7 hours. EEG
pattern of SWD type I and II in rodents fulfill the criteria given by the International Federation of Societies for

" Published in:
Sitnikova E.Yu.; G. van Luijtelaar The relation between two types of spike-wave discharges and sleep spindles: a spectral analytical
approach. Epilepsia. 2003, 44, Suppl. 8, 72, P147 (Abstracts of the 25-th International Epilepsy Congress. Lisbon, Portugal October 2003)
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Electroencephalography and Clinical Neurophysiology, IFSECN [Sitnikova and van Luijtelaar, 2007]. SWD I and
SWD II were detected using criteria described in van Luijtelaar and Coenen (1986) and Midzianovskaia et al.
(2001). SWD I were recognized in the frontal EEG as a train of surface negative 7-10 Hz spikes with amplitude at
least three times higher than the background. Duration of SWD I was more than 1 sec. SWD I were detected
automatically based on the threshold value of the EEG slope in the frontal channel with efficiency 97-100% in the
artifact-free EEG (the algorithm and original software were developed by P.L.C. van den Broek, NICI, University
of Nijmegen, the Netherlands).

SWD II consisted of sharp repetitive positive 6-7 Hz waves and lasted longer than 0.5 sec (more than three
waves in a sequence), and were identified visually in the occipital EEG in the absence or with just little concurrent
rhythmic activity in the frontal EEG.

Sleep spindles were detected visually in EEG during non-REM sleep (see Method section in Chapter 2 for
details). Briefly, sleep spindles were recognized as regular sinus oscillations shaped in spindle-like envelope; they
lasted longer than 500 ms and their maximal amplitude was more than twice higher than background (Fig. 2.1A in
Chapter 2). Anterior sleep spindles were present on the frontal EEG, but not in the occipital EEG. Oppositely,
posterior sleep spindles were only present only in the occipital EEG. 30-70 representatives of each spindle type
were collected in each animal.

sleep spindles . SWD | SWD I

i
e

" 1sec ' osterior '
Z'Btiﬁﬁf: pspindle beginning end b y

Frontal EEG

L

pre

Dl

Oceipits

100 uV |

Figure 4.1. Sleep spindles and SWD were recorded in the frontal and occipital EEG. Type I phenomena (anterior sleep
spindles and SWD I) were detected in the frontal EEG. Type II phenomena (posterior sleep spindles and SWD II) — in the
occipital EEG. 1 sec EEG epochs were selected for time-frequency analysis (shown by rectangles). The onset of SWD I and II
was determined by the first spike and the end — by the last spike in spike-wave sequence in the frontal EEG (SWD I) and in
the occipital EEG (SWD II).

EEG sample length was 1 sec for all investigated phenomena. In spindles shorter than 1 sec, the initial point
was shifted in order to get the entire spindle in the middle of the time-window. Figure 4.1 gives examples of the
investigated phenomena in EEG, i.e., anterior and posterior sleep spindles, SWD I and SWD II. Two datasets were
used to describe SWD I: first (black rectangles in Fig. 4.1) included 1 sec epochs at the beginning (0.5 sec after the
first spike) and 1 sec epochs at the end (immediately before the last spike); the second dataset (grey rectangles in
Fig. 4.1) included precursors of SWD I (preSWDn, preSWDa, preSWDO, preSWDA, see Chapter 3.3) and
subsequent seizure activity corresponding to a subtype of precursor.

Power spectrum EEG analysis

Hanning windowed Fast Fourier transform (FFT) with 0.5 Hz resolution was used to compare EEG features
of the selected epochs in the frequency domain. Power spectra were averaged per channel, per EEG event type and
per animal. The following quantitative parameters were determined and compared: (i) duration and (ii) mean
frequency in the appropriate cortical areas, (iii) EEG power in the frontal and occipital cortex summed over the
following frequency bands: 1-4.5 Hz (delta), 5-8.5 Hz (theta), 9-13.5 Hz (alpha), 14-31.5 Hz (beta), 32-59.5 Hz
(gammal) and 60-100 Hz (gamma2). ANOVA was used for the statistical analysis.

In order to eliminate amplitude differences between channels, power density of every frequency band of
both spindle types in cortex and thalamus, every band was normalized to the total EEG power.

Cross-correlation EEG analysis

Cross-correlation function was used to measure the linear correlation between two signals as a function of
their time delay [e.g., Quian Quiroga et al., 2000; Pereda et al., 2005]. This function ranges from -1 (complete
linear inverse correlation) to +1 (complete linear direct correlation). Cross-correlation function of two signals
(time series) x(z) and y(?):
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C.o(0) = T+ 2)y(h)

where N is the total number of data points (the size of time window) and 7 is the time lag between the
signals (an example of cross-correlation functions is shown in Fig. 2.9A) We examined cross-correlations in
intracortical (fronto-occipital), intrathalamic (VPM-RTN) and cortico-thalamic pairs (frontal-VPM; frontal-RTN)
and included episodes of anterior sleep spindles, SWD I and 1 sec periods of EEG during passive wakefulness (n =
50 per rat).

Power spectrum and cross-correlation analyses were performed using Brain Vision Analyser software, ©
BrainProducts GmbH.

RESULTS
Sleep spindles and SWD in the frontal and occipital cortical areas
Table 4.1 describes some general features of anterior sleep spindles and SWD I (type I phenomena that were

predominant in the frontal EEG) and posterior spindles and SWD II (type Il phenomena that were expressed in the
occipital EEG).

Table 4.1 Descriptive statistic of the investigated EEG phenomena (epoch length = 1 sec).

Number of Mean duration Mean frequency Total power

EEG samples  (sec)+ S.D. (Hz) £ S.D. (uV) £S.D.?
type |
anterior sleep spindles 445 0.68 £ 0.08 11.14 £ 1.02 11317
SWD | (0.5 after seizure onset) ' 297 6.71+0.58 * 9.14+047" 24.846.5*
type ll
posterior sleep spindles 299 0.59 £ 0.07 10.16 + 0.88 8.6+2.1
SWD I 194 0.89+0.29 6.58 £ 0.70 * 11.8+2.7 *

* - significant differences between sleep spindles and SWD (t-test, p<0.05);
'_ as measured during 1 sec period from 0.5 to 1.5 sec after the onset of SWD (average across SWDn, SWDa, SWD6, SWDA)
2_ total power of type I phenomena was measured in the frontal EEG and type II phenomena — in the occipital EEG.

ANOVA F('Duration’)=183.1 d.f.=6;877, p<0.0001
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Figure 4.2. Results of the one-way ANOVA on the duration of SWD and sleep spindles. SWD I lasted significantly longer as
compared to sleep spindles (anterior and posterior) and SWD II. Duration of SWD I seems to be predetermined by SWD-
precursor activity (preSWDn, preSWDA , preSWDa and preSWDB, see description in the text).
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Type I phenomena. As compared to anterior spindles, SWD I lasted ten times longer, their amplitude was
nearly two times higher, and their mean frequency was (~ 2 Hz) significantly lower (note that these data described
SWD I periods from 0.5 to 1.5 sec after the onset).

Type Il phenomena. Posterior spindles and SWD II had the same duration, but the frequency of SWD II was
~ 3.5 Hz lower than frequency of posterior sleep spindles.

Duration of the spindles and SWD (separately for each subtype SWDn, SWDa, SWDO, SWDA) was further
analyzed using a one-way ANOVA (Fig. 4.2). Duration of anterior spindles, posterior spindles and SWD II did not
differ significantly, but it was significantly lower than found for all subtypes of SWD I (LSD-test, all p’s<0.001;
see also Table 4.1). SWD I, which followed by preSWDa and preSWD#, lasted significantly longer as compared
to seizures preceded by preSWDn and preSWDA (LSD-test, all p’s<0.05). Therefore, SWD-precursor activity
(preSWDn, preSWDA , preSWDa and preSWDB) affects the length of subsequent SWD 1.

In the average power spectra (Fig. 4.3), the frequency of the major peak (‘mean frequency’) varied from 6
Hz in SWD II up to 10-11 Hz in sleep spindles (Table 4.1). SWD II were distinguished from all other EEG
phenomena by having a low frequency and high power in the theta band (Fig. 4.3).
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Figure 4.3. Mean spectrograms of the four investigated EEG events (n=9 rats) as measured in their characteristic areas. SWD I
were distinguished by high power around 10 Hz and in the harmonic beta frequencies.

Power spectra of both sleep spindles and SWD 1 displayed high power in alpha frequencies (9-12 Hz),
suggesting that these EEG phenomena were characterized by the same rhythmic component in the alpha frequency
band. Besides that, the following principal differences in the power spectrum of sleep spindles and SWD should be
noted.

(1) In SWD I, ~ 9 Hz spectral peak was several times higher as compared to the ~ 10-11 Hz peak in sleep
spindles. Occurrence of this sharp and high ~ 9 Hz peak in the power spectrum of SWD I may be brought
about by high-voltage periodic spike component. A smooth spectral peak in both spindle types may suggest a
considerable variability of intra-spindle frequencies.

(2) Mean frequencies of SWD were lower than in sleep spindles (difference between SWD I and anterior spindles
was ~ 2 Hz and between SWD II and posterior spindles ~3.5 Hz).

(3) Power spectrum of sleep spindles (and SWD II) displayed relatively high power in delta frequencies (1-4 Hz,
Fig. 4.3), while in SWD I low frequencies were suppressed.

(4) Power spectrum of SWD I displayed additional peaks in harmonic frequencies (i.e., 16-20 Hz that doubles
fundamental seizure frequency), that was absent in sleep spindles. This is accounted for the spike sequences in
SWD I which manifest themselves in the power spectrum as harmonic frequency components.

ANOVA was used to analyze distribution of EEG power density (spectral power) in sleep spindles and SWD
(factor ‘spindles/SWD?’) over the selected frequency bands ‘band’ (Fig. 4.4).

Anterior spindles and SWD I showed a significantly different distribution of spectral density over frequency
bands in the frontal EEG (F=38.9; d.f.=1.107; p<0.0001), but not in the occipital EEG, Fig 4.4A). Post-hoc test
revealed that, in the frontal EEG, SWD I had significantly higher power in alpha, beta and gammal bands (e.g., in
frequencies from 14 Hz to 59.5 Hz), as compared to anterior spindles. In the occipital EEG, the factors ‘band’ and
interaction between ‘spindles/SWD’*‘band’ were significant: SWD I had a significantly lower power in the delta
band as compared to anterior spindles (post-hoc test, p<0.05).

Posterior sleep spindles and SWD II were characterized by significantly different distribution of spectral power
over frequency bands in the occipital cortex (F=86.8; d.f.=1.107; p<0.0001, Fig. 4.4B), but not in the frontal cortex
(Fig. 4.4B). In the occipital cortex, SWD II were distinguished from posterior spindles by higher power in theta
and low power in alpha bands (post-hoc tests, p’s<0.05).
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Figure 4.4. ANOVA power spectrum EEG analysis in the following frequency bands: 1-4.5 Hz (delta), 5-8.5 Hz (theta), 9-
13.5 Hz (alpha), 14-31.5 Hz (beta), 32-59.5 Hz (gammal) and 60-100 Hz (gamma?2) (n=9 rats).
* - significant differences according to post-hoc Fisher test.

Type | phenomena

Figure 4.5 (dotted lines) illustrates the power spectrum of various subtypes of SWD [ which were
distinguished by EEG precursor activity (SWDn, SWDa, SWD6, SWDA, see Chapter 3.3). Peak frequency of
each subtype of SWD I was measured immediately after the seizure onset and it was ~ 10 Hz, e.g., similar to what
was found in anterior sleep spindles (Fig. 4.5). Already 0.5 sec after the onset, the mean frequency of SWD 1

decreased to ~ 9 Hz (Figs 4.3 and 4.4) and the ~ 1 Hz frequency gap between SWD I and anterior spindles
appeared to be significant (Table 4.1).
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Figure 4.5. Anterior sleep spindles and spike-wave discharges (SWD I) showed different power spectra in the frontal cortex.
SWD I were divided into four subtypes depending on the frequency profile of seizure precursor activity (Chapter 3.2): SWDn
developed form desynchronized EEG, preSWDn (4.8 %), SWD6 were preceded by high theta (preSWD6, 38.2%), SWDa -
by high alpha (preSWDa., 33%) and SWDA — by high delta (preSWDA, 22%). Note scale difference in ordinate axis SWD

versus spindles.

70



Chapter 4

All subtypes of SWD I revealed a similar distribution of EEG power over the frequencies, including delta,
theta and beta (Fig. 4.5, dotted lines). As compared to SWD 1, sleep spindles demonstrated a relatively low power
in beta frequencies and high delta and theta frequencies. This means that SWD I and anterior sleep spindles are
distinguished by having different subdominant frequencies and different EEG waveforms. Fundamental
frequencies of anterior spindles and SWD I appear in the same alpha band, despite that, the morphology of these
events was remarkably different. Differences in EEG morphology between SWD I and anterior sleep spindles were
examined with the continuous wavelet transform and reported in the following Chapter 4.2.

The collage in Figure 4.6 illustrates remarkable dissimilarities between power spectra of sleep spindles,
seizure precursor activity (preSWDn, preSWDa, preSWDO, preSWDA, see Chapter 3.3) and successive SWD.
All types of preSWD, as expressed in the frontal EEG, differed from sleep spindles. PreSWDa, which comprised
enlarged alpha component (Fig. 4.6¢; see Fig. 3.12A) and were expected to most closely resemble sleep spindles,
were still distinguished from them by having higher power in delta and theta frequencies (Fig. 4.6a). Even more
sharp distinctions were pronounced in other precursor subtypes (preSWDn, preSWDO, preSWDA Fig. 4.6 b-d).
Noteworthy is that anterior sleep spindles comprised frequency components that were also present in preSWD
(relatively high delta) and in SWD I (relatively high alpha).
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Figure 4.6. Average power spectra of type I and type II EEG phenomena as measured at the frontal and occipital cortical areas
(all epochs length are equal to 1 sec). In both SWD types, immediate precursor activity (preSWD) showed variable power
spectrum that was distinguished from the successive SWD and from sleep spindles.

Type Il phenomena

Precursors of SWD 1II (Fig. 4.6g) showed a flat power spectrum in both frontal and occipital areas,
suggesting that no oscillatory patterns in the cortex preceded the occurrence of SWD II. Posterior sleep spindles
were characterized by a remarkable discrepancy between power spectra obtained in the frontal and occipital EEG
channels (Fig. 4.6f); enhancement of alpha power in the occipital EEG (peak in ~10 Hz) coincided with the
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elevation of delta in the frontal EEG (peak in ~3 Hz). SWD II showed more consistency between power spectra
obtained in frontal and occipital EEG (Fig. 4.612); both cortical EEG channels revealed spectral peaks in ~ 6 Hz.

To sum up, substantial differences in EEG power spectrum of SWD, sleep spindles and SWD-precursor
activity disagree with our hypothesis that there is a direct relationship between these EEG phenomena. The
fundamental frequency of SWD I immediately after the onset was similar to that in anterior spindles and rapidly
decreased ~ 1 Hz within half a second. Sleep spindles were significantly shorter than SWD I. We cannot exclude
that anterior sleep spindles might be transformed into SWD I, but this transformation requires a serious
dysfunction that leads to the introduction of sustained and regular spikes in the frontal EEG. This mechanism is
not relevant to a putative transformation from posterior sleep spindles to SWD II.

Frequency profile of SWD I: its dynamics and resemblance to SWD I

In the present section we test hypothesis that SWD II appear as a result of dynamic transformation of SWD
L. It was found that in the frontal EEG, the power spectrum of SWD [ underwent dynamic transformation and at
the end the spectrum of SWD I became resemble to that in SWD II (upper graph in Fig. 4.7A). SWD I showed a
characteristic frequency drift toward lower frequency and showed peaks at 6.5 and 8 Hz. Interestingly is that 6.5
Hz peak was present at the end of SWD I and in SWD II.

Analysis of distribution of EEG power over selected frequency bands revealed significant differences
between SWD I and SWD II (bottom graph in Fig. 4.7A; ‘band’ effect was F(5.161)=47.6, p<0.0001; ‘SWD type’
effect was F(2.161)=47.3, p<0.0001; the interaction was F(10.161)=18.9, p<0.0001). At the beginning, SWD I
showed higher EEG power in alpha, beta and gammal bands as compared to SWD II (all p’s<0.05), but at the end
of SWD I, these differences were no longer present (in alpha and gammal bands) or became less significant (in
beta band).

In the occipital cortex, SWD I and SWD II displayed different distribution of EEG power over frequency
bands (bottom graph in Fig. 4.7B; the effect of ‘band’ was F(5.161)=80.5, p<0.0001; ‘SWD type’ - F(2.161)=22 4,
p<0.0001; the interaction F(10.161)=9.9, p<0.0001). The most remarkable difference was found in theta frequency
band. Theta for SWD II was higher than for SWD I (both for beginning and end, p’s<0.05). The frequency profile
of SWD 1 just slightly changed as seizure progress (upper graph in Fig. 4.7B). Significant differences were found
in the delta band only: at the end of SWD I delta was higher as compared to the beginning of SWD I and to SWD
IT (bottom graph in Fig. 4.7B; post-hoc test, p<0.05). Enlargement of delta activity in occipital cortex may
correspond to the elevation of the wave component during SWD I: the wave is known to be maximally expressed
at the occipital cortex at the end of a SWD I [Midzianovskaia et al., 2001].
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Figure 4.7. EEG power spectrum of two types of SWD (average over 9 rats). In the frontal EEG, the waveform of power
spectrum at the end of SWD I mimicked that of SWD II and distribution of EEG power over frequency bands have changed
correspondingly. In the occipital EEG, power spectrum of SWD I was nearly unchanged from the beginning to the end (except
delta which was enlarged at seizure end). Significant differences: * - 0.05 > p > 0.01; ** - 0.01 > p > 0.001; *** - p < 0.001
(the paired t-test).
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In all, the frequency profile of SWD I in the frontal EEG underwent dynamic changes, so that, at the end,
SWD I bore a striking similarity with SWD II. However, in the occipital EEG, SWD II and SWD [ were
remarkably dissimilar. This implies that, despite the partial resemblance observed between SWD I end (‘residual’
seizures) and SWD 1I in the frontal cortex, the local occipital SWD II displayed a different frequency profile as
compared to occipital SWD 1. This indicates that SWD I and SWD II are indeed independent phenomena, yet the
neuronal mechanisms in the frontal cortex might provide a probable (functional) link between them.

Thalamic and cortical activity during anterior sleep spindles and SWD |

Fourier analysis (frequency domain)

In order to directly compare frequency profiles of spindles and SWD as recorded in the frontal cortex and in
the thalamus, we eliminated amplitude differences by normalizing the EEG power spectra (Fig. 4.8). Next, the
frequency composure of pre-spindle epochs, anterior spindles and SWD I were compared.

During pre-spindle epochs (upper graph in Fig. 4.8), cortical and thalamic channels demonstrated closely
similar frequency profiles, more specifically, all power spectra showed a maximum around 1 Hz and gradual
decrease in power towards higher frequencies.

The most pronounced differences, characterizing changes from pre-spindle to anterior spindle activity, were
found in the frontal EEG (i.e., an increase in power in alpha frequencies with a peak at 11 Hz and a decrease in
delta frequencies), whereas changes in the thalamus were moderate and changes in the occipital channel were
virtually absent.
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Figure 4.8. Normalized power spectra characterizing frequency profiles of electrical brain activity as recorded simultaneously
in the cortex (solid lines) and in the thalamus (VPM — ventroposteromedial nucleus, dotted line) during anterior spindles, pre-
spindle activity (immediately before spindles) and SWD 1. Epoch length is 1 sec. Mean + S.E.
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SWD I (0.5-1.5 sec from the onset, bottom graph in Fig. 4.8) were characterized by a narrow spectral peak in
8-9 Hz in the cortex and the thalamus (ventroposteromedial nucleus, VPN), suggesting that both structures sustain
stable and regular 8-9 Hz activity. However, the EEG power spectra in these loci were not completely congruent:
(1) discrepancies were found in the mean peak frequency of SWD I that were different in different locations: the
peak was 7.75 Hz in the occipital EEG, 8.75 Hz in the thalamus, and 9.25 Hz in frontal cortex;

(2) both occipital and thalamic power spectra differed from the frontal spectrum by a relatively low power in beta
frequencies;

(3) the occipital power spectra differed from the frontal and thalamic spectra by having high power in the low
frequencies. This could be associated with local occipital delta activity corresponding to the wave component
of seizure activity in the occipital cortex [van Luijtelaar and Coenen, 1986; Midzianovskaia et al., 2001;
Sitnikova and van Luijtelaar, 2007].

Altogether, pre-spindle epochs and subsequent sleep spindles have similar low-frequency components in the
cortex and in the thalamus, indicating that (1) the cortex and the thalamus sustain simultaneous delta activity; (2)
this delta seems unchanged in transitioning from pre-spindle activity towards sleep spindles. During sleep spindles,
besides high delta and theta, the thalamus sustains surprisingly low alpha activity as compared to relatively high
alpha in the frontal cortex. Frequency profiles of SWD I (0.5-1.5 sec from the onset) in the frontal cortex and the
thalamus were similar: frontal and thalamic spectra were congruent across delta-theta-alpha frequencies,
suggesting that the frontal cortex and the thalamus operate at the same frequency mode; a narrow spectral peak in
8-9 Hz implies the presence of clearly dominating rhythm in the cortex and thalamus.

Analysis of cross-correlations (time domain)

The cross correlation function was used to characterize first-order (linear) dependency between cortical and
thalamic signals in the time domain. This function estimates a time-varying correlation value between two signals
(i.e., positive or negative correlation for every time lag). Fig. 4.9 shows average cross correlation function, Cyy(7),
during anterior sleep spindles, SWD I and wake EEG (passive wakefulness). In order to interpret cross-correlation
functions more explicitly, we mention several a posteriori refinements, under assumption of linear relationship
between these signals [Pereda et al., 2005]:

(1) Absolute value of C,(t) depends on signal amplitude (it is higher in equipotential signals).

(2) The value of T at maximum C,y(7) is the time delay measure between two phase-shifted signals.

(3) Negative value of Cyy () implies an inverse correlation. Cyy(t) = -1 means that the two EEG signals of the
same amplitude have an opposite direction. Positive C,y(t) implies direct correlation (the same direction).

(4) High correlation coefficients C,y(t) and symmetric cross-correlation function along the time (t) axis imply that
that the phases of the signals are synchronized; low correlation coefficients C,y(t) and asymmetric cross
correlation functions characterise signals with arbitrarily changing phases.

(5) Asymmetric cross-correlation function along t-axis may imply either that only one channel sustains oscillatory
activity, but the other channel is not; or that associations between EEG channels are non-linear (a linear cross
correlation is then inappropriate).

Cross-correlation functions wakefulness - anterior spindles
— SWD |
A Cortico-cortical B Thalamo-cortical
Frontal - Occipital cortex Frontal cortex - the VPM Frontal cortex - the RTN
07 G fr) 07, G v 07, C. v

Figure 4.9. Averaged cross correlation functions in the cortico-cortical (A) and thalamo-cortical (B) EEG pairs during SWD
type I, anterior sleep spindles and the waking EEG (n=5 rats). Mean + S.E.
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Waking EEG

Intracortical (fronto-occipital) cross-correlation function (Fig. 4.9A, grey line) had a sine wave profile (140-
160 msec full cycle) with relatively high positive peak Cy(t) ~ 0.37 (at T ~ 0) and a low negative peak Cy (1) ~ 0.1
(at T ~ +/- 40-50 msec). Cross-correlation function tend to have positive values [Cyy(t)>0]; this mean that the
frontal channel has constantly higher amplitude as compared to the occipital channel.

Thalamo-cortical cross-correlation function ‘frontal cortex — VPM’ was positive [Cyy(t) = 0.38] with time
lag largely fluctuating across zero (t varied from -2 to +2 msec), suggesting an equal probability that frontal cortex
lead the VPM or vice versa. The positive peak correlation ‘frontal cortex — RTN’ [C,y(t) = 0.54] was higher than
in ‘frontal cortex — VPM’ and displayed a more stable lag, T ~ +2 msec. Therefore, (i) the frontal cortex showed a
direct (in-phase) synchronization with the VPM and RTN, (ii) there was more synchrony in a pair ‘frontal cortex —
RTN’ than in ‘frontal cortex — VPM” and (iii) the frontal cortex lead the RTN with one synapse delay (2 msec), but
it associate with the VPM in bidirectional manner.

Anterior sleep spindles

Intracortical cross-correlation function (Fig. 4.6A, dotted line) was also sinusoidal (similar to that in waking
EEG), but all its values were positive (maximum Cy,(t) = 0.15 at T ~ - 5 msec and two minima C,y(t) ~ 0 at T ~ +/-
25-40 msec). This suggests that there was in-phase synchronization between the frontal and occipital channels.
Positive orientation of cross-correlation function [Cyy(t)>0] suggests that the amplitude of the frontal EEG was
much higher than that in occipital EEG. This fully agrees with the principle of spindle selection: anterior spindles
were present locally in the frontal cortex and were virtually absent in the occipital cortex (see Chapter 2.1, Figs
2.1 and 2.8).

Thalamo-cortical cross-correlation function (Fig. 4.9B, dotted lines) differed from that observed in waking
EEG (Fig. 4.9B, grey lines): they showed sinusoidal waveform and were almost symmetric along the t-axis (full
cycle lasted ~ 80 msec). ‘Frontal cortex — VPM’ correlations revealed negative peak [Cy(t) ~ -0.2] (see also Fig.
2.8 for details). Time lag was t ~ - 3 msec, suggesting that during spindles frontal cortex led the thalamus with 3
msec time delay.

SWD I

Intracortical cross-correlation function was asymmetric over the time (t) scale (Fig. 4.9A, black line), that
distinguished from symmetric function found in anterior spindles and waking EEG. This asymmetry implies that
signals in the frontal and occipital channels have different waveforms. The same were present in anterior spindles
and waking EEG, but they were less pronounced. In SWD I, the shape of cross-correlation function could be well
explained by the presence of different Weir’s components in the occipital and frontal channels (Chapter 3.1). In
particular, the positive peak value Cy,(t) = 0.14 at T = +4 msec corresponds to the occurrence of the early occipital
‘spike 1’ and the following frontal ‘spike 2’ (time delay is 5-6 msec, Figs. 3.3 and 3.4). Similarly, the negative
peak value C,y(t) = - 0.21 at t = +12 msec corresponds to the presence of the late ‘positive transient’ in occipital
EEG and ‘spike 2’ in the frontal EEG.

Thalamo-cortical correlations during SWD 1 (Fig. 4.9B, black lines) differed from that in waking EEG
(Fig. 4.9B, grey lines). Cross-correlations function was almost symmetric along the t-axis and had a sinusoidal
waveform (full cycle was ~ 110 msec). ‘Frontal cortex — VPM’ correlations demonstrate a negative peak [Cyy (1) ~
-0.42] that was two times higher than found in sleep spindles. Time delay between the frontal cortex and the VPM
was 5 msec. In terms of distribution of Weir’s components in SWD I, this negative peak of cross-correlations
implies a correspondence between the frontal ‘spike 2’ and thalamic ‘positive transient’ that appeared with 7-9
msec time delay (Chapter 3.1, Figs. 3.3 and 3.4).

Intracortical ‘fronto-occipital’ cross-correlations during anterior sleep spindles and during wakefulness did
not differ much, but they were remarkably different from that in SWD 1. In anterior sleep spindles and SWD I out-
of-phase synchronization in both thalamo-cortical pairs were negative and opposite to that during wakefulness,
suggesting a polarity inversion. The overall pattern of thalamo-cortical correlations in anterior spindles and in
SWD I was the same and remarkably distinguished from what was found in waking EEG. This suggests the
existence of at least two different modes of thalamo-cortical activity: one characterizes the state of wakefulness
and another one - spindles and SWD. However, the absolute values of thalamo-cortical correlations during SWD 1
were higher than that in anterior spindles, suggesting that thalamo-cortical coupling during seizures were stronger
that during spindles.
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DISCUSSION

This Chapter describes similarities and distinctions between two types of sleep spindles and SWD: type 1
phenomena which are predominant in the frontal EEG, and type II phenomena which show occipital
predominance. Earlier, a reciprocal relationship was found between the number of sleep spindles and the number
of SWD [van Luijtelaar, 1997]. Results of our time-frequency EEG analysis make doubt about relationship
between sleep spindles and SWD.

Type I phenomena are distinguished by amplitude and duration (as compared to anterior sleep spindles,
SWD I have higher amplitude and last ten times longer), but type Il phenomena (SWD II versus posterior sleep
spindles) are distinguished by frequency, yet reveal very little difference in amplitude. This agrees with other
studies demonstrating that SWD have higher power and they are longer (mean length 5 s, range 1-30 s), while
sleep spindles are short lasting oscillations (0.5-2 s) [Buzsaki et al., 1988; Terrier and Gottesmann, 1978; van
Luijtelaar, 1997; Shaw, 2004].

Frequency profile of sleep spindles and SWD

Fourier analysis of sleep spindles and SWD provide information about signal periodicity and other features
of the investigated phenomena in EEG. Both spindle types show a smooth spectral peak in 10-11 Hz (in fact, it is a
plateau extending from 9 to 11 Hz), suggesting a considerable variability of intra-spindle frequencies.
Unfortunately it is not possible to detect any dynamic changes in intra-spindle frequencies with the current Fourier
method. Time-frequency EEG analyses (e.g. wavelet transform, multitaper or others that provide good resolution
in time domain) will be particularly helpful in investigating intrinsic frequency dynamics in sleep spindles and
SWD.

As known, the power spectrum of a periodic sine wave signal has only the fundamental (the central) and
sub-harmonics (reciprocal periods with the lower frequencies) peaks. Power spectrum of sleep spindles are
characterized by fundamental and sub-harmonic peaks, therefore they might roughly correspond to a periodic
signal. SWD I in the frontal EEG are characterized by several distinct signatures: (1) a sharp ~ 9-10 Hz peak that
corresponds to mean frequency of seizure rhythm, (2) a harmonic component in beta band and (3) a very powerful
gamma frequency band. These features are considered as hallmarks of high-amplitude spikes in seizure sequences.

Power spectrum of quasi-periodic EEG signal with repetitive spikes is known to show a narrow fundamental
peak and additional peaks in multiple (harmonic) frequencies [Bullock et al., 2003]. Based on the structure of their
spectrograms, we consider SWD I and II as quasi-periodic ‘spiky’ EEG phenomena, but sleep spindles as periodic
ones. Fairly sharp spectral peaks in SWD I and SWD II suggest that both SWD types are periodic ‘good’ rhythms
in terms of Bullock et al. (2003), who found that “good” rhythms have narrow peaks in power spectra (with
frequency modulation of less than 5%).

None of the EEG phenomena contain a single rhythm, but all of them are rather complex signals consisting
of multiple oscillations at various frequencies; the peaks in the spectrograms correspond to the most strong and
periodic oscillations.

Sleep spindles (anterior and posterior) are distinguished from SWD I by (1) the presence of smooth ~ 9-11
Hz peak, suggesting a larger variability in intra-spindle frequencies as compared to relatively stable seizure
rhythm, (2) high power in delta band and low power in beta and gamma bands. Therefore, we have found a
considerable contribution of sub-harmonic frequencies (delta band) in both spindle types, rather than SWD I,
which are mostly composed of harmonic frequencies (in double frequencies, i.e. beta) and high-frequency
components (gamma).

We have found almost a two-fold difference in total EEG power between SWD I and anterior sleep spindles,
this is in agreement with Mackenzie et al. (2004), who also has found that pathological oscillations (absence
seizures or ‘absence spindles’) demonstrate a higher EEG power than physiological oscillations (sleep spindles).
These authors suggest that this is because more cells are participating in the epileptic activity as compared to
normal spindling. Another interesting finding that agrees with Mackenzie et al. (2004) observation is that EEG
power of sleep spindles in the thalamus is not congruent to that in the neocortex. Indeed, ‘“‘for a structure to
generate a rhythm it need not conceptually follow that it contains high levels of power at the rhythm frequency”
[p. 103, Mackenzie et al., 2004].

Our data suggest that pre-spindle epochs and subsequent sleep spindles contain relatively high delta
frequency component in cortex and thalamus, indicating that (1) the cortex and thalamus exhibit delta activity
simultaneously; (2) this delta does not change in transitions from pre-spindle activity towards sleep spindles.
During sleep spindles, besides high delta and theta, the thalamus sustain surprisingly low alpha activity as
compared to relatively high alpha in the frontal cortex. Frequency profiles of SWD I (0.5-1.5 sec from the onset) in
the frontal cortex and the thalamus are similar: frontal and thalamic spectra are very congruent across delta-theta-
alpha frequencies, suggesting that the frontal cortex and the thalamus operate at the same frequency mode. A
narrow spectral peak in 8-9 Hz implies the presence of a clear dominating rhythm in the cortex and thalamus.

76



Chapter 4

The power of the low frequency components (1-4.5 Hz) in sleep spindles is nearly as high as the power of
the fundamental rhythm 9-13.5 Hz (Fig. 4.5). Also in preSWD, delta component was relatively high, but delta was
low in subsequent SWD 1. This may imply a role of slow activity in shaping sleep spindles, but not in SWD.
Anterior sleep spindles combine some EEG features characteristic either for precursors of SWD (relatively high
power in delta frequencies) and for SWD (powerful alpha band). In agreement with others [Pinault et al., 2001;
Pinault, 2003], our data suggest that sleep spindles themselves could not trigger SWD (also, EEG features of sleep
spindles are distinguished from that in the ‘real triggers’, i.e., seizure precursors). On the other hand, sleep spindles
and SWD show somewhat similar thalamo-cortical cross-correlation functions, suggesting that both spindles and
SWD can appear in EEG as a manifestation of synchronization processes taking place in the thalamo-cortical
circuit during low vigilance state. We cannot affirm a direct correspondence between spindles and SWD, but it
seems likely that spindles are interconnected with SWD on the level of thalamo-cortical network synchronization
processes. Physiological oscillations (sleep spindles) appear when network synchrony is normal and pathological
oscillations (SWD) may appear as a result of too strong synchrony in neuronal networks (hypersynchronization).

Frequency profiles of SWD I and SWD Il — new insights

We found that the frequency content of SWD I has changed at seizure end, so that SWD I bear a striking
similarity with SWD II. Based on that, we conclude that the frontal cortex (or other structures associated with the
frontal cortex) may be endowed with the same unknown neuronal mechanisms providing a functional link between
the two types of SWD. On the other hand, in the occipital EEG, SWD I do not resemble SWD II (neither at the
beginning nor at the end). This confirms our observations made in Chapters 3.1 and 3.2 that SWD I and SWD II
are independent phenomena. This is in agreement with the outcomes of genetic studies in WAG/Rij rats, since
different chromosomal locations were found for SWD I and SWD II [Gauthier et al., 2005], of enrichment studies:
SWD II were more sensitive for housing conditions than SWD I [Schridde and van Luijtelaar, 2004; 2005] and of
pharmacological studies in which SWD I and SWD II showed different sensitivity to dopamine antagonists and
agonists [Midzianovskaia et al., 2001].

Enlargement of delta activity in the occipital cortex may correspond to the elevation of the wave component
during SWD I: the wave is known to have a maximum at the end of SWD I [Midzianovskaia et al., 2001]. We
indicate here that the frequency content of the frontal and occipital EEG undergoes different modifications as
seizure progresses. In particular, the frontal cortex shows a decrease in power in alpha and beta frequencies from
the beginning to the end of SWD I, at the same time, occipital cortex shows an increase of delta (alpha and beta
components do not change). This contradicts to Midzianovskaia et al. (2001) who found that dynamic changes in
amplitude-frequency pattern of SWD 1 are the same in all cortical areas: in all cortical sites, amplitude of the
wave-component is increased as seizure progress, also the spike-component is decreased all over the cortex. We
tend to disagree with these data by showing that frontal and occipital areas specific in EEG properties from the
beginning of a seizure to its end. In contrary to what was found in the frontal cortex, occipital cortex does not
demonstrate dynamic changes in alpha band (10 Hz spikes provide the largest contribution in power content of this
band) and in beta band (this band contains a harmonic of spike-component). Probably, changes in occipital EEG
channel are too delicate and power spectrum analysis is not sufficient (sensitive) to investigate these changes.

We and others have found that the last epoch of SWD I are characterized by a low frequency and a
prevalence of the wave component (Chapter 3.1, see also Drinkenburg et al., 1993; Midzianovskaia et al., 2001).
As compared to fronto-parital cortical areas, electrical seizure activity in occipital cortex is mild: it shows less total
power and a less regular EEG pattern. It seems that the occipital cortex plays a passive role at the initial state of
SWD I: seizure activity may passively spread to occipital cortex from the primary epileptic source (the parietal
area). We assume that reinforcement of occipital delta at the seizure end might govern the cession of SWD I, yet
by some unknown mechanism. A role of EEG delta activity in finishing spike-wave seizures is indirectly
conformed in humans EEG studies. The pure regular 3 Hz SWD are present during somnolence and during stage 1
of non-REM sleep, but EEG seizure waveform changes as sleep deepens. SWD become shorter and irregular in
stage 2 and only fragments of SWD are present during stages 3 and 4 (sometimes seizures are interrupted by short
periods of background activity) [Ross et al., 1966; Sato et al., 1973].

Here we propose a neurobiological correlates of 9-10 Hz SWD I expressed in the fronto-parietal cortex and
6-7 Hz SWD 1I localized in the occipital cortex. As known, rats exhibit two main types of rhythmical electrical
activities under physiological circumstances [Semba and Komisaruk, 1984]: alpha waves (about 9 Hz) originating
from the thalamo-cortical system [Nicolelis et al., 1995; Nicolelis and Fanselow, 2002] and theta waves (about 7
Hz) originating from septo-hippocampal system [Semba, 1980; Semba and Komisaruk, 1984]. These rhythms are
closely linked with two different movements of vibrissae [Semba, 1980]: alpha waves trigger small amplitude
movements (a fine tremor) and theta waves are responsible for large amplitude movements which are used in
exploratory sniffing behavior. Perhaps, SWD I represent a modified (hypersynchronous) thalamocortical alpha (9
Hz) rhythmic activity and SWD II is modified septohippocampal theta rhythm (7 Hz).
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For SWD I, this hypothesis has been confirmed by a group of Nicolelis. They showed that ‘whisking
twitching’ in rats is accompanied by robust, coherent oscillations with a frequency of 7-12 Hz or ‘somatosensory
rhythm’ that takes place in the vibrissal areas of the brainstem, thalamus and SmlI [Nicolelis et al., 1995; Nicolelis
and Fanselow, 2002]. Furthermore, Wiest and Nicolelis (2003) hypothesized that in rodent strains with a genetic
predisposition to absence epilepsy, 7-12 Hz rhythmic activity might undergo some transformation and give rise to
SWD, irrespective of whether it occurs during drowsiness, attentive wakefulness or during light non-REM sleep.
This, once again, makes it doubtful that sleep spindles give rise to SWD I. We found that thalamo-cortical
mechanisms do not play a role in SWD II, yet no evidence has been found on the putative role of septo-
hippocampal neuronal networks in developing of SWD II.

Altogether our results show that the power-frequency content of SWD I at the end has been changed so that
it became similar to that in SWD II, however, SWD II do not seem to be a ‘residual’ spike-wave seizure activity
that is localized in the occipital cortex. SWD I invade fronto-parieto-thalamic(VPM-RTN) areas with limited
propagation to the occipital cortex, whereas epileptogenic processes in the occipital cortex (or functionally related
structures, other than cortico-thalamic circuit, e.g., septo-hippocampal structures) might underlie the occurrence of
SWD II. Unfortunately, we have too little data to answer this question. In order to disclose the nature of SWD II,
one needs to explore the strength and (in)dependency of the epileptogenic processes underlying spike-wave
seizures in the frontal and occipital cortical areas.
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4.2. Simulation of sleep spindles and spike and wave
discharges using a novel method for the calculation of field
potentials in rats

ABSTRACT

We suggest a new method for calculation of extracellular field potentials generated by a large population of
pyramidal cells (PCs), using a single PC compartmental model. This model assumes time difference between
firing activity of cortical PC with regard to the degree of neuronal synchronization. The temporal variability in cell
firing is described by a Gaussian distribution, the width of which defines the degree of
synchronization/desynchronization. In addition, the suggested method allows for certain spatial spread of PCs in
the population along longitudinal axis of the PCs.

The method is applied for simulating cortical local field potentials characteristic for sleep spindle
oscillations and for epileptic spike-wave discharges (SWD). The current model is used to disclose synaptic
processes that underlay occurrence of epileptic discharges. When synchronization between PCs is weak, rhythmic
stimulation of the thalamus evoke fluctuations of cortical field potentials with spindle-like shape. When
synchronization between PCs is strong, cortical field potentials take a shape of SWD, with clearly expressed spikes
and waves components.

This suggests that changes of synchronization of cell firing in large population of pyramidal cells influence
the shape of field potential. An increase of synchronization between PCs may underlay occurrence of SWD. The
following synaptic processes underlay epileptiform elements in SWD (type I): the spike component (‘Spike 2°) is
excitatory response of PCs to via AMPA-ergic input from the thalamus. The positive transient is a manifestation of
AMPA-ergic mutual excitation of pyramidal cells. The wave component reflects the strength of GABA-ergic
synaptic interactions between pyramidal cells and interneurons (feed-forward inhibition).

INTRODUCTION

In order to better understand neuronal mechanisms underlying occurrence of sleep spindles and SWD, we
constricted a computational model that simulates local field potentials during these two EEG events [Sargsyan et
al., 2007]. Local field potentials (that corresponds to our EEG) are generated by electrical currents flowing through
neuronal membranes and they may cause distributed current ’sources’ and ’sinks’ [Lopes da Silva, 1996]. There
are several techniques for computing of the extracellular field potentials and among them is a compartment-
volume-conduction model that considers a population of neurons in which each neuron generates intracellular
currents which are similar to other cells. If neurons in a population act simultaneously, field potential can be
calculated based on distribution of the intracellular current produced by one model cell. The assumption about
strict simultaneity of firing activity in neuronal population is often not eligible; therefore a degree of
synchronization of neurons should be taken into account. In the current neuronal model we substantially modified
the compartment-volume-conduction approach by adding an option to change degree of synchronization in a
population of pyramidal neurons. The new algorithm takes into account also a disperse spatial organization of
neocortical neurons and timing of pyramidal cells’ firing.

We constructed then a simple model of cortical pyramidal cells (PC) population that is based on
experimentally observed single unit activity recordings in WAG/Rij rats (Fig. 1.2 from Kandel and Buzsaki
[1997]). As known, SWD are associated with synchronization in time firing of cortical neurons: a robust firing
activity is recorded during the spike component and silence during the wave component, while the sleep spindles
are associated with much less synchrony [Inoue et al., 1993; Kandel and Buzsaki, 1997; Sargsyan et al., 2007].

METHODS

The modeling was done under fundamental assumption that SWD are transformed sleep spindles (a cortico-
reticular theory, see Chapters 1.2 and 1.4). The neuronal model (Fig. 4.10A) consists of cortical pyramidal cells
and two types of cortical interneurons involved in feed-forward and recurrent inhibition. Afferents from
thalamocortical cells (thalamic inputs) make excitatory synaptic contacts of AMPA and NMDA types on apical
dendrites of pyramidal cells and of AMPA type on interneurons involved in feed-forward inhibition loop. These
interneurons, in turn, make inhibitory synaptic contacts of GABAa and GABADb types on apical dendrites of

" Published in:
Sargsyan A, Sitnikova E, Melkonyan A, Mkrtchian H, van Luijtelaar G. Simulation of sleep spindles and spike and wave discharges using a
novel method for the calculation of field potentials in rats. J Neurosci Methods, 2007; 164(1): 161-178
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pyramidal cells, more proximally relative to the thalamic inputs. The axons of pyramidal cells make lateral
excitatory contacts of AMPA and NMDA types with other pyramidal cells (on basal dendrites) and of AMPA type
with interneurons involved in recurrent inhibition loops. These interneurons make inhibitory contacts of GABAa
type on somata of pyramidal cells to perform recurrent inhibition. Details of the pyramidal cells and interneuron
parameters (including their geometry, electrotonic parameters, parameters of synaptic conductances and
parameters and equations for active ionic conductances) used for current simulations can be found in Sargsyan et
al. (2001).

The number of pyramidal cells is much higher as compared to interneurons; also the location and orientation
of the interneurons within the layers is much less regular. Therefore pyramidal cells have greater propensities to
contribute to the large field potentials recorded from the surface of the cortex, while the direct contribution of
interneuronal currents to the model field potential may be neglected. Field potentials are calculated assuming that a
large number of identical and similarly oriented pyramidal cells uniformly occupy a cylindrical slab of given
radius (Fig. 4.10B).

It is important that one of the main factors that strongly affects the shape of transmembrane currents, and
hence the shape of the field potential, is the distribution of active ionic conductances along the dendritic
compartments. For this simulation, only two types of intrinsic ionic currents are included into pyramidal cell
model: fast sodium current, Ix,, and potassium delayed rectifier, Ixpr). Equations and parameters used for these
currents are the same as previously used [Traub et al., 1991], but the distribution of densities of ionic conductances
among compartments is assumed to have a normal (Gaussian) shape, with maximum in soma and zero values in
distal compartments. The degree of synchronization/desynchronization is defined by the width of Gauss function
i.e., by the parameter o: The larger the o, the smaller the degree of synchronization, and vise versa.

In all model experiments the thalamic inputs to pyramidal cells are stimulated with the same constant
frequency of 10 Hz. This frequency is chosen because sleep spindles in rats have a frequency of 9—11 Hz. The
strength of stimulation, which is regulated by the synaptic weight of the thalamic synaptic input to pyramidal cells,
is chosen as such that a single stimulus applied to the thalamic input evokes an action potential in the pyramidal
cell. This is done to activate the mechanisms of recurrent inhibition through a recurrent inhibition interneuron and
mutual excitation of pyramidal cells in the model. The same thalamic stimuli evoke also action potentials in the
feed-forward inhibition interneuron, which further inhibits the dendrites of pyramidal cells. The strength of
excitatory connections between pyramidal cells is chosen strong enough so that the currents of these synapses have
notable influence on the field potentials, but not as strong to produce action potentials in pyramidal cells. This is
done to avoid permanent recurrent spike generation in the pyramidal cells.

The simulations were performed using the GENESIS simulator.

RESULTS AND DISCUSSION

The main series of model experiments were aimed to reveal how the shape of population field potentials
depends on the degree of synchronization of the PC activity in the population. The modeled field potentials are
calculated for ¢ values linearly changing from 0.003 to 0.029 s (Fig. 4.10C). The field potentials are calculated at:
250 um depth (that corresponds to the middle of the apical dendrite of pyramidal cell). For small values of of{z,0)
is narrow, which means that the activity of pyramidal cells in the population is highly synchronized. In this case
the field potentials have a clearly expressed large sharp component and are similar in shape with intracortically
recorded SWD. With increase of o, i.e., with decrease of degree of synchronization of pyramidal cells in the
population, the sharp peaks in the field potential gradually smooth, the components, which are clearly
distinguishable at low o, merge, and the field potential shows a sine wave a typical waveform of sleep spindles.

The field potential reveals a characteristic spindle waveform for o = 0.02 s, suggesting that the model acts in
‘spindle mode’ and for ¢ = 0.007 s field potential has the spike-wave waveform (‘SWD mode’). In the further
investigations of the strengths synaptic connections we used fixed values for weak (¢ = 0.02 s ‘spindle’ mode) and
strong (¢ = 0.007 s ‘SWD mode’) synchronization (Fig. 4.11). In order to identify which synaptic currents are
responsible for which components of the field potential in the model, we varied the strengths of synaptic
connections.

In SWD mode (Fig. 4.11A, left traces, dashed line), the reduction of AMPA weight of thalamic inputs to
pyramidal cells results in a decrease of the amplitude of sharp negative deflection (the spike component) and
increase of the amplitude of subsequent positive deflection of the field potential. In spindle mode (Fig. 4.11A,
right traces, dashed line), a decrease in AMPA weight results in a slight positive shift of the entire field potential.
In both cases, 1.3 times increase in AMPA weight does not result in significant changes in the shapes of field
potentials (greater increase in AMPA weight is impossible since it would change the firing properties of pyramidal
cells from single spike mode to bursting mode).

In SWD mode (Fig. 4.11B, left traces, dashed line), changes in feed-forward inhibition interneurons to
pyramidal cells GABA synaptic weight has little effect on the amplitude of the spike component, but a pronounced
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influence on the wave component: reduction of GABA weight results in negative shift in the wave component,
while an increase has an opposite effect (dotted line). In spindle mode, (Fig. 4.11B, right traces), reduction of
GABA weight results in a decrease of the amplitude of positive deflections of field potential and overall negative
shift of the field potential (dashed line), and vice versa (dotted line).
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Figure 4.10. Illustration of neuronal model of cortical field potentials during sleep spindles and SWD. A. The model includes
two types of pyramidal cell (PC, shown with its 19 compartments) and two types of interneurons: feed-forward inhibition
interneuron (FFI) and recurrent inhibition interneuron (RI). Model inputs are the impulses applied to thalamic inputs. B.
Activated pyramidal cells (PC) are assumed to occupy a cylindrical slab of radius R, such that the long axis of each pyramidal
cell is parallel to the vertical (Z) axis of the cylinder. Each compartment of PC occupies a fixed depth in the cylinder. Field
responses are calculated for a track along the Z-axis (in the points indicated by filled circles) from trans-membrane currents of
modeled PCs. C. Dependence of field potential in response to rhythmic ~ 10 Hz thalamic input on the value of parameter o
(degree of synchronization). The left column shows the values of o, the Gauss functions for corresponding o values are shown
in the middle column. The right column shows corresponding field potentials calculated at —250 um depth (middle of the
apical dendrite) relative to the upper surface of the cylinder. Note that the time scale for f{z,0) and for @(¢,0) is the same.

In SWD mode (Fig. 4.11C, left traces, dashed line), decreasing the strength of AMPA-ergic synaptic
contacts between pyramidal cells results in an increase of the amplitude of the negative spike component and in a
decrease of the amplitude of subsequent positive deflection, while increasing the weight of this synapse has
opposite effects (dotted line). In spindle mode (Fig. 4.11C, right traces, dashed line), a reduction of the strength
AMPA-ergic synaptic contacts between pyramidal cells increases the negative wave of the field potential, while an
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increase diminishes the negative wave, augments the positive wave, and causes a phase shift of the field potential
to the left (dotted line).
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Figure 4.11 Influence of variations in weights of synapses located on the pyramidal cells (PC) on the shape of field potential at
two ¢ values. The weights of AMPA-type synapses made on a PC by thalamic input (A) and by another PC (C), and of
GABA-type synapses from interneurons involved in feed-forward inhibition (FFI) (B) and recurrent inhibition, RI (D)
separately were reduced (dashed lines) and increased (dotted lines) with respect to their basic values (“control”, straight lines).
In most cases, the change in the strength of a single synapse influences all components of the field potential (positivity

upward).

The effect of AMPA-ergic input from the thalamus to pyramidal cell (Fig. 4.11A) were distinguished from
AMPA-ergic synaptic contacts between pyramidal cells (Fig. 4.11C). In particular, the component generated by
thalamic input to pyramidal cell via AMPA synapses is negative and it is the main contributor to the spike
component; while the component generated by AMPA-ergic contacts between pyramidal cells is positive and it
contributes mostly to the positive transient which was followed by the spike.

Table 4.2 Changes in AMPA and GABA synaptic inputs influence the waveform of sleep spindles and SWD.

Synaptic input

Changes in EEG waveform

SWD mode

Spindle mode

the spike is decreased

very little increase of the positive

AMPA thalamus — reduction the positive transient is increased deflection
(Fig. 4.7A) pyramidal cells
increase no significant changes no significant changes
the spike is slightly increased negative deflection is increased
reduction the positive transient is profoundly (amplitude of field potential is
AMPA pyramidal cell < increased increased)
(Fig. 4.7C)  pyramidal cell L . . the negative deflection is disappeared;
. the wave is increased (negative shift of . AN
increase field potential) the positive deflection is increased (a
phase shift of field potential)
feed-forward - I
inhibition . the wave is increased (the spike did not the pc_)smve de_flectlon 1 Qe(_:reased
interneurons — reduction change) (amplitude of field potential is
?:ABf?éb pyramidal cells decreased)
(Fig 4.78) the wave is decreased; the positive deflection is increased
increase the positive transient is increased (the (the amplitude of field potential is
spike did not change) increased)
GABAa recurrent inhibition . o . e . positive shift of the entire field
(Fig 4.7D) interneurons — reduction positive shift of the entire field potential potential
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In both SWD and spindle modes, decreasing and increasing the synaptic strength of GABA 4-ergic contacts
between recurrent-inhibition interneurons and pyramidal cells (Fig. 4.11C) resulted, correspondingly, in positive
and negative shift of the entire field potential, but the overall waveform of field potential did not change.

It is important that when synchronization parameter of the model (o) is fixed and the model stays either in
spindle or SWD mode, no changes in synaptic input strength can elicit a transformation from spindle to SWD and
vice versa: the waveform of field potentials does not change in general, but it is underwent by moderate
modifications. The model helps to assess the role of AMPA and GABA in shaping of sleep spindles and SWD
(Table 4.2). Changes in the strength of AMPA-ergic synaptic contacts between pyramidal cells caused the most
profound changes in the waveform of SWD and sleep spindles, whereas AMPA-ergic inputs from thalamus (to
pyramidal cells) showed very little effect on the waveform of both SWD and sleep spindles. GABAa,b-ergic
synaptic inputs from feed-forward inhibition interneurons to pyramidal cells predetermined the amplitude of both
SWD and sleep spindles (the larger the inhibition, the larger the amplitude), but GABAa-ergic inputs from
recurrent-inhibition interneurons to pyramidal cells do not influence the waveform of both SWD and sleep spindles
(they only cause uniform positive/negative shift of field potential against baseline).

In all, we have shown that the shape of field potential substantially depends on how well the discharges of
pyramidal cells in the population are synchronized in time, even when the trans-membrane currents in pyramidal
cells are the same. When considering sleep spindles and SWD, the assumption about the invariability of trans-
membrane currents in these two cases is a significant simplification. Whatever the mechanisms leading to the
increase or decrease of synchrony in the population are, they, in one way or another, should affect the shape and
amplitude of certain components of membrane currents of individual neurons. The differences in the EEG
waveform of the oscillations (SWD and sleep spindle) may either be determined by differences in the composition
of trans-membrane currents in the two different states of network activity, or result from the effects of
spatiotemporal summation of trans-membrane currents under the conditions of high (as in SWD state) and low (as
in sleep spindle state) degrees of synchronization of cortical neuronal activity.

CONCLUSIONS

The current neuronal model simulates local field potentials during sleep spindle and SWD. In this model,
based on synaptic interactions between different types of cortical neurons we extended a compartment-volume-
conduction approach of neuronal modeling by adding a new option to change a degree of synchronization in a
population of pyramidal neurons.

The following synaptic processes that are responsible for the occurrence of epileptiform elements in SWD
are disclosed with the current model:

(1) The main contributor of the negative spike component (‘Spike 2’ in terms of Weir) is generated by thalamic
input to pyramidal cell via AMPA synapses.

(2) AMPA-ergic contacts between pyramidal cells generate positive fluctuation of field potential corresponding to
the positive transient.

(3) GABA-ergic synaptic input to pyramidal cells, e.g., feed-forward inhibition from interneurons, plays the major
role in shaping of the wave component.
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4.3. Sleep spindles and spike-wave discharges in EEG: their
generic features and distinctions disclosed with continuous
wavelet transform ’

ABSTRACT

Epileptic spike-wave discharges (SWD) appear in the electroencephalogram (EEG) during absence seizures.
A relationship between SWD and normal sleep spindles is still not yet confirmed. This study compares time-
frequency parameters of SWD and sleep spindles in WAG/Rij rat model of absence epilepsy using Fourier and
continuous wavelet transformation. Wavelet analysis was performed in non-segmented full-length EEG. Specific
wavelet-based algorithm is developed for the automatic identification of spindle events and SWD in EEG that
required careful selection of (1) the optimal wavelet template and (2) adjustment of the optimal amplitude and
frequency parameters.

None of standard wavelet templates provided precise identification of all sleep spindles and SWD in one
dataset and different wavelet templates were necessary in order to accomplish this task. SWD are identified in
EEG with high probability using standard Morlet-wavelet, but sleep spindles can be identified using two types of
customized adoptive ‘spindle wavelets’. Wavelet analysis revealed that (1) SWD belong to one family, but
spindles comprise two families. (2) Almost 100% of SWD (but only 50-60% of spindles) were extracted using
Morlet-based wavelet transform. (3) 82-91 % of sleep spindles were selected using adoptive ‘spindle wavelet 1’
(template’s peak frequency ~12.2 Hz). The remaining spindles — with ‘spindle wavelet 2” (peak frequency ~ 20-25
Hz). (4) Sleep spindles and SWD are detected by elevation of wavelet energy in different frequencies: SWD — in
30-50 Hz band, sleep spindles — in 7-14 Hz. It is concluded that the EEG patterns of sleep spindles and SWD are
not comparable.

INTRODUCTION

Sleep spindles are abundantly preset in the electroencephalogram (EEG) during drowsiness and non-REM
sleep in all mammalian species and in humans [reviewed in Jankel and Niedermeyer, 1985; De Gennaro and
Ferrara, 2003; De Gennaro et al., 2005]. The name ‘spindle’ refers to a characteristic EEG waveform: sleep
spindles are defined as “a group of rhythmic waves characterized by progressively increasing then decreasing
amplitude” (IFSECN, 1974). Occurrence of sleep spindles in EEG is associated with loss of perceptual awareness
and it is remarkable that this ‘low vigilance’ state is also favorable for the occurrence of absence epilepsy (e.g., a
non-convulsive generalized epilepsy of unknown etiology). Typical absence seizures are characterized by
bilaterally symmetric 3-5 Hz spike-waves complexes in EEG [Panayiotopoulos, 1997]. Some inbred rat strains,
such as Genetic Absence Epilepsy Rats from Strasbourg (GAERS, Vergnes, 1987) and Wistar Albino Glaxo from
Rijswijk (WAG/Rij, [van Luijtelaar and Coenen, 1986]), have a genetic predisposition to absence epilepsy and
exhibit spike-wave seizure activity in their EEG [Coenen and van Luijtelaar, 2003]. Spike-wave discharges (SWD)
in rat models and spike-and-wave complexes in humans are similar in respect to their waveform, duration (1 to 30
sec, mean 5 sec) and frequency dynamics [Midzianovskaia et al., 2001; Bosnyakova et al., 2007; Sitnikova and
van Luijtelaar, 2007].

A generic relationship between sleep spindles and SWD has long been proposed and confirmed in feline
penicillin model [Gloor, 1968; Kostopoulos, 2000]. In this model spike-wave seizures were induced
pharmacologically by injections of penicillin. Previously, the EEG structure of sleep spindles and SWD in rats was
investigated with the aid of traditional spectral analysis (fast Fourier transform) and this method yielded rather
ambiguous results. As compared to sleep spindles, SWD displayed a higher total power and more beta activity
(due to the presence of a strong harmonic component). In spite of that, both SWD and spindles were regarded as
rather similar EEG phenomena considering the same peak frequency [Drinkenburg et al., 1993; Mackenzie et al.,
2004]". In addition to that, EEG of WAG/Rij rats showed ‘spiky’ intermediate transients that were identified as not
fully formed SWD [Drinkenburg et al., 1993]. Recent studies of spontaneous spike-wave seizures in genetic

* submitted to the Journal of Neuroscience Methods, 2008

Sitnikova E, Hramov AE, Koronovsky AA, van Luijtelaar G. Sleep spindles and spike-wave discharges in EEG: their generic features,
similarities and distinctions disclosed with Fourier transform and continuous wavelet analysis

¥ Interestingly, different authors gave different names to ‘spike-wave’ discharges. Mackenzie et al. (2004) used the term ‘absence spindles’,
Kandel and Buzsaki (1997) called them HVS, ‘high voltage spike-wave spindles’, thus emphasizing close relationship between SWD and
spindles. The name ‘spindles’ does not seem appropriate for absence-related EEG phenomena, because absence epileptic discharges are
asymmetric, have a clear large amplitude spike and a slow wave components, moreover, they do not have the for spindles characteristic
waxing-waning morphology.
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animal model (GEARS) entertained serious doubts about the pro-epileptogenic nature of spindle oscillations
[Pinault et al., 2001; Pinault, 2006]. Our investigation WAG/Rij rats suggest that sleep spindles and SWD are
rather independent physiological phenomena [van Luijtelaar and Sitnikova, 2006]. In order to better understand a
putative functional relationship between these two kinds of rhythmic oscillations, in the current study we compare
electroencephalographic features of SWD and sleep spindles.

Sleep spindles are abundant during non-REM sleep, also SWD preferably appear during passive awaking
state and during transition between wakefulness and sleep [in WAG/Rij rats: van Luijtelaar and Coenen, 1988;
Drinkenburg et al., 1991; in humans: Halasz, 1991; Halasz et al., 2002]. SWD and sleep spindles show amplitude
maximum in the frontal cortex [van Luijtelaar, Coenen, 1986; Midzianovskaia et al., 2001; Terrier and
Gottesmann, 1978] and both of them are dynamic oscillations. This means that their frequency changes over time
and restricts applicability of traditional frequency-domain measures (such as Fast Fourier Transform), in which
time-domain information is lost. In wavelet decomposition, EEG signal can be represented in two-dimensional
time—frequency domain, in which signal power changes as a function of time and frequency simultaneously
[Daubechies, 1992; Kaiser, 1994; Torresani, 1995; Koronovskii and Hramov, 2003]. Wavelet transform employs
wave-like scalable function (wavelet basis) that is well localized in both time and frequency. By selecting an
optimal wavelet basis, we intended to retrieve earmarks of sleep spindles and SWD that have not been previously
detected.

We chose continuous wavelet transform (CWT) as an appropriate method for time-frequency analysis of
EEG signal. A lack of the requirement of stationarity is an advantage of using the CWT for the characterization of
short non-stationary events in EEG, such as episodes of spindle and spike-wave activity, in which the signal-to-
noise ratio is low [Jobert et al., 1994; van Vugt et al.,, 2007]. The present study also address the problem of
individual variability and irregularity of EEG pattern of SWD and sleep spindle events that would be solved by
selecting an optimal template wavelet functions. For the technical point of view, our study provides a clue for the
selective identification, classification and statistical description of several phenomena in raw EEG.

METHODS
Animals, EEG data acquisition and description of EEG patterns

EEG activity was recorded in nine adult WAG/Rij male rats (11-12 months old, 310-345 g body weight). A
recording electrode was implanted epidurally at the surface of the frontal cortex (amplitude maximum of the
investigated events; coordinates: AP +2 mm and L 2.5 mm relatively to the bregma). Ground and reference
electrodes were placed over the two symmetrical sides of the cerebellum. EEG recordings were made in free
behavior during dark period of the light-dark cycle continuously for 5-7 hours. EEG signals were fed into a multi-
channel differential amplifier via a swivel contact, band-pass filtered between 0.5-100 Hz, digitized with 1024
samples/second/per channel (CODAS software).

Sleep spindles were first selected visually in accordance to guidelines for clinical electroencephalography
[Rechtschaffen and Kales, 1968; IFSECN, 1974] by taking into account specificity of sleep spindle activity in rats
[Terrier and Gottesmann, 1978; Steriade et al. 1993; van Luijtelaar, 1997]. Sleep spindles in EEG were recognized
as a sequence of 8-14 Hz waves with minimal duration of 0.4 sec (e.g., at least four wave cycles in a sequence).
Sleep spindles had waxing-waning morphology and were characterized by twofold increase in amplitude as
compared to EEG background. In order to facilitate expert’s estimations, EEG records were additionally band-pass
filtered 5-15 Hz. Visual spindle detections were double checked and verified by another expert.

SWD appeared in the EEG as a sequence of repetitive high-voltage negative spikes and negative waves that
lasted longer than 1 sec [van Luijtelaar and Coenen, 1986; Midzianovskaia et al., 2001]. SWD were first detected
automatically with EEG slope method (Dr. PLC van den Broek, NICI-Biological Psychology, Radboud University
Nijmegen, the Netherlands) which provided about 90% of correct detections and than verified by two experts.

Power spectrum analysis

Power spectrum EEG analysis was performed in all nine rats. Hanning windowed Fast Fourier transform
(FFT) was applied to compare frequency-domain features of sleep spindles and SWD (with 0.5 Hz resolution).
Statistical analysis was performed in 1 sec epochs (30-40 SWD per subject and in 50 sleep spindles per subject)
selected in EEG during light non-REM sleep. If spindle duration was shorter than 1 sec, the starting point of time-
window was put so that the entire spindle was in the middle of the epoch. Power spectra were averaged per event
type and per animal. The following quantitative parameters were computed and statistically compared: (i) duration
(ii) frequency, (iii) EEG power over the characteristic frequency bands: 1-4.5 Hz (delta), 5-8.5 Hz (theta), 9-13.5
Hz (alpha), 14-31.5 Hz (beta), 32-59.5 Hz (gammal) and 60-100 Hz (gamma?2).
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Continuous wavelet transform. General aspects of automatic detection of SWD and sleep spindles in

*

EEG

Step 1. Continuous wavelet analysis was carried out in five out of nine rats, in these subjects all episodes of
SWD and all episodes of sleep spindles were marked in the full-length EEG (5-7 hours).

The continuous wavelet transform, the CWT, W(s, 7), was computed as a result of convolving of EEG signal,
x(t), with wavelet basis function, ¢, . (Eq. 1, ‘*’ denotes the complex conjugation).

+00

W(s,7)= j xX(t)p. . (0)dt (1)
1 t—71
P, ()= L (j
S s 2) where s is the time scale and 7 is the time shift of wavelet transform.

Frequently, the parameter s in this formula is substituted by a reciprocal parameter f; so that £, = 1/s

Wavelet basis function, ¢,. in Eq. 2, belongs to a family of prototype ‘mother’ wavelet, ¢,. The ‘mother’
wavelet can be either real or complex and should satisfy several conditions, such as continuity, zero mean
amplitude, and finite or near finite duration [Chui, 1992; Koronovskii and Hramov, 2003].

Time (¢) and time scales (s) (or corresponding frequencies, f;) in wavelet basis function are related through
the uncertainty principle, which states that it is impossible to extract the exact frequency at the exact time when
this frequency occurs in a signal. This implies that the finer the time resolution in the CWT, the more coarse the
frequency resolution, and vice-versa. In the CWT, time-frequency resolution can be adjusted by changing inner
parameters of scalable wavelet basis function (e.g., parameter ®, in the complex Morlet wavelet), therefore, we
first select a wavelet basis which would provide an optimal (for our purposes) time-frequency resolution of EEG
signal and, allow to localize precisely sleep spindles and SWD in raw EEG.

Step 2. The choice wavelet basis function. It is known that wavelet coefficients in the CWT represent the degree
of correlation of a mother (basis) wavelet function with the EEG signal x(z). Therefore, the choice of the wavelet
basis is crucial for the accurate representation of the EEG signal in wavelet space. Beforehand, we tested several
basis functions in the CWT of EEG signal, e.g., real and complex Morlet wavelets, Mexican hat and Paul wavelet
and obtained the best time-frequency resolution with the complex Morlet wavelet
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The complex Morlet wavelet [Kaiser, 1994] is a complex exponential modulated Gaussian function,
exp(joen), where g is a specific parameter that defined the frequency of the complex exponential (Fig. 4.12). A
Gaussian smoothing function, exp(-1*/2), enables high resolution in both time and frequency domains.
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Figure 4.12. The complex wavelet Morlet (parameter ®,=27) in time domain (t/s), and in the frequency domain, ‘i’o (sw).

Solid line shows the real part and dotted line - the imaginary part.

In the complex Morlet wavelet family (Eq. 4), parameter ®, determines the shape and the width of the
wavelet function, therefore, this parameter influences time and frequency resolution in the resultant CWT. When
oy < 7, the temporal resolution was high, but frequency resolution was too low so that the frequency information
of analyzed EEG events was lost) and vice versa, when m, > 4, the frequency resolution was high, but the time
resolution was low. Value o, = 2n provided an optimal time-frequency resolution of EEG signal that was sufficient

’ Principles of the wavelet transform are given by Daubechies (1992); Chui (1992); Kaiser (1994); Koronovskii and Hramov
(2003). Practical issue on the application of wavelet transform in EEG can be found in Jobert et al. (1994); Durka (1996); Le
Van Quyen (2001).
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for both investigated EEG phenomena. Another important feature of the complex Morlet wavelet is that in Fourier
space (W (sw) in Fig. 4.12), it shows only positive frequencies. The luck of negative Fourier frequencies in

wavelet basis is profitable for time-frequency representation of EEG signal in wavelet space; the presence of
negative frequencies in some wavelet basis functions (e.g., in Paul wavelet) might embarrass extracting frequency
information from the analyzed signal and, thus, worsen time-scale resolution of the method.

In the complex Morlet wavelet family, the correspondence between time scales (s, in wavelet space) and
frequencies (f, in Fourier space) can be computed by the formula Eq. 5 [Koronovskii and Hramov, 2003].

e W, +-2+w;

47 (5) where ®, denotes the basis frequency of the Morlet mother
wavelet. Noteworthy, for ®,= 27 the correspondence between s and f'is simple, s ~1/f, but for the other w,, it is
more complex.

Step 3. Qualitative analysis of wavelet power. The squared modulus of the CWT, E(z,fs), was used to measure
instantaneous frequency energy at time t (Eq. 6). The integral of E(z,fs) was averaged over time to obtain wavelet
power spectrum (or scalogram), <E(fs)>, (Eq. 7).

E@, f) =AW, fo) (6)
(EG) =5 W s a ™

uv EEG mm spike-wave discharges

-400

Continuous wavelet transform (complex Morlet wavelet)

—— e

wW EEG after decomposition

-200

200

Figure 4.13. Amplitude-frequency parameters of spike-wave discharges (SWD, highlighted in grey) accessed with continuous
wavelet transform (complex Morlet wavelet wy=27). In the wavelet spectrum, SWD were distinguished by a sudden increase
in frequencies >10 Hz. Note that the dominant frequency of SWD at the beginning was higher (12-14 Hz) than that at the end
(7-9 Hz). Domelike curve in the wavelet spectrum is a confidence curve that outlines an untrusty (upper) area in which
‘boundary effects’ are significant. Two bottom plates show principles of automatic detection of SWD. SWD were recognized
automatically based on the value of wavelet energy w(?) in the characteristic frequency band Fgsyp € (30 to 50) Hz when w(?)
> Ey, where Ey is threshold level (indicated by dashed line). Further, in order to avoid misapprehending of SWD as sleep
spindles, EEG episodes with SWD were set to zero higher.
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Relationship between sleep spindles and spike-wave discharges

Distribution of wavelet energy over the frequency scale was visually inspected in order to access frequency
characteristic band, Fs € (f,/5), in which SWD (and sleep spindles) showed the most clear differences from
background EEG (Fig. 4.13). Then instantaneous wavelet power, w(?), was computed in the frequency band Fjs

(Eq. 8).
w(t) = [E(t, f)dfs ®)

Step 4. Automatic detection of SWD and sleep spindles with the aid of the CWT (complex Morlet wavelet
®o=2m). SWD were recognized automatically when the wavelet energy, w(f), in the characteristic frequency band
Fowp € 30 - 50 Hz exceeded the threshold £ = 0.5 for a duration of 1 sec and longer (Fig. 4.13; Table 4.3A). Sleep
spindles were first selected in the same EEG by higher wavelet power in Fy, € 8 - 14 Hz, but they were often
mixed up with SWD. In order to prevent these error detections, segments of previously selected SWD were set to
zero (bottom plate in Fig. 4.13). Even though, only 40% of sleep spindles were detection automatically (see
below). The quality of automatic detections of sleep spindles was slightly improved when parameters F, and Ej
were chosen individually, but percentage of true detections was still low (~60 %, Table 4.3B). The best
performance of wavelet-based automatic identification of sleep spindles in EEG was achieved with the aid of
specifically designed adaptive wavelet basis (‘spindle wavelets’, see below).

Construction of adaptive wavelet basis (‘spindle wavelet’) for the automatic recognition of sleep
spindles

An adaptive wavelet basis function (spindle wavelet) was built up using sleep spindle prototype extracted
from the native EEG (Fig. 4.14). The EEG signal was represented by the function g(#) and transformed into a
complex form, g(77). Time shift between the real and imaginary parts was 7To/4, where T denotes the typical

period of a sleep spindle oscillations.
gm) =g+ jgn+T,/4), where j=-1  (10)

EEG with sleep spindle prototypes

g([) “,V g(f) “V
1 100 1 100
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Adaptive ‘spindle’ wavelets
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Figure 4.14. The schema illustrating the procedure of building up adoptive ‘spindle wavelets’. Sleep spindle prototypes are
selected in native EEG g(7), converted into the complex form and normalized with Gaussian function (see text for details).
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In order to construct a complex wavelet basis, y°(7), g(n) was normalized with Gaussian function (11):

w®(n) =agexp(-n*/2), (11)

In this formula o denotes the normalization factor, which was determined using the normalization condition

[(w*an) dn=a* [ 8y exp(-n*)dn =1- (12)

In order to select an optimal spindle template, eighty candidate spindle templates were selected in five rats
(15-22 spindles per rat). Each spindle template was employed in the automatic detection system and tested as a
wavelet basis. Wavelet energy, w(f), was computed in the frequency band Fi,(type 1) € 7 - 14 Hz and selections
were made if w(f) > E; for a minimal duration of 0.35 sec. Finally, we chose a wavelet basis that provided
maximum number of positive spindle detections. This ‘spindle wavelet’ (type 1) yielded the best performance in
all animals (87.4 % of correct detections in average, Table 4.4A). Both ‘spindle wavelets’ fulfilled the
requirements for wavelet bases (e.g. continuity, zero mean amplitude, and finite or near finite duration). Let us
note that the same computational procedure can be applied to the harmonic, e.g., sin(mof) function, in order to
construct the complex Morlet wavelet [Kaiser, 1994; Koronovskii and Hramov, 2003].

Combined application of ‘spindle wavelets’ type 1 and type 2 highly improved the quality of automatic
detection of sleep spindles in EEG. Automatic selections of sleep spindles perfectly matched selections made by
experts (Fig. 4.15). From the technical point of view, ‘spindle wavelets’ encouraged automatic recognition of sleep
spindles and provided better results as compared to what has been obtained using the standard complex Morlet
wavelet (0 = 27).

A. EEG
uv
=200

100
0 o time

B. Wavelet energy w(t) in the frequency band F,,
CWT with ‘spindle wavelet 1’

o (0000 R ) 0|
i i AN

C. Quality control for spindle detection

Automatic detections spindle wavelets 1 + 2
I'._J1 [ | B | .

Expert's visual evaluation
mn I ritrnnnn 1 M 1nin n_n

Figure 4.15. Automatic recognition of sleep spindles with the aid of two ‘spindle wavelets’. (A) EEG record with sleep
spindle oscillations. (B) Distribution of wavelet energy w(z) as obtained with type 1 and type 2 ‘spindle wavelets’ in the
characteristic bands (Fy,). Type 1 ‘spindle wavelet’ sleep spindles in Fy,(‘type-1’) = 7-14 Hz with threshold Ey =12.4;
F,,(‘type-2’) = 20-25 Hz, threshold Ey = 21. (C) Automatic spindle detections coincided with experts’ selections.
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Relationship between sleep spindles and spike-wave discharges

The software for the wavelet analysis is specifically designed at the Faculty of Nonlinear processes, Saratov
State University (Russia). Power spectrum analysis was performed using Brain Vision Analyser software (©
BrainProducts GmbH) and Spectranes software (Dr. PLC van den Broek and Dr. J van Egmond, © UMC, Sint
Radboudsoftware). ANOVA (Fisher test for post-hoc analysis) and t-test for related samples were used for the
statistical analysis.

Statistical analysis of automatically recognized SWD and sleep spindles

The performance of wavelet-based detection method was evaluated by measuring the percentage of true
positive/negative detections, false positive/negative and by computing sensitivity and specificity.

True positive (TP) was computed as percentage of correct detections of SWD (or sleep spindles). True
negative (TN) is the percentage of correct rejections of SWD (or sleep spindles). False positive (FP) represented a
percentage of incorrect automatic detections of SWD (or sleep spindles). False negative (FN) - percentage of
events missed by the automatic wavelet-based method.

The accuracy of automatic recognition was computed as p= (TP/N,.)x100% (where TP was the number of
true positive detections and N, - the number of expert selections). p*"” denotes accuracy of SWD detection and p*
- accuracy of spindle detection.

Sensitivity = TP/(TP+FN) x100%.

Specificity = TN/(TN+FP)x100%.

Table 4.3. Results of automatic identification of SWD and sleep spindles using the CWT with the complex Morlet wavelet
(0¢=2m).

43.ASWD"
The The number Performance
number of of automatic detections of automatic recognition
Rat ID visual
a detections Accuracy Sensitivity Specificity
g TP FP FN . 3 '

Ne p, % %o %o
1 105 105 0 0 100.0 100.0 100.0
2 81 79 2 1 97.5 98.8 97.5
3 249 247 1 2 99.2 99.2 99.6
4 120 117 1 3 97.5 97.5 99.2
5 66 65 2 1 98.5 98.5 97.0

xesag) 12473 123+ 73 12+0.8 14£1.4 98.5+ 1.1 98.8+0.9 98.7+1.3

* SWD were detected automatically when wavelet energy in frequencies Fsyp € (30, 50) Hz exceeded the threshold level, E, = 0.5 (the
same parameters Fgyp and E, were used for all animals).

4.3.B Sleep spindles *

The The number Parameters Performance
number of | of automatic detections of automatic recognition of automatic recognition
Rat ID visual
detections, ™ FP FN Ex fi, fo, Accuracy Sensitivity  Specificity
Ne Hz Hz oS, % % %
1 2341 1358 894 1359 1.5 6.25 12.5 58.0 47.7 60.3
2 1381 856 599 855 1.4 8.3 16.6 62.0 54.1 58.8
3 1491 999 772 1002 1.8 55 12.5 67.0 57.9 56.4
4 1305 718 505 720 2.2 6.25 16.6 55.0 48.6 58.7
5 1598 1007 866 1015 1.9 6.25 12.5 63.0 57.1 53.8
Mean 987 + 727 £ 990 +
(+SD) 1623 + 416 239 169 239 1.7+£0.3 6.5+1.1 141+£23 61.2+4.7 53.2+4.8 57.7+25

#Sleep spindles were detected using individual parameters Fgyp and Ej.
TP — true positive detections: the percentage of correct automatic detections from the total amount of visually detected events.
FP — false positives: the percentage of incorrectly identified events from the true positive detections.
FN — false negatives: the percentage of missed events from the true negative detections.
Accuracy p= (TP/N)x100% Sensitivity = TP / (TP+FN) x100%  Specificity = TN / (FP + TN) x100%
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Table 4.4. Results of automatic identification of sleep spindles with the aid of adaptive wavelet templates

4.4.A. Type 1 ‘spindle wavelet” *

nurIE:r of The number Parameter Performance
visual of automatic detections of automatic recognition
Rat ID detection itivi ifici
Accuracy Sensitivit  Specificit
s, TP FP FN Ex S o y y
Ne P % %
1 2341 2130 23 281 12.4 91.1 88.4 98.9
2 1381 1132 28 110 14.2 82.2 91.2 97.6
3 1491 1312 30 149 14.9 87.8 89.8 97.8
4 1305 1096 39 104 136 83.9 91.3 96.6
5 1598 1422 16 144 16.4 88.9 90.8 98.9
Mean
(*SD) 1623 + 416 1418 £ 419 27+9 157 £ 72 143+15 86.8+ 3.7 90.3+1.2 97.9+1.0

# Basis function ‘spindle wavelet 1” was the same in all animals. Detections of ‘type 1 spindles’ were made if the wavelet power, w(?), in
frequency band Fy(type 1) € (f1, /o) = (7, 14) Hz exceeded the threshold E;.

4.4.B. Type 2 ‘spindle wavelet’ "

Spindles of autl-r':Ieatr;::l r(?(l:t(‘:erctions Parameters of autsr?l:(t)i::n:':::‘g;nition
missed
Rat ID b{v ;t\;l/glz t1’ T ™ Ep EN r:;,!r E, AcpcSL:.;ch Senso}:ivity Spet‘:)}:icity

1 211 140 2154 70 22 23+3 21.0 66.3 96.9 86.4

2 249 110 1215 69 21 24+4 235 44.2 94.6 84.0

3 179 164 1327 30 15 19+2 18.8 91.6 97.8 91.6

4 209 117 1175 26 18 1742 18.5 56.0 97.8 86.7

5 176 112 1454 48 14 2242 185 63.6 96.8 88.9

xeg_%_) 27+9 205 £ 30 909% 4862208 186 | 21:3  201+21 | 643%175 96813  87.5%29

* Basis function ‘spindle wavelet 2” was chosen for each animal individually.
frequencies Fy(type 2) € (f1, f2) = (20 - 25 Hz) exceeded the threshold Ey.
" Averaged peak frequency of ‘spindle wavelet 2’ basis (+ S.D.).

‘Type 2 spindles’ were detected when wavelet power, w(z), in

RESULTS

Various oscillatory patterns were encountered in EEG of our subjects, WAG/Rjj rats, during drowsiness and
non-REM sleep; here we statistically analyzed spike-wave discharges (SWD) and spindle oscillations (Fig. 5), but
disregarded intermediate oscillatory waveforms or so-called spiky oscillations’” (Fig. 4.15). As compared to sleep
spindles, SWD lasted ten times longer, their amplitude was twice as lower and mean frequency was significantly
lower (see Chapter 4.1 and Table 4.1).

Sleep spindles and SWD in Fourier space

Fast Fourier transform (FFT, frequency domain measure), which is traditionally used for time-frequency
analysis of EEG, showed serious disadvantages that limit its application for analysis of SWD and spindle events.
An obstacle we faced in Fourier analysis was a necessity of fixing the time window length. Duration of the
investigated events varied from half a second (mean duration of sleep spindles) to tens seconds (SWD) (Table 4.1).
For example, Figure 3 shows that time window 7 sec was too narrow for SWD, but it is definitely too broad for
sleep spindles and for spiky oscillations (the latter patterns were not included in the further analysis).

" <spiky oscillations’ were first described in EEG of WAG/Rij rats by Drinkenburg et al. (1991)
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Figure 4.15. Various oscillatory EEG patterns that are encountered at the beginning of slow-wave sleep in WAG/Rjj rat (in the
time and in the frequency domain).

In FFT, time-domain information is missed and short-lasting changes are disregarded in Fourier space. This
seriously limits applicability of this method for EEG analysis (sleep spindles were too short for being well
explored by means of FFT) and this enforces us to use the CWT in the current study.

Power spectrum of SWD displayed harmonic component in 20 Hz (shown by arrows in Fig. 4.15) that
replicates its mean frequency (10 Hz). 20 Hz harmonic component is likely to be elicited by the regular ~10 Hz
spikes. The other spectral components (peaks in 24 Hz and in 35 Hz) do not fit to the expected 30 Hz and 40 Hz
harmonics, suggesting that epileptic discharges do not represent a single rhythm. In EEG, SWD display regularly
modulated rhythmic activity and characterized by complex frequency dynamics. Noteworthy is that ~8 Hz
frequency component and it's harmonic (16 Hz) were also found in Fourier spectrum of 'spiky oscillations'.

Sleep spindles and SWD in the wavelet space

Preliminary time-frequency analysis of sleep spindles was performed using the CWT with the complex
Morlet wavelet (wy=27). Based on the distribution of wavelet energy over the frequency scale, we specified
frequency bands (Fsyp and Fj,), in which spindles and SWD could be best discriminated from background EEG.
Selection criteria for the automatic recognition of SWD and sleep spindles was obtained by measuring wavelet
energy, w(t), in Fgyp (and Fp), so that w(z) > Ey (see ‘Methods’). In total, analysis was performed in full-length
EEG (5-7 hours) in five rats (66-249 samples of SWD per subject and 1305-2341 samples of sleep spindles, Table
4.3).

Epileptic discharges, SWD

In the wavelet spectrum (the CWT with the complex Morlet wy=27), SWD showed a vast increase of energy
in frequencies above 10 Hz (Fig. 4.13). SWD were perfectly identified in wavelet space by elevation of wavelet
power in high frequencies. Repetitive spikes in EEG seizure corresponded to the isolated bursts in the high-
frequency part of its wavelet spectrum. In addition, the wavelet spectrum revealed a characteristic frequency
dynamics of the fundamental frequency during SWD (Fig 4.13). At the beginning, maximum wavelet energy of
SWD was at ~ 13 Hz and this maximum was gradually shifted to 7 Hz at the end of SWD. The same frequency
dynamics in SWD was demonstrated in WAG/Rjj rats and in human patients [Bosnyakova et al., 2005, 2007].

In wavelet-based automatic recognition system, it appeared that almost all SWD in all animals were
identified correctly by having high wavelet power in frequency band Fsyp € 30 - 50 Hz and with a energy
threshold set at E; = 0.5 (Fig. 4.13). Table 4.3A shows that the accuracy of detections (p*"?), selectivity and
specificity were very high and almost reached 100 %. Incorrect detections (false positive, FP or error type I) were
very rare (0-1.8 %). All this suggests that SWD can faithfully be distinguished from non-epileptic background
EEG by having sustained increase in power in gamma frequency band.

Sleep spindles

As compared to SWD, sleep spindles showed a greater variability in shape and their electroencephalographic
pattern was less stereotypic. This embarrassed the automatic detection of sleep spindles. The CWT with complex
Morlet wavelet wy=27 (Fig. 4.16A) was used for time-frequency representation of sleep spindles. It appeared that
distribution of wavelet energy over the frequency scale varied from spindle to spindle, indicating wade variability
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of frequency content of EEG spindle events. Despite that, sleep spindles characterized by the presence of strong
frequency components in 8-14 Hz (Fig. 4.16A) that met the definition of sleep spindles as short-lasting sinusoidal
8-14 Hz oscillations.

An increase of the wavelet energy in 8-14 Hz was necessary, but it was not sufficient requirement for
detecting sleep spindles with the aid of Morlet-based CWT. Maximum 38-45% of true detections of sleep spindles
(TP, data not shown) was obtained when a fixed threshold of wavelet energy in 8-14 Hz (£, = 0.025) was applied
to Morlet-based wavelet spectrum. Automatic detection was improved when parameters, such as the frequency
band (f}, f2) and threshold value (E}), were chosen in each rat individually. Even though, only 55-67 % of sleep
spindles were identified correctly (Table 4.3B) by having higher wavelet power in frequencies from 6.5 to 14.1 Hz
(mean values of f; and f;). Most likely, sleep spindles bears similarities with other alpha oscillations in EEG and,
therefore, they could not be easily distinguished from non-spindle oscillatory activity with the aid of the standard
wavelet basis function. In order to extract generic properties of sleep spindles, we designed adoptive ‘spindle
wavelet’ basis functions (see Methods).

Identification of two spindle types with the aid of two adoptive ‘spindle wavelets’

Although the variability in the waveform of sleep spindles was rather high, spindle sequences were
characterized by some shared elements (Fig. 4.17A). Sleep spindles showed different degrees of conformity to two
types of spindle wavelets, e.g., ‘spindle wavelets’ type 1 and type 2 (see ‘Methods’). When ‘spindle wavelet 1’
was used for the automatic recognition of spindle events, about 87.4 % of sleep spindles (so called type 1 sleep
spindles) were identified correctly in the frequency band F,(type 1) € (f;, f>) = (7, 14) Hz (Table 4.4A). The
remainder sleep spindles, which failed to be captured with ‘spindle wavelet 1°, were selected using the ‘spindle
wavelet 2” in Fy,(type 2) € (f1, f2) = (20 - 25 Hz). It was found that type 2 sleep spindles comprised 7.9 % from the
total number of sleep spindles (Table 4.4B).
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Figure 4.16. Continuous wavelet transform (CWT) of sleep spindles (shown by squares in EEG) with the complex Morlet
wavelet (A) and two adaptive ‘spindle wavelets’ (B-C). A. The complex Morlet perfectly represents time-frequency
characteristics of sleep spindles. In wavelet spectrum, a hallmark of spindles events was an increased energy in alpha band (8-
14 Hz). B-C. A difference between ‘type 1’ and ‘type 2’ sleep spindles in Morlet-based wavelet spectrum (top plates)
localized in frequencies above 16 Hz (a ‘type 2’ spindle demonstrate high energy in these frequencies, but ‘type 1’ spindle -
not). The CWT with two adaptive ‘spindle wavelets’ (bottom plates) poorly represents time-frequency structure of EEG
signal. ‘Spindle wavelets’ were specifically designed for extracting relevant spindle patterns in EEG and showed good
performance in localizing sleep spindles, but they were not capable for extracting frequency band information.
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Two types of sleep spindles and their relevance to SWD

There was a clear inconsistency in a population of sleep spindles sleep spindles: those that matched ‘spindle
wavelet 1’ failed to be captured by ‘spindle wavelet 2°. In order to better understand a physiological meaning of
this divergence sleep oscillations, we performed a power spectrum analysis of two spindle prototypes. ‘Spindle
wavelet 17 had a fundamental frequency 12.2 Hz that precisely corresponds to the mean frequency of sleep
spindles in rats [Terrier and Gottesmann, 1978], in addition to that, it showed a peak in 7 Hz and elevations around
2 and 26 Hz.

In contrast to the spectrum of ‘spindle wavelet 2°, the spectrum of ‘spindle wavelet 1’ was more complex
and also the majority of the peaks were more or less symmetrical in respect to their negative-positive values (Fig.
4.17B). *‘Spindle wavelet 2’ had to be selected individually and it’s fundamental frequency was 2143 Hz.
Typically, ‘spindle wavelet 2° showed several sharp peaks in 1, 3, 16.7 and 21.3 Hz and moderate elevations in
8.5, 11, 24.5 and 27 Hz. It can be concluded that an atypical ‘type 2’ sleep spindles were distinguished from a
common ‘type 1’ sleep spindles by having a larger individual variation; a powerful beta-component can be
considered as a hallmark of ‘type 2’ spindles.

Occurrence of ‘type 2’ sleep spindles with the strong 16-25 Hz component might be accounted by processes
of epileptogenesis taking place in our subjects. Previously, by means of EEG coherence method, we showed
[Sitnikova and van Luijtelaar, 2006] that, besides fundamental and harmonic frequencies (10-12 and 20-24 Hz),
the onset of SWD characterized by an increased synchronization in 15-16 Hz between bilaterally symmetric
cortical areas. In the present study, the peaks with the same frequency (16.7 and 21.3 Hz) were detected in ‘type 2’
sleep spindles. It is therefore likely that neuronal synchrony in 16.7 and 21.3 Hz is common for SWD and for ‘type
2’ sleep spindles. ‘Type 2’ sleep spindles might be considered as a transitory oscillatory waveform between
spindle and SWD.
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Figure 4.17. Variability EEG waveform of sleep spindles in WAG/Rij rats. (A) The majority of sleep spindles comprised
characteristic repetitive elements from which a prototype for the adaptive ‘spindle wavelet 1’ has been derived. ‘Type 1’ sleep
spindles were recognized equally well in all animals with common ‘spindle wavelet 1°. Some spindles, which cannot be
recognized with ‘spindle wavelet 1°, match ‘spindle wavelet 2’ that was chosen individually. ‘Spindle wavelet 2° displays a
high inter-subject variability and a rather complicated structure. (B) Frequency profiles of ‘spindle wavelets’ type 1 and 2 and
standard wavelet basis functions. ‘Type 1’ spindle wavelet shows an abundant increase in spindle frequencies 8-14 Hz in
contrast to ‘type 2’ wavelet, which frequency profile is more complex and shows prominent peaks in non-spindle frequencies.

Sleep spindles and SWD were considered as alpha-band oscillations: they both demonstrate an elevation of
power in 8-14 Hz in Fourier and wavelet space; SWD were mistakenly recognized as sleep spindles in EEG before
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decomposition (bottom graph in Fig. 4.13 and ‘step 4’ in ‘Methods’). For the other hand, they were best localized
in wavelet spectrum in non-overlapping frequency bands (Fs, and Fgyp). Besides that, different wavelet templates
were necessary to extract EEG patterns of sleep spindles and SWD. The complex Morlet wavelet displayed a good
affinity to SWD (it was successfully used for extracting almost 100% of SWD), but low affinity to sleep spindles
(it yielded 50-60% of true spindle detections). Altogether point towards a fundamental difference between these
EEG events.

DISCUSSION

The present Chapter examines two types of self-sustained thalamo-cortical oscillations: sleep spindles during
drowsiness and sleep and pathological SWD, also preferentially occurring in the same vigilance states. We have
applied Fourier transform and continuous wavelet transform in order to characterize amplitude-frequency
parameters of spontanecous SWD and sleep spindles in the WAG/Rij rat model of absence epilepsy. We report on
differences between SWD and sleep spindles in respect to their EEG power and degree of conformity with wavelet
basis functions.

Application of wavelet transform for the identification of oscillatory patterns in EEG

In the field of EEG research, the CWT is basically used for two purposes: first, time-frequency analysis, in
particularly, time-frequency analysis of spike-wave seizures in patients with absence epilepsy and in WAG/Rij rats
[Bosnyakova et al., 2007] and, second, for extracting of EEG features and automatic recognition of patterns such
as epileptiform discharges in human EEG [Senhadji and Wendling, 2002; Khan and Gotman, 2003] and sleep
spindles [Jobert et al., 1994; Schonwald et al., 2003; Latka et al., 2005]. Here we develop a wavelet-based
algorithm for the automatic identification of spindle events and SWD in EEG in non-segmented full-length EEG
data. In order to optimally localize the investigated EEG patterns in time domain, we used the complex Morlet
wavelet and specific spindle wavelet functions. Our strategy (we call it ‘adaptive wavelet matching’) is
comparable with matching pursuit technique [Durka, 1996; 2003; Durka et al., 2005; Zygierewicz et al., 1999] in a
sense that offers to choose a template function from stochastic dictionaries that constitute a set of Gabor, Dirac and
Fourier basis waveforms in order to find the optimal approximation of the EEG event that should be detected. In
the present study, ‘spindle wavelet’ basis functions are adopted directly from the EEG signal.

In our case, the best performance of automatic recognition of SWD and sleep spindles is achieved after
selecting of the optimal wavelet template and adjustment of the optimal amplitude (E) and frequency (Ffs)
parameters. It appeared that variability of EEG structure of sleep spindles was high, therefore, a probability of
correct detection with the aid of standard wavelet functions was low. Almost all sleep spindles (95.5%) were
extracted with joint application of two different types of adaptive ‘spindle wavelets’. Type 1 sleep spindles (85-
90%) were recognized with the aid of one common template (‘spindle wavelet 1°) by having high power in 6.25-
16.6 Hz. In opposite to type 1 spindles, type 2 sleep spindles (10-15%) revealed high individual variability
(‘spindle wavelet 2’ had to be chosen individually) and showed high power in frequencies 20-25 Hz.

The ‘spindle wavelet’ functions displayed a complex profile in the Fourier space as compared to standard
wavelet functions (Fig. 4.17B). The ‘spindle wavelets’ showed negative Fourier frequencies (negative frequencies
were absent in complex wavelets, but present in real wavelets). Positive and negative Fourier frequencies did not
mirror each other in the ‘spindle wavelets’, as they did in real standard wavelets. This suggests a complex
correlation between the real and imaginary parts in the ‘spindle wavelets’. Therefore, the CWT with the ‘spindle
wavelets’ combined features of the complex transform (that was required for the adequate time-frequency
representation of sleep spindles) and some features of the real transform (that was necessary for waveform
extraction). As a result, ‘spindle wavelets’ were particularly good in extracting characteristic EEG features of each
spindle type, but they were not suitable for time-frequency analysis. It is concluded that a combination of standard
and adaptive wavelet transforms is favorable for discrimination and description of sleep spindles and epileptic
EEG events.

Epileptic activity (SWD)

We found that a robust increase of high frequencies was typical for SWD, moreover, it was a distinguishing
signature of seizure activity. An increase in wavelet energy in 30-50 Hz was a reliable criterion by which we
identified almost 100 % of seizures without false alarms. A similar method has been proposed for detecting
epileptic episodes in the EEG [Khan and Gotman, 2003]. They used a discrete wavelet transform and relied upon
energy estimation in seizure-specific frequency scales (6—12 Hz and 12-25 Hz), resulting to 86 % sensitivity and
14 % of false alarms. We could detect SWD accurately based on energy in the gamma frequency band (30-50 Hz)
and this was several times higher than the energy in the mean interspike frequency of SWD (8-12 Hz). Our result
is in full agreement with other indications that fundamental frequencies and harmonic spectral components were
elevated during absence seizures [Van Hese et al., 2003; Drinkenburg et al., 1993]. All this suggests that SWD
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(and probably also other kinds of epileptic discharges with monotonous spikes) can be clearly identified by a
robust increase in wavelet energy in frequencies several times higher than the mean frequency of discharges, i.e.
harmonic frequencies.

Normal sleep spindle oscillations

In healthy humans, sleep spindles are recognized as “bursts at 11-15 Hz, but mostly at 12-14 Hz” (IFSECN,
1974, p. 547), however, sleep spindles are usually identified in wider frequencies, from 11 to 16 Hz (Schimicek et
al., 1980; Zygierewicz et al., 1999; Huupponen et al., 2007). We had to expand an initially predetermined spindle
frequency band 8-12 Hz to broader frequencies from 5.5 to 16.6 Hz (Morlet-based wavelet detections). This is in
agreement with the literature: in mammalian species, including rats, sleep spindles appear in frequencies from 8 to
15 Hz [Gandolfo et al., 1990; Drinkenburg et al., 1993; Kandel and Buzsaki, 1997; Mackenzie et al., 2004].

The quality of automatic recognition of sleep spindle with the aid of the complex Morlet wavelet (w,=2m)
was low (only a half of sleep spindles was detected correctly and 39 % of the spindles were missed). The quality of
detection cannot be improved by changing the frequency band (£,) or by adjusting the recognition threshold (Ex).
The low affinity of the complex Morlet wavelet to sleep spindles disagrees with results from others [Latka et al.,
2005]. These authors successfully applied the Morlet wavelet successfully for the identification of sleep spindles.
“It is apparent that the complex Morlet wavelet mimics wave-packet behavior of sleep spindle and provides a
mathematical equivalent of the phenomenological description” (p. 16, Latka et al., 2005). The disagreement with
our results may lie in a different design of the experiments and in a species difference. We included in our analysis
of SWD and sleep spindles periods of sleep and wakefulness (hundreds of sleep-wake cycles), while EEG sleep
studies in humans are restricted to sleep periods and exclude waking EEG. Sleep spindles in rats tend to occur as
sleep deepens, but spindle-like events in the alpha frequency range are also present during passive wakefulness
[Fanselow et al., 2001].

Distinctions between SWD and sleep spindles

The present results cast some doubts about similarity between sleep spindles and SWD.

First, their basic parameters are distinguished: SWD last ten times longer than anterior spindles, their
amplitude is nearly two times higher and their mean frequency is about 2 Hz lower (as measured in a period 0.5-
1.5 sec after the seizure onset).

Second, power spectrum analysis demonstrates that SWD is characterized by higher power in 9 - 100 Hz and
low power in delta as compared to sleep spindles. This difference in frequency composure correlates with the
difference in their EEG waveforms that has been demonstrated with continuous wavelet transform. It is shown that
the EEG pattern of SWD is not comparable with that in sleep spindles: (i) different wavelets are necessary for the
identification of SWD and spindles; (ii)) SWD are identified in EEG with the aid of the standard Morlet wavelet,
but sleep spindles can be identified by means of two types of customized adoptive ‘spindle wavelets’; (iii) spindle
and SWD are detected with different frequencies Fgyp and Fy, SWD have high power between 30 and 50 Hz, sleep
spindles — between 6-14 Hz. Besides that it is found that SWD represent one family, but sleep spindles - two
families.

Previously, Drinkenburg et al. (1993) performed spectral analysis of sleep spindles, SWD and intermediate
‘spiky’ activity and found a striking resemblance between all these EEG events in respect to their frequency
content and peak frequencies. Also Mackenzie et al. (2004) indicated that SWD have more power in their
frequency spectrum than normal spindle oscillations. We found that sleep spindles and SWD are best extracted
when different wavelet basis functions are applied in the CWT, suggesting that sleep spindles and SWD are
independent phenomena. In addition, sleep spindles possess high inter- and intra-subject variability and their time-
frequency characteristics were more heterogeneous than that of SWD; the EEG pattern of sleep spindles was less
stereotyped and less uniform compared to SWD. It can be concluded that SWD represent a single family, but sleep
spindles can be subdivided into two families: general and individual types (type 1 and 2 correspondingly).

The above mentioned dissimilarities between sleep spindles and SWD support the notion that the
neurophysiological substrate of spindle oscillations and SWD is not the same. As compared to SWD, spindle
oscillations are less generalized (they are rather local oscillations [Terrier and Gottesmann, 1978; Jankel and
Niedermeyer, 1985; De Gennaro and Ferrara, 2003]), their EEG waveform is less regular (the own data).
Previously we showed [van Luijtelaar and Bikbaev, 2007] that that sleep spindles and SWD are controlled by
different age-related mechanisms. Density of sleep spindles in WAG/R]j rats is the same with that in control rats,
despite the large strain difference in number of SWD (the incidence of SWD in WAG/Rjj rats highly increased
with age, yet control rats exhibit just sporadic SWD). Comprehensive in vivo and in vitro neurophysiological
examinations in GAERS demonstrate that SWD do not originate sleep spindles, but have a plausible source of
SWD, e.g. 5-9 Hz oscillations [Pinault, 2001; Pinault et al., 2006].
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It is noteworthy that rat models of absence epilepsy (i.e., GAERS and WAG/Rij) are distinguished from
the feline generalized penicillin epilepsy [Gloor 1969; Kostopoulos, 2000] in a sense that absence seizures in our
subjects are spontaneous, but not induced by penicillin. Sleep spindle oscillations in rodents might just indirectly
correlate with absence epilepsy. At least in type 2 sleep spindles, strong beta component in SWD-harmonic
frequency (~21 Hz) and in the middle frequency (~16 Hz) might sign indicating pro-epileptic nature of these
oscillations, therefore, type 2 sleep spindles could be considered as a deviant spindle form. It is assumed that ‘type
1’ spindles are normal oscillatory phenomena (with no aberrant features), while ‘type 2’ is an aberrant spindle type
that appears in epileptic animals due to an impairment of thalamo-cortical network mechanisms. This agrees with
results of neuronal modeling, indicating that sleep spindles and SWD can be simulated in a common cortical
neuronal model [Sargsyan et al., 2007]; therefore, both spindles and SWD can appear in EEG as a manifestation of
synchronization processes taking place in the same thalamo-cortical circuit during low vigilance state. It seems
that, besides SWD, EEG of epileptic rats might exhibit various intermediate electroencephalographic patterns,
such as type 2 sleep spindles and spiky EEG events (mentioned by Drinkenburg et al., 1991).

97



Chapter 5

Thalamo-cortical network mechanisms of SWD type |

CONTENTS
5.1 Changes of EEG coherence at the onset of SWD

Abstract

Introduction

Methods

Subjects and surgery

EEG recording and analysis

Results

Intra-hemispheric cortico-cortical coherence

Trans-hemispheric cortico-cortical coherence

Cortico-thalamic and thalamo-thalamic coherence

Discussion

Technical considerations: EEG coherence as a measure of thalamo-cortical network synchrony
EEG coherence and neuronal network mechanisms at the earliest stages of spike-wave seizures
Physiological implications of EEG coherence study.

Role of short- and long-range SWD intracortical associations in maintenance of SWD

Resonance frequencies in the thalamo-cortical system underling spike-wave seizures

Development of SWD needs more coherency in high frequencies

Role of thalamo-thalamic associations in the development of SWD
Role of thalamo-cortical associations in the development of SWD

Conclusions

5.2 Changes of Granger causality at the onset of SWD
Abstract

Introduction

Methods

Animals, EEG data acquisition and description of EEG patterns

Granger causality

Application of Granger causality to EEG data

Results

Dynamics of cortico-thalamo-cortical casual interactions at the on- and offset of epileptic discharges
Gross changes of Granger causality in the cortico-thalamo-cortical system before, during and after
absence seizures

Discussion

Implications of the linear Granger causality in EEG analysis of absence epilepsy

Granger causality and functional interactions in epileptic networks

EEG studies in animals: what can we gain from them?

100
100
100
102
102
102
103
103
109
110
111
111
112
113
114
114
115
115
115
116

118
118
118
119
119
119
121
122
122

124
125
125
126
127



Chapter 5

Episodes of typical absence epilepsy start unpredictably. Absence epilepsy has no clinical signs which can
anticipate seizure onset, likewise, for example, a specific aura in temporal lobe epilepsy. Although some changes
in breathing, cardiac activity and sedation might precede absence seizures [Mirksy and Van Buren, 1965], these
changes are not specific and may appear in non-epileptic states as well, and, therefore, they can not be used as
predictors of an absence seizure.

EEG monitoring and subsequent analysis of EEG data have provided more promising results in respect to
early predictors of a seizure, however, findings are not always straightforward. Anticipatory changes in EEG
amplitude and frequency can be observed several seconds before the onset of spike-wave discharges [Inoue et al.,
1990]. This specific electroencephalographic pattern of seizure-precursor activity is called ‘poorly developed
epileptiform discharges’. Also Genetic Absence Epilepsy Rats from Strasbourg (GAERS), reveal a characteristic
pro-epileptic pattern, namely, medium-voltage 5-9 Hz oscillations, which precede the onset of spike-wave
discharges (SWD) [Pinault et al., 2001]. However, it is unfortunate that 5-9 Hz oscillations in GAERS are not
always followed by SWD; moreover, the same oscillatory pattern is encountered in non-epileptic rat strains,
suggesting that 5-9 Hz oscillations have a physiologic nature and cannot be regarded as unique predictors of
SWD.

Serious advances in disclosing early predictors of absence seizures are achieved with computational
techniques applied to multi-channel EEG data. In patients with a mixed form of absence epilepsy (close to petit
mal status), Niedermeyer et al (1979) has first found that the pre-ictal period is characterized by an increased
rhythmical activity and stronger synchronization between bilaterally symmetric (homotopic) cortical areas. In
patients with absence epilepsy, Garcia Dominguez et al (2005) and Aarabi et al (2007) have indicated significant
changes in intracortical synchrony several seconds before the onset of SWD. According to Aarabi et al (2007),
48% of pre-ictal periods reveal a significant drop in synchronization with respect to the baseline level, 46% show a
significant increase in the synchronization and 6% no changes in synchronization. It has been stressed that “the
spatiotemporal cortical synchronization is different from patient to patient but reproducible in each patient”
(p.216). Individual variations of intracortical synchrony have led to a failure in detecting a common
synchronization pattern during seizure-precursor activity in human patients.

In the WAG/Rij rat model of absence epilepsy, spatiotemporal synchronization during pre-ictal periods does
not reveal large individual variations [Meeren et al., 2002]. In all subjects, non-linear associations (intracortical
and thalamo-cortical) appear to be reinforced before the onset of SWD. The small between-subject differences are
likely to correlate with genetic homogeneity in a population of this inbred rat strain that cannot be assumed for the
human population. However, in Chapter 3.3 a common prototype of SWD-precursor (preSWD) for all subjects
could not be identified. With EEG power spectrum and coherence analysis substantial differences in amplitude-
frequency parameters of pre-SWD have been found. Among the four types of pre-SWD, each pre-SWD type could
be distinguished from others by the spectral characteristics of the EEG power and by EEG coherence patterns in
cortex and thalamus. Altogether, the nature of pre-epileptic processes underlying highly stereotypic SWD is
intricate and poorly understood. We have investigated this question in the present Chapter 5 and have focused on
pre-epileptic cortico-thalamo-cortical network mechanisms of absence seizures. In Chapter 5.1 we have used EEG
coherence in order to examine changes in spatiotemporal synchronization over the thalamo-cortical system during
transition from pre-SWD to the fully grown seizures. Finally, In Chapter 5.2 we have used linear Granger
causality in order to investigate cortico-thalamic bidirectional relationship before, during, and after SWD.
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5.1 Changes of EEG coherence at the onset of SWD ~

ABSTRACT

The study examines cortico-cortical and cortico-thalamic network synchronization at the onset of spike-
wave discharges” (SWD) in a genetic model of absence epilepsy, WAG/Rij rats. Coherence was measured
between multiple cortical areas (intracortical), reticular and rely thalamic nuclei (intrathalamic) and between the
cortex and the thalamus. SWD-related increase of coherence (5 - 60 Hz) was found in all investigated pairs.

The highest increase of coherence was around the mean frequency of SWD (8-11.5 Hz) and in the harmonic
band 16-21.5 Hz with two central maxima around 10 and 20 Hz. The frequency profile of coherence was different
in different intracortical networks, therefore latter were divided into local, global and transhemispheric networks.
The presumable source of SWD in the somatosensory cortex and its closest surroundings formed a minimal (local)
circuit, in which occurrence of SWD was facilitated by a consistent shift of network synchrony from delta to
alpha/beta frequencies. Transhemispheric coherence revealed the largest increase with an additional 16 Hz peak,
suggesting a crucial involvement of the corpus callosum in the pathophysiology of absence seizures. The increase
in interhemispheric coherence was largest between relatively remote somatosensory or frontal areas, supporting
the assumption that SWD originate from the lateral fronto-parietal cortical area.

INTRODUCTION

Absence epilepsy is common among idiopathic primary generalized epilepsies [Commission, 1989]. Typical
absence seizures appear without warning as a sudden interruption of consciousness and are accompanied by a
characteristic electroencephalographic (EEG) signature: symmetric bilateral, widespread ~ 3 Hz spike-and-wave
complexes. Simultaneous occurrence of clinical and EEG signs are necessary for accurate diagnosis of absence
seizures. However, it is obscure why clinical manifestation of absence epilepsy associates with EEG spike-wave
complexes, ultimately, the putative neurophysiological mechanisms of this disorder are still unknown. The benign
nature of absence epilepsy precludes invasive investigation in humans, but at the same time, studies in different
kinds of animal models (acute, chronic, pharmacological, genetic etc.) have largely contributed to our
understanding of pathogenesis of absence epilepsy. In particular, aberrant transformations of thalamocortical
rhythms are usually recognized as primary cause of absence seizures [Steriade, 2001]. In the present study we
investigate thalamocortical dysfunction in a genetic model the of absence epilepsy, WAG/Rij rats (Wistar Albino
Glaxo from Rijswijk [Coenen and van Luijtelaar 2003]). All individuals of this strain develop spontaneous spike-
wave discharges (SWD) in the EEG [van Luijtelaar and Coenen, 1986]). SWD in WAG/R]j rats are accompanied
by behavioral arrest and immobility, minimal facial myoclonic jerks, twitching of eyes and vibrissae altogether
mimicking clinical manifestation of absence epilepsy in humans (face validity of WAG/Rij model). Also the
pharmacological profile of seizures in WAG/R]j rats and in humans is similar: this enables predictions from the
model to the patient (predictive validity of WAG/Rij model). Finally, absence seizures in WAG/Rij rats and in
humans are based on the same theoretical grounds (construct validity). Therefore, our subjects fulfill all the
necessary criteria for a valid and reliable animal model of absence epilepsy [Coenen and van Luijtelaar, 2003].

Field mapping of spike-wave activity in humans showed the earliest EEG changes in the posterior area, than
the seizure moved anteriorly and had amplitude maximum in the frontal regions [Rodin and Ancheta, 1987; Rodin,
1999]. In WAG/Rij rats, EEG pattern of SWD gradually also changed from the onset to the end of a seizure
[Midzianovskaia et al., 2001]. In GAERS (genetic absence epilepsy rats from Strasbourg [Pinault et al., 2001]) as
well as in human patients (Inouye et al., 1990), SWD emerge suddenly from a normal background EEG and do not
seem to be anticipated by any peculiar EEG changes. This gives an impression that spike-wave seizures are
“suddenly generalized”. Forerunners of spike-wave seizures are almost invisible on macroscopic EEG level,
whereas, neuronal activity has definitely been changed before the seizure onset: “...although the common
definition of SW seizures, regarded as suddenly generalized and bilaterally synchronous activities, may be valid at
the macroscopic EEG level, cortical neurons display time lags between their rhythmic spike trains, progressively
increased synchrony” [Steriade and Amzica, 1994, p. 2051]. These neuronal processes may case subtle EEG
changes that cannot be easily seen in EEG, but can be detected with mathematical analysis of EEG signal.
Unfortunately, only a few studies reported on EEG changes during transitional state between background activity
and spike-wave seizures. As found, multiple causal relations of EEGs among different cortical loci start changing

" Published paper. Sitnikova E, van Luijtelaar G. Cortical and thalamic coherence during spike-wave seizures in WAG/Rij
rats. Epilepsy Research, 2006; 71: 159—-180.
" generalized SWD type I
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more than ten seconds before spike-wave complexes could be visualized in EEG [Inouye et al., 1995]. In the
present study we utilize EEG coherence as a powerful tool to measure synchronization throughout the cortex and
the thalamus at transitions from normal to paroxysmal EEG pattern. By measuring network synchrony between
different loci, we aim to identify probable network dysfunction that may prerequisite epileptic discharges.

Evidences are accumulating that the neocortex comprises a minimal substrate to produce spike-and-wave
paroxysms [Steriade and Contreras, 1998; Steriade, 2005]. Clinical EEG data convincingly showed that spike-and-
wave activity could originate from the frontal cortex [Pavone and Niedermeyer, 2000; Holmes et al., 2004]. The
outcomes of the nonlinear association analysis of SWD in WAG/Rij rats showed a consistent cortical “focus”
within the region of perioral projections of vibrissae and lips in the somatosensory cortex (Sml) [Meeren et al.,
2002]. In WAG/R]j rats, this epileptic zone revealed a cytoachitectonical disorder [Karpova et al., 2005]. Local
reduction of the excitability in the cortical epileptic focus with lidocaine in WAG/Rjj rats [Sitnikova and van
Luijtelaar, 2004] and with ethosuximide in GAERS [Manning et al., 2004] decreased SWD. The abovementioned
studies supported the new “cortical focus” theory of generalized absence seizures [Meeren et al., 2005]. The
further elaboration of this concept requires better understanding the local and global mechanisms of absence
epilepsy. To approach this issue, we hypothesize that the epileptic focus in the Sml interacts with functionally and
anatomically related regions, i.e. adjacent parietal and frontal (sensory and motor) areas, thus creating an
oscillatory loop that generates SWD. If this is indeed the case, than the onset of SWD would relate to abundantly
increase in fronto-parietal coherence and less significant changes of coherence between distant and functionally
divergent areas (fronto-occipital and parieto-occipital coherence). Here we check this assumption.

Spike-wave seizures show strong bilateral synchronization in patients with absence epilepsy
[Panayiotopoulos, 1997; Avoli et. al., 2001] and in GAERS and WAG/Rij rats ]Danober et al., 1998; van
Luijtelaar and Coenen, 1986]. Because intrahemispheric propagation of a seizure takes fairly short time (6 ms in
average), it is proposed that the thalamus is not relevant for the bilateral spreading of seizure activity [Steriade and
Contreras, 1998]. As known, the corpus callosum has a major role in bilateral synchronization of SWD, since after
callosectomy the vast majority of SWD were no longer bilateral symmetrical, although occasionally bilateral
synchronous SWD were seen after callosal transection [Vergnes et al., 1989]. Therefore, in addition to callosal
pathways, there might be other pathways for trans-hemispheric spreading of SWD. Here we measure SWD-
associated changes of trans-hemispheric interconnections between different cortical loci. According to the
literature, spike-wave seizures reach the highest amplitude at the frontal cortex in patients [Holmes et al., 2004]
and in rat models [Midzianovskaia et al., 2001; Mackenzie et al., 2004]. This led to the hypothesis that SWD-
related bilateral associations in the frontal cortex would be stronger than in parietal and occipital areas.

Likewise the neocortex, the thalamus is actively participates in spike-wave activity [e.g. Seidenbecher et al.,
1998; Avanzini and Franceschetti, 2003; Steriade 2003]. At least two thalamic structures are essentially involved
in the genesis of discharges: reticular thalamic nucleus (RTN) and the thalamic relay nuclei [Inoue et al. 1993;
Seidenbecher, 1998; Pinault et al., 2001]. The RTN consists of GABA-ergic neurons which have intrinsic
membrane mechanism and generate rhythmic activity [e.g., Crunelli and Leresche, 2002; Avanzini and
Franceschetti, 2003]. Those cells intimately associate with neurons in the dorsal thalamus, but do not project to the
neocortex [Ohara and Lieberman, 1985]. A massive intra-thalamic synchronization may underlie the development
of SWD, suggesting an increase of coherence between the RTN and specific thalamic nuclei, ventroposteromedial
complex, VPM. This issue is also addressed in the present study.

Functionally interconnected cortical and thalamic sites appear to influence each other. During the first 500
milliseconds, one of the two bilateral neocortical foci consistently leads its thalamic counterpart (the VPM and the
RTN) and after that the cortex and thalamus alternately lead and lag each other in an unpredictable way [Meeren et
al., 2002]. Meeren and her co-authors (2005) supposed that (1) cortex and thalamus form a unified oscillatory
network in which both cortex and thalamus drive each other and (2) “the role of the thalamus probably lies in
providing a resonant circuitry to amplify and sustain the discharges” [Meeren et al., 2005, p.375]. Here we are
challenged to find particular associations which may characterize thalamic network as a “resonant circuitry”. For
that purpose, we measure and compare coherence between the cortex (frontal and occipital) and thalamus (RTN
and VPM). The primary sensory areas of neocortex receive only ipsilateral thalamic afferents [Jones, 1985],
therefore we consider here only unilateral cortico-thalamic associations.

Coherence in the human EEG is usually measured in pre-determined frequency bands such as delta, theta,
alpha, beta and gamma. We also used these “classical” frequency bands to evaluate statistically changes of EEG
coherence leading to SWD. The frequency of SWD is known to fluctuate between 7-10 Hz: it is higher in the
beginning and decreases towards the end [Midzianovskaia et al., 2001]. It is assumed that the coherence around 10
Hz would largely contribute to the expected increase of total coherence while the contribution of other frequencies
may be less significant. This analysis of coherence in the frequency domain provides additional information on
carrier frequencies of network associations and characterized frequency-specific pattern of network associations.
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In all, we investigate cortico-thalamic network mechanisms which underlie transitions from normal oscillatory
activity towards pathological spike-wave rhythm.

METHODS
Subjects and surgery

Fourteen male WAG/RIjj rats (eleven-twelve months old, body weight ~ 310-390 g) were used. Experiments
were carried out in accordance with the international principles of animal care and approved by the Ethical
Committee on Animal Experimentation of the Radboud University Nijmegen. Chronic stainless still electrodes
(electrode diameter = 0.2 mm) were implanted in small separate circular openings of the skull (diameter ~ 1 mm)
during stereotactic surgery under isoflurane anesthesia. The first experimental group of rats (n = 8 rats) received
epidural electrodes over both sides of cerebral cortex. Electrodes were placed over the frontal [AP +2, L 2],
parietal (somatosensory representation area of paws, hindpaw [AP -1; L 2.5] and forepaw [AP 0, L 4], and
vibrissal projections [AP -2, L +6]) and occipital [AP —6; L 5] areas. The second group (n = 6 rats) was implanted
with four recording electrodes in the right hemisphere; among them one depth electrode was immersed into the
ventroposteromedial thalamic nucleus, VPM [AP -3.5; L 2.5; H 7.2] and the other - into the rostral part of the
reticular thalamic nucleus, RTN [AP —1.5; L 2.2; H 7.2]; two other electrodes were put epidurally over the frontal
[AP +2, L 2] and occipital [AP —6; L 5] cortical areas. In both groups, ground and reference electrodes were
located symmetrically in both sides of the cerebellum.

After the EEG part of the study, animals were deeply anesthetized with pentobarbital and direct current was
passed through each thalamic electrode for iron repositioning. Brains were fixed and serial coronal sections were
stained with Nissl. Positioning of thalamic electrodes was verified referring to the atlas of the rat brain [Paxinos
and Watson, 1986]. EEG data from only those rats, which had both electrodes successfully implanted in the VPM
and the RTN, was used for the statistical analysis.

EEG recording and analysis

Electrical activity was recorded during 5-7 hours in free behavior during dark period of dark-light cycle.
SWD were identified using criteria described elsewhere [van Luijtelaar & Coenen, 1986; Midzianovskaia et al.,
2001]. Briefly, SWD were easily distinguished from background EEG as high-voltage surface negative deflections
consisting of 7-10 Hz spikes and slow waves (amplitude of SWD was several times higher than background
activity). SWD lasted more than 1 sec with voltage maximum in the frontal area. In the frontal EEG, the first spike
in the sequence of spikes and waves was used as a marker for SWD-onset (Fig. 5.1).

Signal analysis was performed using Brain Vision Analyser (© BrainProducts GmbH). We used coherence
to assess changes of synchrony within thalamo-cortical circuit in the transitioning from the early stage to seizure
onset. Coherence estimates phase consistency of the two EEG signals as a function of frequency independently
from signal amplitude [Challis and Kitney, 1991]. Here we analyzed two subsequent (non-overlapping) 1 sec
epochs - one before and one after the marked SWD-onset (Cohpeforeswp(®) and Cohgwp(®) correspondingly) using
the following formula:

Coh, ,(0) = |G, , (co)|2 1'1G; 4( ®)x G, ,( ®)|;where Coh, ,(®) - coherence between selected channels (1 and 2);
o - discrete frequencies; G, , ( ©) - cross-power spectrum between channel 1 and channel 2; G, ,( ®) and G, ,( ®) —
power spectra (autospectra) of ch 1 and 2.

First, coherence spectra of cortico-cortical, thalamo-cortical and thalamo-thalamic signals were computed
within the frequency range 1-60 Hz with frequency resolution 0.5 Hz. Cortico-cortical coherence was examined in
all possible combinations of the frontal, parietal (Sml, projection areas of vibrissae and paws) and occipital EEGs;
thalamo-cortical coherence was established between two cortical EEGs (frontal and occipital) and two thalamic
EEGs (from VPM and RTN); the thalamo-thalamic coherence was established between VPM and RTN (Fig. 5.1).

Next, changes of coherence, that accompanied SWD-onset, were established by computing differential
coherence, ACoh(®) = Cohpeswp(®) - Cohgwp(®). Spectrum of ACoh(w) was averaged per channel pair and per
animal. The ACoh(w) spectra were inspected for the maxima. In the majority of cases, ACoh(w) spectra showed
independent maxima around 10 Hz and 20Hz (that is the mean frequency of SWD and harmonic); these extreme
values were measured. To characterize resonance frequencies of network interactions, we performed two kinds of
statistical analysis. First, we defined peaks on the averaged spectra of ACoh(w) and used frequencies of these peaks
(resonance frequencies) as a constraint among all animals. Further statistical analysis determined the strength of
network associations in pre-defined resonance frequencies. Second, we denominated peaks on individual spectra of
ACoh, than frequency and amplitude of these peaks were measured and statistically compared. Analyses performed
separately for intra-hemispheric, trans-hemispheric cortical and cortico-thalamic associated pairs. Factorial
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ANOVA (followed by the post-hoc LSD test) was used to determine whether there was a significant difference
between peak frequency and peak amplitude of ACoh(w) among investigated pairs.
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Figure 5.1. Spike-wave activity in WAG/Rij rat. EEG record containing SWD is shown on the left. Small black arrow pin-
points the first spike (the formal marker of SWD-onset) on the frontal EEG tracing. Coherence was computed in two
sequential intervals: 1 sec before and 1 sec after SWD-onset and statistically compared. Right side illustrates the location of
the electrodes. Rats in Group 1 (n=9, black connecting lines in the schema of a brain) were equipped with epidural electrodes
over the frontal, parietal and occipital cortical areas to measure coherence within one hemisphere (intra-hemispheric) and
between the two hemispheres (trans-hemispheric or bilateral coherence). Group 2 (n=6 rats, gray dotted connecting lines) was
implanted with two depth thalamic electrodes (in the ventroposteromedial thalamic nucleus, VPM, and in the reticular
thalamic nucleus, RTN) and with two epidural electrodes in the frontal and occipital areas. All electrodes were located in the
right hemisphere, therefore thalamo-cortical and intrathalamic coherence was established in unilateral (intra-hemispheric)
pairs.

In order to quantify changes of network associations, differential coherence was determined for certain
frequency bands [ACoh(Aw)], where Ao = 1-4.5; 5-7.5; 8-11.5; 12-15.5; 16-21.5; 22-27.5; 28-35.5; 36-47.5 and 48-
60 Hz. We conducted a two-way ANOVA of the differential coherence [ACoh(Aw)] with factors ‘band’ (nine
frequency bands) and electrode ‘pair’ separately for intra-hemispheric, trans-hemispheric cortical and cortico-
thalamic associated pairs. Fisher LSD test was used to test for significant differences of ACoh(Aw) between the
investigated pairs.

In order to evaluate statistically differences of ACoh(Aw) across frequency domain in a single population
design, we averaged coefficients of ACoh with bin = 0.5 Hz in the following bands of interest: (1) mean frequency
of SWD 8-11.5 Hz (ACoh8-11.5) and (2) the first harmonic, 16-21.5 Hz (ACoh,4.1 5). Statistical analysis of ACohs.
115 and ACohy4,; 5 was carried out with ANOVA with consequent post-hoc LSD test. STATISTICA 6 software
(StatSoft, Inc) was used for statistical evaluation of the data.

RESULTS

All fourteen experimental animals expressed a high amount of spontaneous SWD (10-45 seizures per hour).
The EEG profile of SWD was typical and consistent among all animals. Pre-seizure EEG did not differ from the
normal background activity, until the normal EEG continuum was suddenly interrupted by the first EEG aberrant
sign (Fig. 5.1). The initial spike was followed by a long-lasting train of successive spikes and waves. Maximum
amplitude of spikes was found in the frontal channel. The first eminent negative spike was easily recognized in all
experimental animals and used to mark the formal onset of a SWD (Fig. 5.1).

Intra-hemispheric cortico-cortical coherence

Analysis of differential coherence (ACoh) revealed an increase of intra-hemispheric coherence associated
with the onset of SWD (ACoh > 0). The average ACoh in all unilateral cortical pairs significantly exceeded zero
ACoh,(ALL) = 0.08 £ 0.09 (£ SD, p<10-5, t-test). Factorial ANOVA test showed that the increase of coherence
was band-specific (F=23.6; df=3,40; p<10-7). Post-hoc LSD test indicated a significant increase of coherence in all
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investigated pairs (p>0.05), except the Sml(vib) - frontal pair (Fig. 5.2A). The increase of coherence between
Smli(paws) and the frontal cortex was significantly higher than in other investigated pairs (all p’s<10-5), suggesting
that occurrence of SWD may specifically overexcite Sml(paws) - frontal pathway. Besides that, Smi(vib) showed
significantly stronger associations with an adjacent area, i.e. projection area of paws (ACohg[SmI(vib)-
Sml(paws)]=0.09 + 0.08, Fig. 5.2A) comparing to associations with remote areas such as frontal cortex
(ACohyye[ Sml(vib)-frontal]= 0.06 + 0.11) and occipital cortex (ACoh,,,[SmI(vib)-occipital]=0.05 £+ 0.05, LSD test,
all p’s<0.05).

Occurrence of SWD caused frequency-specific changes of intra-hemispheric coherence (F[band]=30.5
df=8,40; p<10'8). The increase of coherence was significant in frequencies Awg,r = 5 to 36 Hz (ACoh (Amsgf), one-
sample t-test, Table 5.1, Fig. 5.2A). The highest magnitude of ACoh was found in Smi(paws)-frontal EEG pair,
where the increase of coherence was found in the whole 5 to 60 Hz range (Table 5.1). Noteworthy was that
Smli(paws) - frontal EEG pair was the only cortico-cortical couple in which we found an increased functional
coupling in gamma frequencies. Increase of coherence in Smi(vib)-frontal and Sml(vib)-Smi(paws) EEG pairs was
slightly lower than that in Smil(paws)-frontal pair. In addition to that, low-frequency coherence (1-4.5 Hz)
decreased in Smi(vib)-frontal and Sml(vib)-Sml(paws) pairs (Table 5.1).

As expected, the least intensive, albeit significant, was the increase of coherence between the most distant
electrodes: in the fronto-occipital and Smli(vib)-occipital pairs (Table 5.1, Fig. 5.2A).

Table 5.1. Changes of coherence per frequency band (ACoh(Aw) + SD) in transition period around the onset of SWD
(ACoh(w) = Coh[SWD] — Coh[beforeSWD]).

ACoh(Aw) > 0 ACoh(Aw) <0
Awggf, Hz ACoh(Awsgf) i ACohs.115 ACohyez15 Awsgf, Hz ACoh(Awsgf)
INTRACORTICAL intra-hemispheric
Sml(vib)—frontal 8-35.5 0.14+0.07 0.1240.10 0.24+0.06 © 1-7.5 -0.08+0.07
Sml(vib)-Sml(paws) 5-35.5 0.1240.08 0.14+0.04 0.17+0.07 1-5.5 -0.11+0.07
Sml(vib)-occipital 8-11.5/16-35.5 0.06+0.03 0.09+0.12 0.1320.09
Sml(paws)—frontal 5-59.5° 0.21£0.10 0.22+0.09 0.33+0.07°
Sml(paws)—occipital 8-11.5/16-35.5 0.11+0.07 0.12+0.15 0.174£0.12
Frontal-occipital 8-35.5 0.06+0.03 0.13+0.13 0.15+0.09
TOTAL 0.12+0.07 0.13+0.09 0.20+0.10 ®
INTRACORTICAL trans-hemispheric
Frontal 5-27.5 0.15£0.10 0.33+0.11 0.28+0.19
Sml(vib) 5-27.5 0.16+0.10 0.43+0.12 0.38+0.13 1-4.5 -0.12+0.12
Sml(paw) 5-11.5/16-21.5 0.18+0.07 0.35+0.09 0.16£0.13 ® 1-4.5 -0.14+0.09
Occipital 8-35.5 0.12+0.08 0.14£0.18 0.190.17
TOTAL 0.1240.07 0.31+0.16 0.25+0.18
CORTICO ~THALAMIC
Frontal-VPM 5-47.5° 0.19+0.08 0.37+0.13 0.26+0.07 ®
Frontal-RTN 8-47.5° 0.19+0.09 0.38+0.11 0.22+0.08 ®
Occipital-VPM 8-11.5/16-21.5 0.08+0.09 0.09+0.12 0.07+0.07
Occipita-RTN 5-11.5/16-21.5 0.09+0.06 0.110.14 0.08+0.04
TOTAL 0.24+0.18 0.16+0.10
INTRATHALAMIC
VPM-RTN 8-11.5 0.21:0.18 | 0.21:018  0.05:0.06° | 1-7.5/36-60  -0.080.09

The table presents only significant values of differential coherence (ACoh) per frequency band (Aw).

A are those frequency bands in which increase of coherence, ACoh(Awg,s) was significant (one-sample t-test).
ACohg_ 1, 5 and ACoh¢., 5 are averaged values of ACoh in 8 -11.5 Hz and 16-21.5 Hz bands correspondingly.

B _ ACohg s significantly different from ACoh,¢,; 5 (two-tailed t-test);

% _ ACoh in gamma frequencies (above 35.5 Hz) was significantly higher than zero;

ns — ACoh was not significantly different from zero.
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SWD-associated changes of coherence per band
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Figure 5.2. Changes of coherence that occurred with the onset of SWD. Axis of ordinates shows the differential coherence,
ACoh=Coh[SWD]-Coh[beforeSWD], averaged per frequency band (Aw, abscissas) £ SD. Those bands in which increase of
coherence was significant, ACoh(A®)>0, are colored in light gray; those bands in which coherence decreased, ACoh(Aw)<0, are
filled in black (p<0.05, one-sample t-test). Mean levels of ACoh (the average over bands from 1 Hz ending 60 Hz, ACohayg)
are outlined with thick black line; numbers above the lines show ACohayg + SD and asterisks indicate those values of ACohayg

which were significantly above zero (one-sample t-test, p<0.05).
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Changes in coherence spectrum at the onset of SWD
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Figure 5.3. The averaged spectra of differential coherence ACoh(w) for ® = 5 - 25 Hz. Two characteristic SWD-specific
bands (Amsp) are indicated with gray transparent rectangles. These bands involve the mean frequency of SWD (~10 Hz,
band 8-11.5 Hz) and the first harmonic (~ 20 Hz, band 16-21.5 Hz). A-C. Peak spectral values (encompassed with squares)
characterize resonance frequencies of network associations: the dominant and subdominant frequencies (the highest and
second high peaks correspondingly). Statistical data characterizing peak values (resonance frequencies) of ACoh are shown
in box-whisker charts on the right. Those peaks which significantly exceeded zero (one-sample t-test) are asterisked. D.
ACoh in SWD-specific frequency bands, ACohg 115 and ACoh¢.,; 5 correspondingly (factor ‘band’) in different association
pairs (factor ‘type’). There was a significant effect of the ‘band’ and ‘type’ factors, also the interaction between them,
‘band*type’, was significant (all p’s<0.01, two-way ANOVA). Note that associations in trans-hemispheric pairs were
significantly higher than in other types (Fisher LSD test, thick upward arrow).
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Fig. 5.3A presents the averaged spectrum of ACoh with two major spectral peaks: the first, low-frequency
peak occurred around mean frequency of SWD, 9.5-11 Hz, and the second, high-frequency peak was in the
harmonic range, 18.5-21 Hz. Amplitude of both peaks was significantly higher than zero (ACoh>0, one-sample t-
test, p’s<0.05, Fig. 5.3A). Low-frequency and high-frequency peaks were of the same magnitude and did not differ
in different investigated pairs (two-way ANOVA, p’s>0.05).

The increase of intra-hemispheric cortical coherence in SWD-specific frequencies was evaluated separately
for 8-11.5 Hz and harmonic 16-21.5 Hz band. In total, the averaged ACoh in 8 -11.5 Hz band was significantly
lower than ACoh in 16-21.5 Hz (ACohg 1, 5>ACohjs,15, F=6.8, df=5,108, p<0.01, Table 1, Fig. 5.4Aa). Further
ANOVA analysis of differences among the six intra-cortical pairs showed that ACohg ;5 differed in different pairs
(F=4.9, df=3.16, p<0.01). According to LSD test, ACohg.; 5 in Sml(paw)-frontal cortex was significantly higher
than in the other pairs (p<0.05, Fig. 5.4A). The same results were obtained in 16-21.5 Hz band, where the effect of
’pair’ was significant (F=21.1, df=5.25, p<0.01) and LSD test showed that ACoh¢.; 5 was significantly higher in
Smli(paw)-frontal and in Smi(vib)-frontal pairs (p<0.05, Fig. 5.4A).

As can be seen in averaged spectra in Fig. 5.3A, both low-frequency and high-frequency peaks were
relatively flat. The sharpness of peaks was reduced with averaging across subjects because of slight fluctuations in
frequencies of peaks in different individuals. Peaks on coherence spectra (coherence maxima) characterize the
network resonance (carrier) frequencies.

Table 5.2. SWD-associated changes of coherence in frequency bands of interest, ACoh(Aw) and pooled ACohg, (+ SD, bin =
0.5 Hz).

Pooled SWD-specific (1) SWD-nonspecific (2) Low freq. (3) High freq. (4)
ACohyy ACoh(Awsp) ACOh(A®nosp) ACoh(AwLow), ACoh(AwricH)
[1-60] Hz [8-11.5]+[16-21.5] Hz [12-15.5]+[22-35.5] Hz [1-7.5]Hz [36 — 60] Hz
INTRACORTICAL intra-hemispheric
Sml(vib)—frontal 0.05+0.12 0.19+0.10 " 0.11z0.07 " -0.08+0.07 - -0.01+0.09
Sml(vib)-Smi(paws) 0.06+0.09 0.16 +0.06" 0.15+0.07 " -0.0320.14 " 0.06+0.09
Sml(vib)-occipital 0.05+0.09 0.11+0.10" 0.08+0.07 -0.02+0.07 - 0.01+0.06 -
Sml(paws)—frontal 0.20+0.12 0.28 +0.09" 0.25+0.10 " 0.05+0.09 - 0.18+0.10
Sml(paws)-occipital 0.09+0.11 0.15+0.13" 0.11£0.09 -0.04+0.09 - 0.07+0.09
Frontal-occipital 0.06+0.09 0.14+0.11" 0.07+0.08 0.01+0.06 - 0.01+0.06 -
INTRACORTICAL trans-hemispheric
Frontal 0.09+0.21 0.30+0.16" 0.14£0.19 0.03+0.15 -0.01+0.18"
Sml(vib) 0.12+0.19 0.40+0.15" 0.1440.16 -0.01+0.18" 0.04+0.11 "
Sml(paw) 0.10£0.18 0.24+0.15" 0.14£0.15 -0.02+0.12" 0.04+0.16
Occipital 0.11+0.14 0.17 £0.17 0.18+0.13 " -0.02+0.13" 0.06+0.09 -
CORTICO -THALAMIC
Frontal-VPM 0.11£0.13 0.30£0.11" 0.15£0.09 0.02+0.04 - 0.02+0.05 "
Frontal-RTN 0.12+0.12 0.38+0.12" 0.15£0.10 0.05+0.06 - 0.05+0.06 -
Occipital-VPM 0.02+0.06 0.09+0.09" 0.02+0.04 0.03+0.07 - 0.01+0.03 "
Occipita-RTN 0.03+0.06 0.11£0.09" 0.04£0.05 0.04+0.07 - 0.01+0.03 -
INTRATHALAMIC
VPM-RTN -0.03+0.11 0.20+0.11" 0.01£0.09 -0.070.05 " -0.10£0.07 -

The table shows mean value of the pooled differential coherence (ACohg,;, the average across 1-60 Hz) with the averaged values of ACoh in
the following bands of interest: (1) - A@SP, specific SWD frequencies that includes mean frequency of SWD (8-11.5 Hz) and first harmonic
(16-21.5 Hz); (2) AononSP, SWD-non-specific frequencies, 12-15.5 and 22-35.5 Hz Hz; (3) low frequencies Ao ow 1-7.5 Hz and (4) high
frequencies, Awygy, 36-60 Hz.

Mean values of differential coherence in bands which significantly differed from pooled differential coherence (ACohA® versus ACohgy,
two-tailed t-test), are typed in bold.

H_ differential coherence in a band, ACohAw, was significantly higher than ACohg, (ACohA® > ACohgy);

L _ ACohA® < ACohgy, p<0.05.

We enhanced accuracy of coherence analysis and isolated the carrier frequencies of intra-hemispheric
associations by measuring peaks in individual spectra of ACoh. Usually, it was possible to distinguish two (or
three) maxima in ACoh(w) which were considered as resonance frequencies of network associations. The first
peak, Py, was found around 10.2+1.3 Hz (= SD) and it’s amplitude was 0.44+0.12 ANOVA analysis did not show
any significant differences of Py, across all investigated pairs. The second peak (Phign) occurred in 20.6+1.8 Hz
with amplitude 0.48+0.18 (Fig. 5.5A). Mean frequency of Py, in posterior pairs (that included occipital cortex:
Sml-occipital and fronto- occipital) was 19.3 £ 1.3 Hz that is significantly lower than frequency of Py in the

107



Thalamo-cortical mechanisms of SWD type I

anterior pairs, Sml(vib)-frontal and Smli(raws)-frontal pairs 21.1 £ 1.7 Hz (F=11.9, df=5.64, p<0.01, LSD test
p<0.05). Smi-frontal and Smi(raws)-Smi(vib) were distinctive from others by the presence of the third additional
peak around 15.9+1.3 Hz (Ppiqaie) which was of high amplitude 0.54+0.20 (Fig. 5.5A)

Coherence in bands: 8-11.5 versus 16-21.5 Hz

© Mean I +8D LSD post-hoc test, p<0.05
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Figure 5.4. Changes of coherence in two characteristic frequency bands: 8-11 Hz (around mean frequency of SWD, ACohsg.
11.5) and in 16-21.5 Hz (harmonic range, ACohjs,;5). A-C. ANOVA of differences between coefficients of ACoh among
investigated EEG pairs; asterisks denote F-values significance at p<0.05. Dotted lines are drawn between those pairs in which
differences of ACoh were significant (post-hoc analysis with Fisher's LSD test). In-between frames Aa, Bb and Ce show
statistical data on ACohg_ ;s versus ACoh¢,; s (averaged in all EEG pairs; ANOVA, factor ‘band’: ns — difference was not
significant and * - significant differences at p<0.05).
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resonance peak frequencies
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Figure 5.5. Statistical data of individual peaks of ACoh (mean amplitude and mean frequency + SD) representing carrier
frequencies of cortico-cortical and thalamo-cortical network associations. All investigated pairs showed two main peaks: low-
frequency peak, Py, ~ 10 Hz and high-frequency peak, Ppign ~20 Hz. An additional ~ 16 Hz peak was typical for bilateral
associative pairs and was seldom in other EEG pairs. Encircled are EEG pairs in which peak measures (amplitude and
frequency) were similar. Thick gray dotted lines show EEG pairs in which peak amplitude was significantly different
(factorial ANOVA, p<0.05).

Trans-hemispheric cortico-cortical coherence

Two-way ANOVA test demonstrated that the onset of SWD caused significantly more intensive increase of
coherence in trans-hemispheric pairs as compared to intra-hemispheric pairs (F=6.3, df=1.72, p<0.01); this effect
was frequency-specific (F=3.43, df=8.72, p<0.01). The results are graphically displayed in Fig 5.2B, 5.3B and 4B.
The increase of the averaged ACoh per band (ACoh,,) was also significant: the overall average of trans-
hemispheric coherence was ACoh,,, (ALL)=0.12 + 0.13 (+ SD), p<10-6, t-test. In all bilateral frontal, parietal and
occipital areas increase of averaged coherence (ACoh,,) was the same (ANOVA test, factor ‘pair’, p<0.05).
However, there was a significant different distribution of ACoh over frequency bands (ANOVA test, factor ‘band’,
F=11.3 df=8.24; p<10-6). No significant interaction was found between bands and pairs, demonstrating that
changes of trans-hemispheric coherence were not the same for all bands. The most intensive increase of coherence
was found in frequencies 5 - 27.7 Hz (one-sample t-test, Table 5.1).

Two homologous sites in the Sm/ (paws and vibrissal regions) showed a significant (p<0.05) decease of low
frequency (1-4.5 Hz) synchronization. This decrease was absent in the frontal and occipital areas (Fig. 5.2B).

The averaged spectra of trans-hemispheric ACoh showed two central spectral peaks (Fig. 5.3B): one with
low-frequency (9.5-10 Hz) and anther — with high-frequency (18.5-20.5 Hz); those peaks were equal to each other
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and showed the same magnitude in different investigated pairs (two-way ANOVA, p>0.05). However, both peaks
significantly exceeded zero (ACoh>0, one-sample t-test, p’s<0.05, Fig. 5.3B).

Changes of trans-hemispheric ACoh in 8-11.5 Hz (ACohg;5) and harmonic 16-21.5 Hz (ACohjs.,;5)
frequencies were compared with two-way ANOVA (Fig. 5.4B, 5.4Bb). The total value of ACohg_j; 5 was equal to
ACohys,15 (Fig. 5.4b). Independent analysis of ACoh in these bands revealed that the increase of coherence
significantly differed in different pairs (F(ACohg;5) =12.0, df=3.16, p<0.01 and F(ACohs,;5) =6.4, df=3.24,
p<0.01). In 8-11.5 Hz band, occipital pair had a significantly lower ACohg_j; 5 compared to that in other pairs (LSD
test, p<0.05, Fig. 5.4B). In 16-21.5 Hz band, two symmetrical loci in the Sml(vib) were coupled significantly
higher than bilateral occipital and Smi(paws) loci (LSD test, p<0.05, Fig. 5.4B). Trans-hemispheric ACoh;¢.2; 5 in
Smi(vib) was equal to that in the frontal cortex. This suggests that anterior cortical territories more easily
communicate in 16-21.5 Hz than in 8-11.5 Hz. Furthermore, in 16-21.5 Hz bilateral coherence in the Smi(vib) was
significantly higher than in other EEG pairs, because the Sm/(vib) tie in with the focal epileptic zone (Meeren et
al., 2002), a particularly bilateral synchrony in 16-21.5 Hz may be primarily responsible for the genesis of SWD.

It is important that the trans-hemispheric coherence did not correlate with inter-electrode distance. Distances
between symmetrical left/right electrodes in Smli(vib) were 12 mm > occipital 10 mm > Sml(paws) ~ 6mm >
frontal 4 mm (see Fig. 5.1 for the schematic electrode location), but mean values of bilateral ACohg, did fall in
this sequence: ACoh[SmlI] > ACoh[frontal] > ACoh[occipital] (Table 5.1). Although the distance between left/right
electrodes in Sml(vib) was roughly comparable to that of the occipital pair (12 and 10 mm), coherence in SWD-
specific bands showed a three-hold difference: ACohg;;s Sml(vib)/occipital=0.43/0.14 and ACohsss
Sml(vib)/occipital=0.38/0.19 (Table 5.1, Fig. 5.4C).

The individual spectra of ACoh were also inspected for the presence of spectral peaks. Tree peaks were
detected in all trans-hemispheric pairs (Fig. 5.5B): Plow (mean frequency of 10.3 + 1.6 Hz and ACoh(Py,)=0.62 +
0.16 (:|: SD)), Pmiddle (158 + 1.8 Hz and ACOh(Pmiddle) =0.65 £ 014) and Phigh (203 + 1.9 Hz and ACOh(Phigh) =
0.61 + 0.15). According to the outcomes of the ANOVA, the frequencies of Pioy, Pridaie and Phign were the same in
all investigated pairs (p>0.05); however, the magnitude of these peaks was significantly different in different
investigated pairs (F=7.6, df=3.36, p<10-4, p>0.05). LSD test showed that the amplitude of P, and Py was
significantly higher in the frontal and Smi(vib) pairs than in Sml(paws) and occipital pairs (p<0.05, Fig. 5.5B).
Pmiddle had equal amplitude in all trans-hemispheric pairs.

Because this additional peak of coherence ~ 16 Hz was found in all trans-hemispheric pairs, we assume that
bilateral spreading of SWD is governed by supplementary mechanism of global synchronization. Frequency of
Puigale (<16 Hz) fell almost halfway between fundamental (10 Hz) and harmonic (20 Hz) frequencies of SWD. This
particularity of trans-hemispheric synchronization might be accounted for the corpus callosum.

To summarize, occurrence of SWD requires stronger cross-hemispheric communications (between
functionally analogues areas) as compared to unilateral associations (functionally heterogeneous areas), this may
promote bilateral propagation of SWD and further generalization of seizure activity. In total, there were no
differences in trans-hemispheric coherence among investigated pairs. Anterior bilateral pairs (frontal and Sml)
revealed more intense associations in SWD-specific frequency bands (including mean frequency of SWD and it’s
harmonic), while occipital coherence was centered around SWD-nonspecific frequencies. Trans-hemispheric pairs
in the vibrissal area of the Sm/ and, to a lesser extent, in the frontal cortex showed particularly high coherence in
the harmonic frequencies of SWD. Coherence in low frequencies (1-5 Hz) is diminished, especially in the Sm/ (in
vibrissal and paws regions). Coherence in frequencies above 30 Hz was also relatively low.

Cortico-thalamic and thalamo-thalamic coherence

The results are graphically displayed in Fig 5.2C. The onset of SWD caused a significant aggravation of
coherence between the frontal cortex and both thalamic nuclei: the ventroposteromedial thalamic nucleus, VPM
(fronto-VPM pair, ACoh,y, = 0.13 £ 0.12 (= SD), p<107) and the reticular thalamic nucleus, RTN (fronto-RTN
pair, ACoh,y, = 0.14 + 0.12 (+ SD), p<10). The increase of occipito-thalamic coherence was also significant but
small (in occipital-VPM pair ACoh,,, = 0.03 = 0.03 (+ SD), p<10~) and occipital-RTN pair, ACoh,,, = 0.04 £ 0.04
(= SD), p<10”).

The interaction between the VPM and the RTN also changed with the onset of SWD but these changes were
remarkably different from that in cortico-thalamic pairs. First, ACoh averaged per band from 1 to 60 Hz appeared
significantly below zero (ACoh,y, = -0.09+0.06 (+ SD), p>0.05 t-test, Fig. 5.2C). Averaging of ACoh with 0.5 Hz
bin in the same frequency range (1-60 Hz) gave also a negative value (ACohg; = -0.03 + 0.11) but it was
indistinguishable from zero (ACohg, in Table 5.2). This discrepancy was caused by differences in frequency
resolution which emerged with the averaging of nonuniform spectrum of ACoh: the strong increase of ACoh was
limited to a narrow SWD-specific band (8-11.5 Hz), however, the decrease of ACoh spread over the low and high-
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frequency bands (Table 5.1, Fig. 5.2C). We used full-range ACoh, which was computed with high frequency
resolution (ACohg,;) in order to contrast changes of coherence in different frequency bands. Table 2 shows that
ACoh in low and high frequencies (Awow and Aomigu) was lower than ACohgy, while in SWD-specific
frequencies (Amsp) it exceeded ACohg,; and in SWD-nonspecific frequencies (A®ponsp) it was equal to ACohgy,.

VPM-RTN was the only pair in which ACoh in 16-21.5 Hz band was not significantly different from zero
and ACoh¢.,; 5 was lower than ACohg_ ;5 (ACohg.j; s>ACohyg.,15, p<0.05, Table 5.1). This pair also differed from
others by a significant decrease of coherence in gamma range 36-60 Hz (Fig. 5.2C, Table 5.1).

The averaged thalamo-thalamic spectrum of ACoh (Fig. 5.3C) had only a 9.5 Hz peak with amplitude
significantly different from zero (one-sample t-test, p<0.05), while the ~ 20 Hz peak was indistinguishable from
zero (p>0.05).

The onset of SWD affected cortico-thalamic coherence in a frequency-specific manner (F[band]=12.6
df=8,32; p<10”). The strongest increase of coherence was observed in 8-11.5 Hz (LSD test, p<0.001). In total,
ACohg 1, 5 was significantly higher that ACohs.,; 5 (Fig. 5.4C). Post-hoc analysis demonstrated that this effect was
significant only in fronto-thalamic pairs, but not in occipito-thalamic pairs. Fig. 5.3C illustrates that the averaged
spectrum of ACoh of fronto-thalamic associations had two peaks and both of them significantly exceeded zero, but
in occipito-thalamic pairs only the 9.5 Hz peak appeared to be significantly above zero. Individual analysis of
these peaks showed that frequency of Py, was around 10.3 + 1.2 Hz (£ SD, Fig. 5.5C) and amplitude was 0.48 +
0.15. Ppigh occurred in 20.5 + 1.9 Hz and it’s amplitude was 0.42 £ 0.15 (Fig. 5.5C).

DISCUSSION

It is found here that the onset of SWD was associated with higher functional coupling throughout cortico-
cortical, thalamo-thalamic and thalamo-cortical associative pairs. This increase of oscillatory synchrony has been
topographically and frequency specific, suggesting that functional relationship explicitly distinguishes between
different oscillatory circuits. This may imply non-homogeneous spreading of SWD over thalamo-cortical system
and contradicts the former viewpoint that spike-wave seizures occur without localizing features (Panayiotopoulos,
1997). We found persistent transitive changes of EEG coherence at the onset of a seizure, that lead to uncertainty
regarding the belief that absence seizures are suddenly (primary) generalized. A transitional period (for at least one
second) is needed for seizure to become generalized, during this period all parts of thalamo-cortical loop develop
more coherence in 10 Hz and some parts of the loop exhibit more synchrony in supplementary frequencies such as
harmonic frequency ~ 20 Hz and intermediate ~ 16 Hz. In the following section we put our findings in parallel
with other related EEG studies of absence epilepsy and discuss how network dysfunction can lead to epileptic
activity.

Technical considerations: EEG coherence as a measure of thalamo-cortical network synchrony

A crucial question in epileptology concerns possibilities of extracting information from the EEG to describe
the dynamics of epileptic seizures. Because seizures are manifestation of excessive neuronal synchronization
(‘hypersynchronization’), one can use coherence to measure synchronization and highlight transformation from
normal to pathological EEG pattern [e.g. Jerger et al., 2001, Worrell et al., 2004]. Coherence estimates a
consistency in the phase between two EEG signals independently from signal amplitude [Challis and Kitney, 1991;
Nunez et al., 1997] and it is a measure of functional interactions (functional coupling) between two regions.
Recently this technique became a main focus of scientific interest in neuropsychiatric diseases, it is also widely
used in psychophysiology and in clinical EEG studies [Schnitzler and Gross, 2005]. Besides its effective usage in
humans [Nunez et al., 1997], EEG coherence is extremely rarely applied to animal EEG data. Virtually no attempts
were made to use coherence EEG analysis to describe dynamic features of absence epilepsy in animal models.

Besides advantages of using rats as experimental subjects, some peculiarities in EEG recording design in
animals differ from the standard EEG techniques used in humans. The first distinction concerns electrode location
and skull conductance. In our experiments, recording electrodes were surgically implanted onto the brain either on
the cortical surface (epidurally) or in-depth of the brain to reach thalamic structures. In both cases EEG was
recorded directly from neural sources (in fact, it was recording of epidural field potentials). Human EEG is
typically recorded from 16 — 128 (256) scalp locations with EEG sensors located about 1 cm from the nearest
neural sources. This method allows measurements of scalp potentials, which comprise low-pass filtered version of
epidural EEG [Nunez, 2000]. The advantage of our EEG montage is that EEG data was not contaminated by
conducting skull, however, we were not able to place more than ten EEG electrodes.

A second difference of our EEG method from human EEG lies in the size and construction of EEG sensors.
Apparently, the information content of EEG can be affected by physical properties of EEG sensors (i.e. the
electrode size and contact impedance etc). The standard EEG sensors used in human electroencephalography are
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much larger than electrodes used in the present study (tip diameter 0.2 mm). For instance, the diameter of cup EEG
electrodes is 6 mm (pediatric) or 10 mm (adult). Considering this difference in electrode size, EEG signal recorded
with our fine electrodes has thirty to fifty times higher temporal resolution as compared with standard EEG
sensors. Taking for granted that electrical processes during absence seizures are comparable in humans and in rat
model, one should consider anatomical differences and differences in size (human brain is approximately 450
times larger than rat brain) and probable specificity of spatial organization of electrical fields in our subjects and in
human patients. In spite of all these details, it was possible to identify the EEG signatures of absence epilepsy,
spike-wave discharges in the WAG/Rij model. The schema of EEG recording that was used in the present study
and coherence analysis provided statistically significant results, suggesting that with the analysis of EEG
coherence one can appropriately study EEG correlates of absence epilepsy.

Strictly speaking, coherence measures linear interdependence between two stationary signals. Since many
features of EEG signals cannot be generated by linear models, it is generally argued that non-linear measures may
give more information than the one obtained with conventional linear approaches [Quian Quiroga et al., 2002;
Thakor and Tong, 2004]. Quian Quiroga and his colleagues (2002) performed a case study rat EEG to compare
various synchronization measures such as linear (cross-correlation and coherence) and non-linear (non-linear
interdependences, phase-synchronizations and mutual information). It was shown that all kinds of measurements,
including coherence, gave qualitatively the same results. This approves sufficient validity of the chosen method of
EEG analysis. The results of the present analysis of coherence convincingly shows that forthcoming absence
seizures has been associated with complex changes of EEG coherence within intracortical, thalamo-cortical and
intrathalamic circuitry, moreover, these changes had topographical and frequency dependency.

EEG coherence and neuronal network mechanisms at the earliest stages of spike-wave seizures

In the present study we characterize changes of EEG coherence in transition state from SWD-precursor
activity to SWD. In our subjects, we were able to mark the onset of SWD with relatively high degree of precision
(using the first high-voltage spike in spike-wave sequence as a starting point) and the period one second before
SWD (preSWD). This disagrees with studies that have found a gradual transitioning from the background activity
to the spike-wave complexes [Inouye et al., 1990; Inouye et al., 1995]. Unlike that in WAG/Rjj rats, in GAERS
SWD were gradually transformed from normal delta/5-9 Hz oscillations: “...the onset of the SWD was difficult to
detect because there was no apparent discontinuity between the delta/5-9 Hz oscillations and the SWD, the
amplitude of the spike in the SW tending to increase progressively with occasional irregularities” [Pinault et al.,
2000]. We need to admit that abrupt onset of SWD in our subjects has been observed in the frontal and parietal
EEGs, but this cannot be seen at the occipital area EEG and in the thalamus.

Even though the onset of SWD in our subjects was clearly distinguished from the background EEG, it does
not mean that SWD are “suddenly generalized” EEG paroxysms. Our data support the general theoretical idea of
Prof. Steriade and his group that spike-wave seizures are not “suddenly generalized” [Steriade and Amzica, 1994].
One should add that visually abrupt onset of SWD in the frontal and parietal EEGs has been anticipated by
continuous changes of coherence between key elements in the thalamus and neocortex. Our work describe
macroscopic EEG changes at the early stages of SWD and may be linked with the cellular, neuronal and network
mechanisms of epileptogenesis that was perfectly described in a number of papers of Steriade’s group [i.e.
Steriade, 2001; Steriade, 2003]. Changes of membrane properties and neuronal activity before the onset of spike-
wave seizures [Steriade and Amzica, 1994; Steriade, 2003] on the macro EEG level may be caused by the dynamic
interaction of the neuronal circuitry. Just before seizure start, more and more neuronal territories are getting
involved (recruited) in seizure activity. Synchrony between neuronal networks gradually increases resulting in
excessive hypersynchronous activity with characteristic EEG pattern. We found that abnormal functional cortical
and thalamic interactions can attribute seizure initiation.

In the present study, we found that changes of coherence between different parts of thalamo-cortical loop
involved different frequencies. This can manifest specific synchronization processes in local and distant neuronal
networks. A general increase of coherence around mean frequency of SWD may characterize the recruitment of
neuronal activities arising in local and distant sites and the progressive increase of synaptic excitability preceding
the onset of seizures.

Recent study of Pinault (2003) indicated that abovementioned 5—9 Hz precursors of SWD in GAERS were
associated with rhythmic neuronal bursts in the somatosensory-related areas in the cortex and in the thalamus
[Pinault, 2003]. The author suggested that strengthening of synaptic interactions between cortical and thalamic
neurons may underlie transformation of 5-9 Hz oscillations into SWD, therefore, one can expect an increased that
EEG synchrony in 5-9 Hz. This was not observed in the present study, because data in GAERS was obtained in
anesthetized rats, in which frequency of the SWD was lower than in awake animals (6-8 Hz versus 9 Hz
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respectively) that is nearly the same with the frequency of 5-9 Hz precursor oscillations. Our animals, WAG/Rij
rats, were drug-free and had slightly faster SWD (9-11 Hz) compared to that in GAERS. This difference in
frequency might be a reason why we did not observe SWD-associated increase of coherence in 5-9 Hz in
WAG/R]j rats. Instead, we found profound increase of synchrony in higher frequency, including alpha, beta in
partly gamma bands. Some (global) changes of coherence were found in all parts thalamo-cortical system
(increase of synchrony in 8-11.5 Hz and coherence peak 9.5-10.5 Hz), other changes of coherence appeared in
local EEG pairs. It can be concluded that combination of local and global network synchrony can underlie genesis
of SWD in the thalamo-cortical circuitry. Our experimental data fit well to the local/global dynamic theory of
Nunez (2000). In Figure 5.6 we try to generalize our data and account for thalamo-cortcal mechanisms of SWD in
the framework of Nunez’s theory.

According to “the cortical focus theory” [Meeren et al., 2002; Meeren et al., 2005], the cortical focus in the
somatosensory cortex lead the thalamus during the first five hundred milliseconds, and after this initial period, the
cortex and the thalamus led and lagged each other unpredictably until seizure end. It is important to note that
transitioning from locally driven (by cortical focus) to more generalized (driven by cortico-thalamic network)
SWD takes about half a second after the first spike of SWD, this corresponds to the second half of the investigated
interval (SWD). Here we discriminate synchronization in the cortico-thalamic resonant circuitry at the onset of
SWD and identify “resonance frequencies” within thalamo-cortical network. We found that local circuit involving
the epileptic zone in the somatosensory cortex showed specific changes of EEG coherence. In all, we tend to
consider our study as a contribution to the ‘cortical focus’ theory.

a local network b non-local network
SmImH . — frontal parietal
J LB | 15.9 F~10H: } . .
vibrissae paws 2IL1H: “.19.3 Hs “occipital

...........................

~10H; I58H; 20.3H:
subcorti c{lf L'np.rn
d thalamic network
.VPM
k!

THALAMUS

Figure 5.6. The schema characterizes dynamic interactions between local networks and the global network mechanisms
involved in the genesis of SWD in WAG/Rij rats. It is based on local/global field theory by Nunez (2000) and indicates
resonant frequency in the four different oscillatory networks (a-d). Terms “local” and “non-local” networks were borrowed
from Nunez’s theory. We adopted the definition of the “local network” with slight modifications: it is short-range intracoritcal
network comprising functionally and anatomically related areas including both positive and negative feedback. “Nomn-local
network” employs sufficiently distant areas, which are functionally heterogeneous and anatomically unrelated.

Putative intracortical pacemaker of SWD is located in the somatosensory cortex (Sm/) [Meeren et al., 2002]. By means of
short- and long-range interactions it communicates with multiple intracortical networks, thus forming local (a) and non-local
(b) oscillatory networks. Development of SWD needs high bilateral synchrony (c - trans-hemispheric network). Thalamic
network (d) shows resonance in 9.5 Hz and seems to be relatively autonomous from neocortical networks.

Physiological implications of EEG coherence study.

Intracotical network mechanisms by which vibrissal area of the Sml may initiate SWD. Here we were
particularly motivated to examine short- and long-range functional interactions which were established by the
perioral region of the Sml with the rest cortical circuit. As known, perioral area of the Sm/ contains a “cortical
focus” of generalized absence epilepsy [Meeren et al., 2002]. We found evidences supporting our hypothesis that
epileptic focus in vibrissal area of Sm/ cooperates with parietal and frontal (sensory and motor) areas in a specific
way. First, occurrence of SWD in the local cortical network Smi(paw)-Sml(vib)-frontal cortex was associated with
double-faced changes of coherence: reduction of coherence in low frequency band (1-5 Hz) and increase of
coherence in 8 - 35.5 Hz. Second, the resonance frequency of network associations between Sml(vib)-frontal
cortex and Sml(vib)-Sml(paws) areas was significantly higher than in other investigated pairs (21 Hz versus 18.5-
20 Hz). The epileptic focus in the Smi(vib) and it’s closest neighborhood creates a minimal neuronal circuit that
may initiate SWD. A consistent shift of coherence from delta to alpha/beta frequencies may facilitate network
synchronization within local network Smi(vib)-Smi(paws)-frontal cortex (“local” network in Fig. 5.6a), so that this
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minimal circuit may drive the remote cortico-cortical network (“non-local” and trans-hemispheric networks in
Fig. 5.6b-c) to turn on fundamental frequency of SWD (~ 10 Hz) and ~ 20 Hz harmonic. Interestingly, the minimal
circuit did not include a neighboring Sml(paws)-frontal pair. The pattern of EEG coherence in this pair was
somewhat peculiar: very intensive and widespread (5-60 Hz) increase of coherence occurred without any sign of
reduction of coherence. This might imply that somatosensory cortex is involved in functionally heterogeneous
neuronal networks. The one, including Meeren’s focal epileptic zone SmlI(vib)-Smi(paws)-frontal cortex, may be
crucial for the initiation of SWD. Another one, including Smi(paws) and frontal cortex, may be involved in
augmentation and provide anterior propitiation of SWD.

Role of short- and long-range SWD intracortical associations in maintenance of SWD

The chosen cortical areas are specialized for different functions, but they are coupled to each other and
intimately involved in absence epilepsy. Our choice of cortical recording sites is based on the following rationales.
(1) Investigated region in the frontal cortex is the motor representation of limbs [Neafsey et al., 1986]; it has dense
mutual interconnections with the dorsal thalamus, including the ventrobasal complex [Aldes, 1988]. Comparing to
other cortical regions, this area manifests SWD with the highest amplitude [Meeren et al., 2002; Midzianovskaia et
al., 2001]. (2) In the parietal cortex, we record from the two different areas of the primary somatosensory cortex
(Sml), projective zone of vibrissae and paws. The first, vibrissal area triggers SWD in our subjects [Meeren et al.,
2002]; amplitude of SWD in this area is lower than that in the adjacent representative area of paws
[Midzianovskaia et al., 2001; Meeren et al., 2002; Mackenzie et al., 2004]; both investigated loci in the Sml send
projections to the RTN, to the VPM and VPL [Price and Webster, 1972]. (3) In the occipital cortex, we recorded
activity from the secondary visual area (Oc2L), which relates to the lateral posterior thalamic nucleus and has
mutual interactions with numerous cortical sites [Kolb, 1990]; among other cortical sites, occipital SWD are of the
lowest amplitude and less stereotyped [Meeren et al., 2002; Midzianovskaia et al., 2001].

Based on the aforementioned pattern of anatomic and functional relations between investigated sites, we
suggest that being initiated in the projective area of vibrissae, epileptic spike-wave activity may be augmented in
the paw area of Sml and reach maximum in the frontal region. Therefore, we expect that parieto-parietal (between
vibrissal and paw regions of Sml) and parieto-frontal coherence would be especially strengthened with the
occurrence of SWD, as well as parieto-thalamic and fronto-thalamic coherence. Investigated occipital region does
not seem to be primarily involved into thalamo-cortical oscillatory integrity, therefore, we do not expect to find
large SWD-associated changes of coherence in fronto-occipital, parieto-occipital and occipito-thalamic pairs.

Resonance frequencies in the thalamo-cortical system underling spike-wave seizures

We describe frequency-specific changes of EEG coherence, which may underlie development of SWD in
the neocortex (Fig. 5.6): (1) in all cortico-cortical pairs, strong reinforcement of coherence was centered around
“resonance frequencies” ~10 Hz and ~20 Hz; (2) in intra-hemispheric pairs, strengthening of beta coherence (16-
21.5 Hz) and in trans-hemispheric pairs, additional resonance peak in ~16 Hz (Fig. 5.6¢). Apparently, development
of SWD in cortico-cortical networks needs more synchrony in the fundamental (10 Hz) and harmonic (20 Hz)
frequencies of SWD. Probably, minimal oscillatory cortical circuit (Fig. 5.6a) use a frequency of 10 Hz to
communicate with remote areas in the cortex and the thalamus, therefore, coherence in 10 Hz throughout thalamo-
cortical network is especially high.

In addition to fundamental and harmonic frequencies of SWD, all trans-hemispheric pairs showed a peculiar
maximum coherence around 16 Hz. Taken alone, this peculiar maximum may reflect a specificity of bilateral
network associations. The anatomical substrate for trans-hemispheric cortico-cortical synchronization is the corpus
callosum. The midline thalamus played a minor role in bilateral transfer of SWDs in GAERS. Specific transection
of this area did not affect SWDs, however, when the transection of the corpus callosum was associated with a
midline cut through the thalamus, the bilateral desynchronization was almost complete [Danober et al., 1998].
There are some other subcortical trans-hemispheric pathways (such the hippocampal commissure, anterior
commissure, massa intermedia, habenular commissure, posterior commissure, supramamillary commissure,
collicular commissure), which are not likely involved in the bilateral synchronization of SWD [Vergnes et al.,
1989]. Hence, trans-hemispheric intracortical synchronization during development of SWD can be accounted for
solely callosal pathway. It seems important that callosal projections are responsible for bilateral generalization of
SWD, but they have no role in the initiation of SWD. As known, total amount of seizures measured on both
hemispheres after callosectomy was comparable to the values found in intact GAERS [Vergnes et al., 1989].
Nevertheless, trans-hemispheric associations appeared to be even stronger than intra-hemispheric associations,
suggesting that trans-hemispheric cortical interactions play a crucial role in SWD.
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We tend to believe that bilateral synchronization via callosal fibers result in emergence of additional 16 Hz
peak of coherence. The frequency of this peak fell apparently halfway between two major peaks in 10 Hz and 20
Hz, therefore, bilateral synchronization of SWD may be controlled by an auxiliary mechanism which interferes
with a common strategy of cortico-cortical (and thalamo-cortical) network to exhibit more coherency in 10 Hz and
20 Hz. Coherence maximum in 16 Hz was also found in two intra-hemispheric pairs, both involved Sm/ to the
frontal cortex, suggesting that these areas may be reciprocally driven by symmetrical areas in the opposite
hemisphere. Therefore, functional coupling between Sm/ and frontal cortex might be additionally reinforced by the
callosal-dependent interhemispheric synchrony. This may cause hyper-synchronization in the local parieto-fronal
cortical circuit and consequent onset of SWD with the anterior maximum.

Development of SWD needs more coherency in high frequencies

Coherence in beta frequencies. It was found that the majority of cortico-cortcal pairs show an increase of
coherence in frequencies between 5 Hz and 36 Hz. The increase of high beta coherence (16-36 Hz) seemed to be
equally (or even more) important for the cortical development of SWD as the enlargement of coherence in
fundamental frequency of SWD. The harmonic peak of coherence was found between 18 and 21 Hz that is beta
frequency domain. As known, EEG spectrum of SWD in the frontal and parietal cortex revealed a large peak in the
harmonic frequency 18-24 Hz [Drinkenburg et al., 1993]. This harmonic peak in EEG spectrum is accounts for the
presence of sharp EEG elements (sharp waves and spikes), this may also account for a harmonic peak in the
coherence spectrum. It is possible that strengthening beta coherence was caused by the presence of the spike
component of SWD. Making further assumptions, high coherence in 16-21.5Hz in cortico-cortical intra-hemisheric
pairs (Fig. 5.3D) might be related to the genesis of the spike in SWD, but thalamo-thalamic coherence in 16-
21.5Hz was low, therefore, the local thalamic networks might be less capable to sustain the spike.

Coherence in gamma frequencies. In our subjects, SWD onset was accompanied by moderate and local
increase of gamma coherence in the cortex, while in thalamo-thalamic associations gamma coherence decreased.
Mechanisms of thalamo-thalamic coherence are poorly explored. As to cortico-cortical coherence, it is known that
fast oscillations (20-100 Hz) play an important role in synchronizing oscillatory activity between remote
neocortical areas [Buzsaki and Draguhn, 2004]. In focal neocortical seizures, epileptic brain expresses pathological
fast rhythms just before epileptic attacks; these fast rhythms reflect primordial neuronal synchronization [Steriade
etal., 1996].

As known, gamma synchrony becomes extremely high in case of the sharp epileptiformic EEG phenomena,
such as kainite-induced spikes, sharp waves and spike component of SWD [Medvedev, 2001]. Therefore, increase
of gamma coherence in Sml(paws)-frontal pair may relate to the genesis of a spike. Quite intriguing msl the fact
that gamma coherence increased only in Sml(paws)-frontal pair, while high-frequency coherence (35.5-100 Hz)
was unchanged in the majority of intra-cortical electrode pairs. The consistent findings in patients with neocortical
epilepsy showed that high-frequency (60-100 Hz) epileptiform activity, which was concentrated in the region of
seizure focus, has been anticipated by an increase of high-frequency activity 20 min prior to seizure onset [Worrell
et al.,, 2004]. In our case, absence epileptic discharges were also accompanied by local enhancement of high-
frequency associations. Although, high gamma synchrony was developed in the local cortical anterior network and
epileptic focus in the Sml(vib) was not directly involved in this network.

Role of thalamo-thalamic associations in the development of SWD

Involvement of the thalamus in the pathogenesis of absence epilepsy in humans is hardly explored. The
problem is that direct measures of thalamic activity with depth electrodes have low clinical profit and they are
highly invasive. As a consequence, the role of the thalamus in absence epilepsy seems to be underestimated. “With
combined depth and scalp recordings in patients with absences, the results of early workers in the field were
somewhat inconclusive but never pointing in the direction of primarily thalamic discharges” [Pavone and
Niedermeyer, 2000]. Experiments in WAG/Rij model allowed us to record directly from the two thalamic loci,
which are essentially involved into SWD (specific ventroposteromedial thalamic nucleus, VPM, and reticular
thalamic nucleus, RTN), and to examine EEG coherence between these structures. We found SWD-associated
increase of coherence between these two thalamic structures as well as enhancement of thalamo-cortical
coherence. This suggests that the key thalamic structures are involved in sustaining SWD. However, EEG pattern
of coherence between VPM and RTN was somewhat peculiar: there was a remarkable antagonism between low-
and high-frequency coherence, in which gamma desynchronization was coincided with more synchrony in 8-11.5
Hz.

Role of thalamo-cortical associations in the development of SWD
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A fMRI study of spontaneous SWD in WAG/Rjj rats showed BOLD activation in the parietal (including
Sml) and temporal cortical areas as well as in specific thalamic relay nuclei (VPM/VPL) and in the RTN. This
underscores importance these structures in the pathophysiology of absence seizure disorder [Tenney at al., 2004].
As known, the Sml can control neuronal activity in the somatosensory-related thalamic nuclei (such as VPM) and
the RTN via descending fibers [Kolb, 1990; Jones, 1985]. In WAG/Rjj rats, the epileptic focus in the SmlI set into
motion a cascade of neuronal processes resulting to synchronous activity in the thalamocortical system which is
recorded as SWD. The cortical focus drives the thalamus during the first few cycles and, consequently, the whole
thalamo-cortical become entrained into the oscillation, providing a resonant circuitry [Meeren et al., 2002]. Also in
GAERS, the Sml was found to play a major role in spike-wave rhythm. During development of SWD in GAERS,
somatosensory neurons in layer VI massively synchronize cortical neurons of middle layers and neurons in relay
and reticular thalamic nuclei [Pinault, 2003]. To sum up, SWD develops in the somatosensory-related parts of
thalamo-cortical network as a resonance phenomenon, which is initiated and driven by neurons in the
somatosensory cortex.

Functional connectivity between different parts thalamo-cortical network has been profoundly changed with
the occurrence of SWD. The strengthening of network associations showed some frequency constraints: the
“carrier” frequencies of coherence in different parts of oscillatory loop were significantly different, suggesting that
each part of thalamo-cortical circuit may have its own strategy to sustain seizure activity. Strengthening of cortico-
cortical coherence in the beta range may be associated with the genesis of ‘spike’ component in SWD. As known,
spike component has its maximal expression in the frontal cortex and it is poorly developed in the thalamus and in
the occipital cortex [Meeren et al., 2002]. Fronto-thalamic coherence in the beta range was not high, comparing to
that in cortico-cortical pairs. The increase of beta coherency was not found in occipito-thalamic and thalamo-
thalamic pairs.

We found that the development of a seizure in the thalamo-cortical network was associated with extensive
increase of coherence in the physiological specific frequency of SWD (9.5-10.5 Hz). In addition to that, cortico-
cortical coherence was highly aggravated in a broad frequency range, including the mean frequency of SWD and
it’s first harmonic. Possibly, there are multiple oscillators in the cortex which are entrained during SWD. Those
individual oscillators develop synchronous high-frequency activity and they are also coupled to a low-frequency
~10 Hz driving force.

CONCLUSIONS

The onset of SWD was associated with strengthening of both unilateral and bilateral thalamo-cortical
interactions. A significant increase of cortico-cortical, cortico-thalamic and thalamo-thalamic coherence was
detected in frequencies from 5 to 60 Hz. In all investigated pairs, coherence showed two central maxima in 10 and
20 Hz. The highest increase of coherence was obtained in two frequency bands: around mean frequency of SWD
(8-11.5 Hz) and in harmonic band 16-21.5 Hz.

Unilateral cortico-cortical coherence decayed with electrode distance: the highest coherence was found
between the closest sites, i.e. in Sml(vib)-Smi(par) and Smi-frontal pairs, and the lowest coherence — between
more distant sites, i.e. Sml-occipital and fronto-occipital. In contrast, bilateral coherence was not reduced with
interelectrode distance: the highest values of bilateral coherence were found between the most distant sites in
Sml(vib) and frontal pairs. It was concluded first, that the SWD-induced increase of coherence showed a clear
dependence on topographical factors only in unilateral pairs, but this was not evident in bilateral pairs. Second,
anterior areas had an intrinsic propensity to hyper-synchronization that may facilitate uni- and bilateral
propagation of SWD over anterior cortical areas.

Trans-hemispheric cortical coherence was significantly higher than intra-hemispheric cortico-cortical and
cortico-thalamic and thalamo-thalamic coherence (Fig.5.3D). Moreover, all investigated trans-hemispheric pairs
showed an additional peak of ACoh around 16 Hz, which was absent in thalamo-cortical and thalamo-thalamic
pairs (Fig. 5.4A-C). The most extensive increase of bilateral synchronization and the peculiar profile of trans-
hemispheric coherence may imply the crucial involvement of the corpus callosum in the pathophysiology of
absence seizures.

In all investigated pairs, the increase of coherence in 8-11.5 Hz was significant. In addition to that, unilateral
cortico-cortical coherence (especially between Sml/ and frontal cortex) was particularly strengthened in 16-21.5 Hz
(ACohg 115 < ACoh¢.,, 5), Whereas bilateral cortico-cortical coherence in 16-21.5 Hz and in 8-11.5 Hz was equal
(ACohg ;5 = ACohyg,15), yet occipito—thalamic and thalamo-thalamic coherence in 16-21.5 Hz was relatively
weak (ACohg ;s > ACohjs,5). It seems that each part of thalamo-cortical circuitry established specific
relationships with other parts of the network during transition towards the onset of SWD. However, there might be
a general principle that governs network synchronization: to achieve oscillatory unity, the entire network should
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interact in 8-11.5 Hz resonant mode. Besides that, unilateral intracortical circuits need more synchrony in 16-21.5
Hz.

To generalize, absence seizures on the EEG are complex resonant phenomena, in which carrier frequencies
have fallen in ranges of 8-11.5 Hz and the first harmonic, this may reflect hyper-synchrony of network rhythmic
activity ~ 10 Hz. Additional 16 Hz peak of coherence, which was typical for all interhemispheric pairs, may imply
specific involvement of the callosal pathway in network cooperation that favors bilateral propagation of SWD.

SWD-related decrease of coherence was found in narrow low-frequency band (up to 5 Hz) and it was
limited to cortico-cortical couples formed by Sml and to the thalamo-thalamic pair. Reciprocal relationship
between delta and alpha coherence (reduction of 1-5 Hz coherence and enhancement of 8-11.5 Hz coherence)
characterized cortical and subcortical (thalamic) local oscillatory networks, suggesting that a common
neurophysiologic mechanism may underlie intrathalamic and intracortical synchrony.

Occurrence of SWD required large-scale increment of functional interaction between frontal cortex and
thalamus. The most intensive increase of coherence was obtained in the mean frequency of SWD (9.5-10 Hz) and
coherence in higher frequencies (up till gamma) was also strengthened. The frequency profile of SWD-induced
changes of thalamo-thalamic coherence was different from that obtained in any other investigated pairs: this was
the only pair in which high-frequency associations were decreased.
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5.2 Changes of Granger causality at the onset of SWD *

ABSTRACT

Linear Granger causality was used to identify the coupling strength and directionality of information
transport between frontal cortex and thalamus during spontaneous absence seizures in a genetic model, the
WAG/R]j rats. Electroencephalograms were recorded at the cortical surface and from the specific thalamus.
Granger coupling strength was measured before, during and after the occurrence of spike-wave discharges (SWD).

Before the onset of SWD, coupling strength was low, but associations from thalamus-to-cortex were
stronger than vice versa. The onset of SWD was associated with a rapid and significant increase of coupling
strength in both directions. There were no changes in Granger causalities before the onset of SWD. The strength of
thalamus-to-cortex coupling remained constantly high during the seizures. The strength of cortex-to-thalamus
coupling gradually diminished shortly after the onset of SWD and returned to the pre-SWD level when SWD
stopped. In contrast, the strength of thalamus-to-cortex coupling remained elevated even after cessation of SWD.

The strong and sustained influence of thalamus-to-cortex may facilitate propagation and maintenance of
seizure activity, while rapid reduction of cortex-to-thalamus coupling strength may prompt the cessation of SWD.
However, the linear estimation of Granger coupling strength does not seem to be sufficient for predicting episodes
with absence epilepsy.

INTRODUCTION

Over the years electroencephalography is widely used in clinical practice for the investigation, classification
and diagnosis of epileptic disorders. The electroencephalogram (EEG) provides valuable information in patients
with typical and atypical epileptic syndromes and offers also important prognostic information.

Absence epilepsy, previously known as petit mal, is classically considered as non-convulsive generalized
epilepsy (classification of the International League Against Epilepsy, ILAE) of unknown etiology [refs. in
Panayiotopoulos, 1997[. Clinically, absence seizures occur abrupt, last several seconds up to a minute and are
accompanied by a brief decrease of consciousness that interrupts normal behavior. Absences may either have or
have no facial automatisms, e.g. minimal jerks and twitches of facial muscles, and eye blinks. In humans, EEGs
during typical absence seizures are characterized by the occurrence of generalized 3—5 Hz spike-wave complexes
which have an abrupt on-and offset [Bosnyakova et al., 2007; Panayiotopoulos, 1997]. Similar EEG paroxysms,
spike-and-wave discharges (SWD) appear in rat strains with a genetic predisposition to absence epilepsy, such as
GAERS [Vergnes, 1987] and WAG/Rij [Coenen and van Luijtelaar, 2003]. The EEG waveform and duration (1—
30 s, mean 5 s) of SWD in rats and in humans are comparable, but the frequency of SWD in rats is higher, 8-11
Hz [Midzianovskaia et al., 2001; Sitnikova and van Luijtelaar, 2007; van Luijtelaar and Coenen, 1986].

Several modern computational techniques and advanced methods of EEG analysis have been developed to
extract “hidden” information from the EEG in order to localize the region of onset and to anticipate the onset of
‘absences’ as early as possible (in rats [Meeren et al., 2002] and in humans Refs. in [Mormann et al., 2007]). Our
experiments are carried out in WAG/RJj rats [van Luijtelaar and Coenen, 1986]. Every subject of this strain has
typical absence seizures that are accompanied with spontaneous SWD in the EEG. Previously we used EEG
coherence to measure neuronal synchrony between populations of thalamic and cortical neurons [Sitnikova and
van Luijtelaar, 2006]. We found that the onset of SWD was characterized by area-specific increase of coherence
and supports the idea that the cortico-thalamo-cortical circuitry is primarily involved in the initiation and
propagation of SWD [Meeren et al.,, 2005; Steriade, 2005]. Coherence is a traditional measure of linear
correlations between two EEG channels in the frequency domain, but it does not assume directionality of inter-
channel interactions and does not provide temporal (time-domain) information of the EEG signals [Challis and
Kitney, 1991]. Granger causality compensates for these limitations [Ancona et al., 2004; Feldmann and
Bhattacharya, 2004; Granger, 1969; Hlavackova-Schindler et al., 2007; Pereda et al., 2005]. Granger causality
concept can be used to determine directional coupling characteristics between recording sites in intracranial EEG
and to reveal active abnormal causal relationships in epileptogenic networks [Chavez et al., 2003; Kaminski et al.,
2001]. Usually, Granger causality estimations are performed in long time intervals that include a dozen or even
more, basic periods. The pairwise analysis is based on the construction of vector autoregressive (AR) models from
bivariate data that estimates how well the current measure of one process can improve the prediction of the future

! Published in:
Sitnikova E, Dikanev T, Smirnov D, Bezruchko BP, van Luijtelaar G. Granger causality: Cortico-thalamic interdependencies
| during absence seizures in WAG/Rjj rats. Journal of Neuroscience Methods, 2008; 170(2): 245-254.
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of another process [Granger, 1969]. Here we apply Granger causality to measure the strength of bidirectional
functional interactions between neuronal assembles in thalamus and frontal cortex.

The present work aims to measure bidirectional (feedforward and feedback) network interdependences
between local field potentials recorded simultaneously from the specific thalamus and the frontal cortex. Granger
causality concept will be used to characterize the strength of functional connectivity between the cortical and
thalamic EEGs for both directions before, during, and after SWD in rats.

METHODS
Animals, EEG data acquisition and description of EEG patterns

Experiments were performed in five male 11-12-month old WAG/Rij rats. The recordings were done at the
Department of Biological Psychology, Radboud University Nijmegen in accordance with the European
Communities Council Directive (86/609/EEC). Experiments were approved by the Ethical Committee on Animal
Experimentation of Radboud University Nijmegen. Distress and suffering of animals were minimal.

EEGs were recorded from brain areas in which seizure activity is known to be the most robust: in the frontal
cortex and in the ventroposteromedial thalamic nucleus, VPM [Vergnes et al., 1987]. Stainless steel EEG
electrodes were implanted during stereotactic surgery under isofluorane anesthesia. One electrode was placed
epidurally over the frontal cortex [AP 2; L 2.5] and the other depth electrode was implanted into the
ventroposteromedial thalamic nucleus [VPM, AP .3.5; L 2.5; H 7.2]. Two additional electrodes, ground and
reference, were placed symmetrically over the two hemispheres of the cerebellum. All electrodes were identical
(diameter 0.25 mm) and had non-insulated tips. The coordinates are given in mm relative to bregma according to
the rat brain atlas of Paxinos and Watson (1986).

After the surgery, animals were allowed to recover during at least 10 days. During this recovery period,
animals received post-surgery care and their weight was monitored. Upon completion of the EEG recording
sessions, rats were deeply anesthetized with overdose of sodium pentobarbital (200 mg/kg i.p.) and their brains
were stained with Nissl. Electrode positioning was verified using the atlas of the rat brain [Paxinos and Watson,
1986].

EEG recordings were made in freely moving rats in a Faraday cage. Each recording session lasted from 5 to
7 h during the dark period of the day—night cycle. EEG signals were fed into a multi-channel differential amplifier,
filtered between 1 and 200 Hz, digitized with 1024 samples/second per channel (CODAS software) and stored on
hard disk.

SWD appeared in EEG as a train of stereotypic repetitive 7-10 Hz spikes-and-waves with high amplitude
(that exceeded the background more than three times); SWD lasted longer than 1s [Midzianovskaia et al., 2001;
van Luijtelaar and Coenen, 1986]. SWD were detected automatically in the frontal EEG records using the
algorithm and original software developed by Dr. Ir. P.L..C. van den Broek (NICI, Radboud University Nijmegen,
the Netherlands). This method is based on the detection of steep changes in the EEG.

Granger causality

Let o} and Wl be the two EEG signals (time series) recorded simultaneously in different brain loci. x,

and y, are EEG values measured at the n-th time point. In order to study causal relations between x, and y,, we

use Granger’s approach and analyze prediction improvement. First, we fit a univariate autoregressive (AR) model
to the EEG data. The model takes the form

Xy = (XX, 5 X gin) s (1)
It relates current EEG value to the d previous values, fis some function, e.g., algebraic polynomial whose order

and coefficients are to be estimated from the observed data. Eq. (2) shows a widely used linear AR model
d

Xyl =00+ D0 iXp it - 2
i=1
The coefficients ¢; are selected in order to minimize the mean squared error

J 2
5)% = Z[xnﬂ {ao + Zaixnﬂ'—lJ] ’ 3)

n i=1

where N is the number of predicted samples in a time series. If the number of model parameters is much less than

the number of data points used for the estimation, a minimal value 8)% can characterize the accuracy of the model:
the less the error, the better the model (self-predictability of the model).
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Figure 5.7. Estimation of Granger causality between EEG signals as recorded at thalamus and frontal cortex. The
autoregressive model (AR) is used to characterize amplitude changes in two EEG signals, {x,} and {y,} over time.
(A) In the joint AR model, the information about the past of EEG signal {y,} improves the prediction of EEG signal {x,} (see
Eq. (4)) with a reduction of the instantaneous prediction error, g, The squared errors, gfy, characterize the quality of

prediction of the chosen AR model. The value of gi depends on the number of samples in signals {x,} and {y,} used in the

AR model, so-called model dimensions, d.

(B) Dependencies between the prediction errors, & , and the model dimensions in our linear AR that predicted the future of
the signal {y,} (d, and d, is the number of samples in the signal {x,}! and signal {y,} correspondingly).

An increase of dimensions d and d, resulted in a decrease of the least mean squared error and the quality of predictions was

improved until d; = d, = 5. Further increase of dimensions did not improve the accuracy of prediction, therefore in our
computations we used d; = d; =5.

Causal relations between process y and process x are present when prediction of signal ) can be improved by
incorporation into the model the past of signal {y,,} (illustrated in Fig. 5.7A). As a result, we construct a ‘joint’
AR model Eq. (4)

x}’l+1 = f(xn""’x}’l*dl‘i’l)+g(y}’l""’yn*d2+l). (4)
where f'and g are polynomials that we determine from the current data. Function f'is the same as in the individual
model Eq. (1) while function g describes the influence of process y on process x. Number d; is the same as the
dimension d of the individual model Eq. (1). The number d, describes ‘inertial’ properties of the influence. If d, =
1, then the influence is instantaneous, otherwise it is non-local in time. Different values of d; and d; € (1; 25) are

tested in order to select those values that provide the most faithful results. In the present study we used linear AR
models Eq. (5):

Xyl =0 + Zaixnﬂ—i + Zﬂiynﬂ—i : ()
i=1 i=1
In Eq. (5) coefficients ¢; are chosen using the least-squares estimations method. This method examines mean
2
- & . ..
squared prediction error, * and when this error appears to be less then the Sj it is assumed that process y

influences process x (Fig. 5.7A). In order to measure coupling between channels, we use the relative prediction
improvement, the so-called Granger-Sargent statistic [Hlavackova-Schindler et al., 2007]:
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) Ereh. (©6)
xy — 2
Exy

Thus, the influence of channel {y,} on the channel {x,} is characterized by the value of the normalized

and the reverse influence of {x,} on {y,}, 52

diction i 2
prediction improvement, § yx

Xy
to Eq.(6) in which x and y should be interchanged.

is described by an equation similar

Application of Granger causality to EEG data

Nonlinear dynamics techniques consider EEG signals as nonlinear process and try to extract some nonlinear
features from it. Typically, they require long epochs of stationary data [e.g., Arnhold et al., 1999; Le Van Quyen et
al., 1999; Schiff et al., 1996]. Estimations of Granger causality, either linear or nonlinear, are performed under the
same conditions. Linear estimates are usually less sensitive to the epoch length, because they are based on
relatively simple models (with fewer free parameters). However, the EEG is known to be highly non-stationary
[Kaplan, 1998]. This should be taken into account in order to specify the proper time window length for the
estimation of autoregressive models when estimating Granger causality.

The choice of length of moving window

In fact, non-stationary is an intrinsic feature of the EEG signal that accounts for complex dynamics of

electrical brain activity [Dikanev et al., 2005]. However, the classical estimation of Granger causality requires
stationary data. Therefore we segmented the EEG into relatively short epochs in which the EEG signal reveals
quasi-stationary behavior.
In order to get a correct approximation to the non-stationary EEG data with the AR model, it is important to define
the optimal size of the moving time-window. By shortening the time-window, it is possible to improve the time
resolution, but this reduces the reliability of the AR models. In non-stationary EEG data, the time-window should
include several repetitive elements. In our case, the time-window lasts 0.5 s; this corresponds to four spike-wave
cycles. This size of the time-window was found to be optimal. If the estimation window was shorter than 0.5 s,
Granger causality estimations were unstable and longer time window (up to 1 s) did not improve the stability of
coupling estimates.

Selection of the polynomial order (linearity—nonlinearity in EEG signals)

Originally, Granger causality principles were formulated without any assumption about the linearity or
nonlinearity of the systems. Traditional Granger causality measures were based on linear models [Granger, 1969;
Granger and Newbold, 1977]. In order to make a choice between linear and nonlinear AR models, we compared
prediction accuracy of these two models. It was found that the introduction of nonlinearity (such as polynomials of
the second and third order) had no significant influence on the prediction quality of the AR model. It was
additionally found that a linear AR model was sufficient to describe the dynamic behavior of the baseline EEG. It
suggests a predominance of the linear causal relations in non-seizure EEG. In contrast, seizure activity (SWD)
contained a nonlinear component, which was not yet modeled. However, the construction of a specific nonlinear
AR model that describes seizure-related processes in the EEG is beyond the scope of the present paper.

Adjusting parameters of AR model (the choice of ‘dimensions’)
2 2
The linear AR models Egs. (2) and (5) are used to calculate the coupling characteristics %9 and S Fig.

2
5.7B shows the typical dependence of prediction error “» on the dimensions d; and d, of the AR model for a 0.5 s
time-interval of SWD. By increasing the dimensions d; and d, from 1 to 5, the error of prediction decreases and a
minimal error was obtained when both d-values were equal to 5. Further increase of d; and d, did not improve the
accuracy of predictions, therefore, d; = d, =5 were selected as optimal dimensions for the chosen model. Such a
dependence is typical for the prediction error &” as well.

All this suggests that also in our linear AR model the past of one signal improves the prediction of the other
signal. This model provided significant and stable predictions with the chosen parameters (dimensions and time-
window size), therefore, it was an appropriate model for the analysis of pairwise causal relations in the chosen
EEG pairs.
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Statistical evaluation of causal interactions

Coefficients of Granger causality (prediction improvements) were computed using EEG data from the
cortical surface (frontal cortex) and from the specific part of the thalamus (ventral basal complex). The first and
the last spike in spike-wave sequences were used to mark the onset and the offset of seizure activity.

2 2

Statistical analysis of the thalamus-to-cortex, Sxy , and cortex-to-thalamus, Sy causalities was performed
in two 10-s EEG epochs (Fig. 5.8A). The first epoch included two 5 s successive intervals, one before seizure
onset (pre-SWD), the second was the first 5 s of a seizure (SWD-start). The second 10-s epoch included the last 5 s
of a SWD (SWD-end) and the first 5 s after a seizure (post-SWD). Coefficients of Granger causality were
computed with bin = 0.0049 (5 samples/1024) and averaged per 0.2 s and per rat. Factorial ANOVA (repeated
measures) and post hoc tests (LSD and t-tests for paired observations) were used for the statistical analysis.

Evaluation of statistical significance with surrogate test estimation

There are some undesirable factors (EEG noise, nonlinearities, etc.) that can influence Granger causality
measures and might mislead analysis. In order to control for these unwanted factors and evaluate the statistical
significance of the Granger causality parameters, we performed surrogate data tests. Surrogate signals were
constructed by taking two apparently uncoupled EEG signals recorded in the cortex and thalamus. For that
purpose, two randomly chosen SWD were selected in the cortex and thalamus. Either the onset or the end of SWD
were matched. Surrogate tests were performed using EEG data from all animals. In total, 1000 random pairs of
SWD were made to construct an ensemble of surrogate time series which modeled uncoupled process in the
thalamo-cortical system. Granger causalities in surrogate and in original data were computed using the same
algorithm. The surrogate Granger measures in the uncoupled pairs were analyzed statistically by computing 95%-

percentiles of their distributions, siygo'gs, and six’0_95 respectively. The results of surrogate tests, siy,o'gs, and
Six,oss were plotted in Fig. 5.8B-C against the true data values, Siy’o'%, and Six,0.95 . Interdependence in EEG pair
can be regarded as significant (at the significance level p = 0.05) whenever the true values Siy,0.95’ and S;x,0.95

appeared above 95%-percentiles of the corresponding surrogate values Siy,().95’ and S;X’O'%. This surrogate test

confirmed that interdependencies between EEG signals were significant in both directions.

RESULTS

All SWD were detected automatically in the full length EEG recordings (67 h). In total, 53, 111, 34, 33 and
63 epileptic discharges in five rats were detected and analyzed.

Dynamics of cortico-thalamo-cortical casual interactions at the on- and offset of epileptic
discharges

Fig. 5.8B shows the dynamics of Granger causality during absence seizures. Before the onset of SWD, the
Granger causality was weak and remained constant until SWD began. The first SWD-related disturbances of
Granger’s casual relationships were observed about half a second before SWD-onset. This effect was provoked by
the seizure itself because the 0.5 s time window started to include or capture seizure activity. No changes in
Granger causalities were found earlier than 0.5 s before SWD onset, suggesting that a linear approximation does
not seem to be suitable for prediction of absence seizures. It can be concluded that the linear cortico-thalamo-
cortical associations are reinforced during SWD.

2 2
. . S s o .
It is important that in all rats surrogate values %% and ~*%% were almost constant in time, equal in
2 2

o . s s :

both directions and were much smaller (around 0.02—0.04) than the true data estimates, ¥ and ~* (Fig. 5.8B-C).
2 2

. S h)

The difference between the true (" and ) and surrogate (S)fy,o,,5 and S;X’OA(,S ) values strengthened our

outcomes and confirmed that mutual interdependencies between cortex and thalamus during SWD was statistically
significant.

2 2
The immediate onset of SWD was associated with a rapid growth of causal relations S and S Fig. 5.8B-
C and Fig. 5.9A).
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Figure. 5.8. Application of Granger causality in WAG/Rij rat model of absence epilepsy. (A) Electroencephalographic records
of spike-wave discharges (SWD) in the frontal cortex and in the specific ventroposteromedial thalamic nucleus. Coefficients
of Granger causality were computed in two 10-s epochs of continuous data (5 + 5 s) including pre-SWD/SWD and SWD/post-
SWD (indicated by horizontal arrows). (B, C) The presence of SWD was associated with significant (and reversible) changes
in Granger causality in both directions. Surrogate data tests (dotted lines) were performed in each animal in order to validate
the results of Granger causality estimations. Surrogate values were very small and did not reveal any dynamic changes,
suggesting that seizures affected the coupling strength in both directions. Note the large individual variations and two-hold
difference in absolute values of cortex-to-thalamus and thalamus-to-cortex causalities
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Granger causality reached its maximum within half a second after seizure onset (at that moment the time-
window completely shifted from pre-SWD to SWD) and remained high during the first 5 s of a seizure.

Quantitative data in Table 1 shows that the onset of SWD was characterized by a significant increase of causalities
in both directions as compared to pre-SWD (F = 20.53, d.f. = 1.4, p < 0.02) and that the ascending influence
thalamus-to-cortex tended to be stronger than the descending influence cortex-to-thalamus (F =4.75,d.f. =14, p <
0.1) (Fig. 5.9B; Table 5.3). Interestingly, the occurrence of SWD was associated with a tendency for a larger
increase of the thalamus-to-cortex as compared to the cortex-to-thalamus coupling. i.e., As; (SWD-start) = 0.117

versus As’ (SWD-start) = 0.037, F (time) = 2.43, d.f. = 1.4, p < 0.1. All this suggests that a reinforcement of pre-

SWD existing predominant thalamus-to-cortex coupling accompanied the occurrence of SWD.

Gross changes of Granger causality in the cortico-thalamo-cortical system before, during and
after absence seizures

In spite of large between-subject variability in the values of Granger causality causalities (individual data are
shown in Fig. 5.8B-C), a similar trend of SWD-related changes in Granger causality was observed in all subjects.
Group statistics in Fig. 5.9 illustrate that the mutual relationships between the specific ventroposteromedial
nucleus of the thalamus and the frontal cortex became stronger after the onset of SWD. The offset of SWD was
characterized by a slight and gradual decrease of Granger causalities in both directions. A two-factor ANOVA was
used to compare the average values of coupling strength on different stages of SWD. Factor ‘time’ had four levels:
pre-SWD, SWD-start, SWD-end, post-SWD and factor ‘direction’ had two levels: cortex-to-thalamus and
thalamus-to-cortex. Both factors were significant: F (time) = 58.4, d.f. = 3.992, p < 0.0001 and F (direction) =
319.6, d.f. = 1.992, p < 0.0001, as well as the interaction F (timexdirection) = 17.9, d.f. = 3.992, p < 0.0001. Post
hoc LSD tests revealed significant difference of causalities in both directions at pre-SWD and during SWD (Fig.
5.9B). The strength of cortex-to-thalamus coupling before (pre-SWD) and after (post-SWD) did not differ
significantly (Fig. 5.9B).

In contrast, the thalamus-to-cortex coupling did not return to the pre-seizure level immediately after the
cessation of the epileptic electroencephalographic activity, as did the cortex-to-thalamus coupling. Altogether, the
analysis of Granger causality provided new information about neuronal network connectivity during absence
seizures. We consider this method as a good alternative to the traditional measurements of functional interactions
in the brain.

Table 5.3. Mean values of Granger causality as measured in 5 sec intervals immediately before and after the onset of SWD.

rat ID B;J\‘,’[')e (thsev}’i'ras'fstas': o  AS'(SWD-start (thsevl\;ls)t-eSnsde o post-SWD AS? (SWD-end)
5.7 THALAMO-CORTICAL COUPLING

23 0.074 £0.039 0.177 £0.093 0.103 0.097 +0.062 0.045 +0.028 -0.052

24 0.094 0.060 0.258 +0.086 0.164 0.273 £0.081 0.221 £0.095 -0.052

25 0.034 0.021 0.080 +0.044 0.046 0.043 £0.028 0.037 0.024 -0.006

28 0.109 +0.060 0.326 +0.114 0.217 0.341 £0.117 0.204 +0.132 -0.137

29 0.027 0.021 0.080 +0.044 0.053 0.081 £0.048 0.079 +0.041 -0.002
Total | 0.066+0.053 0.183 £0.125 0.117 £0.073* 0.167 £0.113 0.117 £0.114 -0.049 £0.075
5,2 CORTICO-THALAMIC COUPLING

23 0.060 £0.033 0.103 0.041 0.043 0.064 £0.036 0.027 0.020 0.037

24 0.046 0.031 0.054 +0.032 0.008 0.049 +0.025 0.058 +0.035 0.009

25 0.038 0.021 0.076 0.032 0.038 0.051 £0.030 0.045 0.028 -0.006

28 0.042 £0.030 0.099 0.037 0.075 0.091 £0.033 0.059 0.037 0.032

29 0.022 +0.018 0.064 +0.027 0.042 0.054+0.026 0.062 £0.028 0.008
Total | 0.042:0.030 0.079 £0.039 0.037 £0.020 0.062 +0.035 0.047+0.032 -0.012 £0.024
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A Dynamics of Granger causality
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Figure 5.9. Statistical assessment of changes in Granger causalities associated with the onset and end of spike-wave discharges
(SWD). (A) Bidirectional causal relationship between the frontal cortex and the thalamus at the onset and the end of SWD.
Coefficients of Granger causality were averaged per 0.2 s intervals and per rat (mean+S.D.). The increase in Granger
causalities at the onset of SWD was abrupt and significant (ANOVA, p < .001 post hoc LCD-test), but seizure offset was
characterized by smooth and prolonged changes in Granger causalities. (B) Group statistics of Granger causality coefficients
averaged in 5 s intervals (five rats, 30 SWD per rat). Asterisks show significant differences (the post hoc LSD test).

DISCUSSION

This study tackles a challenging problem of predictability of absence seizures in EEG. Using the concept of
Granger causality, we measured bidirectional (straightforward and backward) linear interdependences between the
thalamus and the cortex during absence seizures and obtained new yet comprehensive information about functional
thalamo-cortical interactions during absence epilepsy. Traditional methods, such as crosscorrelation analysis of
unit activity in a model of generalized epilepsy in cats [e.g. Steriade and Amzica, 1994) and coherence analysis in
a genetic absence model (Sitnikova and van Luijtelaar, 2006] demonstrated that the genesis of generalized spike-
and-wave discharges required mutual interrelationship between thalamus and cortex. The current study aims to
evaluate a novel method for assessing directionality in thalamo-cortical network associations during absence
epilepsy and this led to principally new conclusions:

(1) Information transfer in the direction ‘thalamus—frontal cortex’ was more intensive than in the backward
direction. This is the first indication of anisotropy in thalamo-cortical interactions.

(2) Coupling strength ‘frontal cortex—thalamus’ slightly (but significantly) increased at the onset of SWD and
rapidly restored to the initial level before cessation of a seizure. A strong and sustained increase in
‘thalamus—frontal cortex’ interactions was found not only during SWD, but also after the end of the seizure.

Implications of the linear Granger causality in EEG analysis of absence epilepsy

In patients with absence epilepsy, as well as in WAG/Rij rats, spike-wave seizures appear unpredictably
from a normal EEG background and associated with sudden behavioral arrest, e.g. ‘absences’ [Panayiotopoulos,
1997; van Luijtelaar and Coenen, 1986]. As known, SWD are produced in the cortico-thalamocortical oscillatory
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network [Avanzini and Franceschetti, 2003; Blumenfeld, 2002; Meeren et al., 2002, 2005; van Luijtelaar and
Sitnikova, 2006]. Traditionally, coherence analysis is used to estimate functional associations between different
brain areas [Challis and Kitney, 1991; Pereda et al., 2005]. Previously, we have used coherence to measure linear
thalamocortical network associations in the frequency domain [Sitnikova and van Luijtelaar, 2006]. Granger
causality is a time domain measure of functional interactions, assuming directionality and information transfer.
Directionality of thalamo-cortical interactions during SWD in WAG/Rjj rats has already been explored by means
of nonlinear association EEG analysis [Meeren et al., 2002]. It was found that directionally of thalamo-cortical
coupling varied throughout the seizure and it was the most constant during the first half a second, when the cortical
epileptic focus consistently led the thalamus.

Hereby, by measuring Granger causality we also planned to identify early changes in thalamo-cortical
relationships that may anticipate the onset of absence seizures. We adjusted a linear autoregressive model of
Granger causality in order to describe causal relations between cortical and thalamic electrical activity during
absence seizures in WAG/Rij rats. Surrogate data test confirmed the statistical significance of the observed
interdependence.

We first found that the linear estimation of Granger causality provided a good approximation to baseline
EEG (pre-SWD), e.g. linear autoregressive model was sufficient to obtain stable results of non-seizure activity.
However, with linear estimations of Granger causality we failed to identify early changes of causal relationships
that may anticipate the onset of absence seizures. It is however possible that early changes of interdependencies
can be described with additional nonlinear autoregressive models or with phase-synchronization methods [Le Van
Quyen and Bragin, 2007]. On the one hand, introduction of nonlinearity into the model may be necessary to get
comprehensive information about network associations that prerequisite seizure activity or/and take place during a
seizure. On the other hand, application of nonlinear AR model requires more careful selection of model parameters
(such as dimensions and nonlinear model functions). This piece of work will be done in the future.

Several conclusions can be drawn from the present results. First, ‘thalamus—frontal cortex’ coupling
characteristic, numerically, was greater than that in the opposite direction. This was found before, during and after
SWD. The onset of SWD was associated with an amplification of pre-SWD existing tendencies. However, it is
difficult to compare couplings in both directions to each other since thalamus and cortex signals are essentially
different from each other even in respect of their waveforms [Sitnikova and van Luijtelaar, 2007]. More
meaningful is to trace changes in coupling characteristics over time.

Second, ‘thalamus—frontal cortex’ coupling remained constantly high during a seizure and did not return to
pre-SWD level even after cessation of SWD. It seems intriguing that although SWD were stopped, the thalamo-
cortical network did not rapidly return to the non-epileptic state and causal relationships remained abnormal.
Clinically, both start and end of SWD are regarded as abrupt and unpredictable, but we observe that changes in
Granger causalities at the onset of SWD were more sharp and fast as compared with that at the end of SWD (post-
SWD periods were characterized by smooth and prolonged changes in Granger causalities).

Third, Granger coupling strength increased with seizure onset, although differentially in two directions:
reinforcement of ‘thalamus—frontal cortex’ coupling was greater than that in backward direction. However, this
latter comparison should be interpreted with care, as mentioned above.

Granger causality and functional interactions in epileptic networks

In the present study we elaborate interactions between the frontal cortex and the thalamus during absence
seizures. In our rats, EEG was recorded from the areas in which seizure activity is known to be the most robust,
e.g. in the frontal cortex and in the VPM (specific thalamus) [Vergnes et al., 1987]. There are no direct anatomic
connections between these sites, yet the VPM has bidirectional connections with the somatosensory cortex [Jones,
1985]. This midpoint, the peri-oral region of the somatosensory cortex in WAG/R]j rats, is known as ‘epileptic
focus’ which initiate SWD [Meeren et al., 2002]. In our animals, the frontal EEG electrode was relatively far away
from the ‘epileptic focus’ and we did not measure electrical activity in focal epileptic zone. Interestingly, a French
group has recently confirmed and extended the Meeren et al. (2002) data in GAERS [Polack et al., 2007]. They
showed that neurons in deep layers of the somatosenory cortex started firing much earlier than the first changes of
local field potential could be visualized at the onset of SWD. This exaggerated neuronal firing at the early stages
of SWD was only found in neurons localized in the epileptic cortical area, but it neither was detected in other areas
in epileptic rats, nor in the similar areas in non-epileptic rats. Equally important is that our previous studies in
WAG/RIj rats and others clearly demonstrated that neuronal activity in cortical regions outside the peri-oral area of
the somatosensory cortex did not lead thalamic activity during SWD [Inoue et al., 1993; Seidenbecher et al.,
1998].
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Figure 5.10. Physiological implication of Granger causality estimations. Ascending and descending anatomical connections
from the thalamus to the frontal cortex go through the somatosensory cortex [Jones, 1985]. Somatosensory cortex in WAG/Rjj
rats contains the ‘epileptic focus’ that triggers epileptic activity [Meeren et al., 2002]. As known, SWD easily spread from the
epileptic somatosensory area to the frontal cortex (EEG coherence study, [Sitnikova and van Luijtelaar, 2006]). Also anatomic
connections ‘somatosensory cortex (epileptic focus)—frontal cortex” are stronger than the backward ‘frontal
cortex—somatosensory cortex’ [Kolb, 1990], this may prompt anterior propagation of SWD from the epileptic cortical zone to
the frontal cortex. The ‘epileptic focus’ has strong connections (‘driving connections’ in terms of Crick and Koch, 1998) with
the frontal cortex (‘somatosensory cortex (epileptic focus)—frontal cortex’), but less strong ‘modulating connections’ with the
thalamus (‘somatosensory cortex (epileptic focus)—thalamus”).

We study interdependencies between two indirectly connected structures that communicate via the ‘epileptic
focus’: ‘thalamus<>somatosensory cortex (epileptic focus)<>frontal cortex’ (Fig. 5.10). In order to interpret our
results, we put together several theoretical considerations: the ‘cortical focus’ theory [Meeren et al., 2002, 2005],
our concept on global and local synchronization in oscillatory networks [Sitnikova and van Luijtelaar, 2006; van
Luijtelaar and Sitnikova, 2006] and ideas of ‘driving’ and ‘modulating’ connections in neuronal networks [Crick
and Koch, 1998]. We propose that the ‘epileptic focus’ not merely triggers, but also acts as a distributor of
epileptic activity. In particular, seizure may easily propagate to those areas which have dense connections with the
‘epileptic focus’ [Sitnikova and van Luijtelaar, 2006]. In order to explain the quantitative differences between
coupling strength between the thalamus and frontal cortex, we use a concept of two different kinds of network
associations, e.g. ‘driving’ and ‘modulating’ connections [Crick and Koch, 1998] (Fig. 5.10). We hypothesize that
the strong ascending coupling ‘thalamus—frontal cortex’ may prompt propagation and maintenance of SWD.
These are ‘driving connections’ which are strong and induce an increase of firing activity in corresponding
neurons. Less strong ‘frontal cortex—thalamus’ coupling may correspond to relatively weak ‘modulating’
connections which prevent spreading of SWD and are, therefore, involved in stopping SWD. In our case, the
thalamus may excite the pathway from somatosensory to frontal cortex and this excitation may be a ‘driving’ force
of seizure activity (Fig. 5.10). This schema agrees with outcomes of our coherence analysis where we found an
enhancement of linear associations between somatosensory and frontal cortical areas at the onset of SWD
[Sitnikova and van Luijtelaar, 2006].

EEG studies in animals: what can we gain from them?

Animals EEG research in epilepsy and other neurological diseases have some advantages. It was
advantageous to use the WAG/R]j rat strain in the context of the present study. First, large amount of EEG epochs
with seizure activity were required for the statistical analysis. These long time recordings with many SWD are not
readily available in humans. Second, our aim was to clarify the role of the thalamus in absence epilepsy (this
problem is still far from being solved, e.g. [Avanzini and Franceschetti, 2003; Blumenfeld, 2002; Huguenard and
McCormick, 2007; Meeren et al., 2005; Steriade, 2005]). For this purpose our animals were implanted with depth
thalamic electrodes, yet depth EEG recordings are nearly impossible in patients with absence epilepsy in which
invasive depth EEG examination is exceptional. Third, human scalp EEG is affected by volume conduction (the
outer tissues of the scalp act as a low pass filter). EEG electrodes in our animals were placed epidurally on the
cortical surface. It is crucial that both cortical and thalamic electrodes recorded signals originating directly from
the neuronal sources and the influence of volume conduction was excluded.
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In 1931, Hans Berger observed characteristic changes in electroencephalogram (EEG) in humans during
epileptic attacks; besides that, he was the first who noted spike-and-wave activity in epileptic patients (Fig. 1.1,
cited by Goldensohn et al., 1997). Spike-wave discharges (SWD, type 1) are regarded as EEG hallmark of absence
epilepsy [Gibbs et al., 1935; Gibbs and Gibbs, 1950; INSECN, 1974; Panayiotopoulos, 2005]. Several theories
have been proposed concerning neuronal substrate of SWD, among them are the ‘centrencephalic’ concept
[Penfield and Jasper, 1954], ‘cortico-reticular’ theory [Gloor, 1968; 1969], ‘cortical’ theory [Bancaud et al., 1972;
Niedermeyer, 1996], ‘cortical focus’ theory [Meeren et al., 2002; 2005] and other theories. The latter theory is
grounded onto a nonlinear association analysis of multichannel EEG in WAG/Rij rats and it states that the perioral
area of the somatosensory cortex contains a focus of epileptic activity [Meeren et al., 2002]. From this focus,
seizure activity rapidly spreads throughout the cortex and the thalamus. The ‘cortical focus’ theory for generalized
absence epilepsy [Meeren et al., 2002, 2005] bridges the earlier theories, i.e., the ‘cortico-reticular’ theory of Gloor
(1969, 1978), the ‘cortical’ theory [Bancaud, 1969; Niedermeyer, 1972; Liders et al., 1984] and the ‘thalamic’
theory [Buzsaki, 1991]. This Chapter presents some data in favor of the ‘cortical focus’ theory and early theories
(these theories are briefly overviewed below).

" Chapter introduction is adopted from:

1) van Luijtelaar G, Sitnikova EY, Midzyanovskaya IS. Cortical control of absence seizures: focal initiation, spreading and modulation. In:
Generalized seizures: from clinical phenomenology to underlying systems and networks. Eds: E. Hirsch, F. Andermann, P. Chauvel, J.
Engel, F. Lopes da Silva, H. Luders. Libbey, 2006, pp. 93-117.

2) van Luijtelaar G, Sitnikova E. Global and focal aspects of absence epilepsy: the contribution of genetic models. Neurosci Biobehav Rev.
2006; 30(7): 983-1003.
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SWD appear synchronously in the two hemispheres; this strong bilateral symmetry of SWD has long been
thought to reflect paroxysmal activity of subcortical (central) structure which has diffuse ascending projections and
distributes paroxysmal activity bilaterally to the cortex. The existence of a subcortical pacemaker of SWD was
proposed by Jasper and Kershman (1941) and, a few years later, Penfield and Jasper (1954) introduced the
‘centrencephalic’ concept. These authors assumed that a ‘centrencephalic integrating system’ is localized in the
brainstem and in the diencephalon and it is responsible for the bilateral onset of the SWD and for the decrease of
consciousness. Later, it was found that SWD begin in the thalamus and spread to the cortex with 1-2 sec delay
were obtained in patients with absence epilepsy by means of simultaneous thalamic and cortical recording of local
field potentials [Williams, 1953] and ‘centrencephalic’ concept give rise to a ‘thalamic’ theory.

Another successor of the ‘centrencephalic’ concept, the ‘cortico-reticular’ theory, assumed that a common
subcortical pacemaker is responsible for physiological sleep spindles and SWD [Gloor, 1969]. The ‘cortico-
reticular’ theory was developed in the feline generalized penicillin absence epilepsy model [Gloor, 1968; 1969;
1979; Gloor et al. 1990; Kostopoulos, 2000]. In this model, systemic injections of penicillin (a weak GABA,4
receptor antagonist) caused a gradual dose-dependent transformation of spindles into SWD. The same results were
obtained by local application of penicillin into the cortex, but not in the thalamus [Gloor et al., 1979; Gloor and
Fariello, 1988]. In 1977, Gloor and co-workers stressed the role of the cortex in absence epilepsy: “diffuse cortical
epileptogenic state, with subcortical structures involved in spindle generation and recruiting responses,
(particularly the “thalamic reticular system”) acting as the most potent triggers of gemeralized bilaterally
synchronous spike and wave discharge. Thus both cortical and subcortical mechanisms are important for the
elaboration of generalized bilaterally synchronous spike and wave discharge”.

The ‘cortico-reticular’ theory assumes that the cortex in epileptic subjects is more excitable than in
nonepileptic ones. Surprisingly few studies have directly tested whether cortical hyperexcitability underlies
absence epilepsy. Excitability of the sensorimotor cortex for various types of afterdischarges and seizure types in
WAG/R]j rat strain with absence epilepsy did not differ from that in non-epileptic control rats (ACI rat strain)
[Tolmacheva et al., 2004]. In vitro, electrophysiological properties of cortical cells in epileptic rats (WAG/Rij and
GAERS) non-epileptic control rats show just slight differences in respect to the waveform of evoked local field
potentials, the percentage of different types of neurons (intrinsically bursting versus regular spiking cells) and
intrinsic membrane properties, whereas passive neuronal responses remain the same [Luhmann et al., 1995;
Avanzini et al., 1996; D’ Antuono et al., 2006]. Altogether, it does not seem likely that, in general, the neocortex in
WAG/Rjj rats is more excitable than the neocortex in nonepileptic control rats. The present Chapter reconsiders a
global role of the neocortex in absence epilepsy and focuses in focal aspects of this disease.

A global role of the cortex has been confirmed by studies in GAERS and WAG/Rij rats: cortical
deactivation by the spreading depression technique (unilateral diffusion of KCI) resulted in immediate abolishment
of SWD in the injected cortex and in the ipsilateral thalamus [Vergnes and Marescaux, 1992; Meeren, 2002]. The
same effect was found in cats with penicillin-induced SWD during cortical spreading depression [Avoli and Gloor,
1981; Gloor et al., 1990]. Besides higher excitability of cortical neurons, some local abnormalities in the cortex
might lead to absence epilepsy. According to the ‘cortical’ theory [Niedermeyer, 1996], generalized SWD are
generated in the mesiofrontal cortex, from where they rapidly spread to other cortical areas. This theory is based
on EEG data in epileptic patients. First, bilateral synchrony during typical SWD is not as perfect as previously
believed [Liiders et al., 1980], suggesting that some cortical regions might be prone to absence epilepsy and others
are more resistant. Second, depth recordings in epileptic patients revealed that the spontaneous discharges
occurring during spontaneous ‘petit mal’ or ‘grand mal’ seizures may initially be localized to the cerebral cortex,
in the vicinity of an identified lesion, particularly in the frontal lobe [Bancaud, 1969; 1972]. The thalamus
certainly participates, but it only ‘plays second fiddle’ in carrying out normal physiological thalamo-cortical
interactions [Niedermeyer, 1996].

The ‘cortical focus’ theory implies that a focus in the somatosensory cortex is primarily involved in the
epileptic activity and initiates a cascade of events that ultimately leads to the occurrence of the bilateral and
generalized SWD [Meeren et al., 2002]. Chapter 6.1 shows that local transient events (ripples and double spiking)
are present in fronto-parietal EEG during the early stages of SWD. These transient events may attribute the process
of initiation and further propagation of seizure activity. The neocortical neurons are able to control thalamic
activity throughout cortico-thalamic projections, which are especially dense (descending projections ‘neocortex —
specific thalamus’ are several times more dense than ascending ‘specific thalamus — neocortex’ [Deschénes et al.,
1998; Rouiller and Welker, 2000]). Chapter 6.2 shows local cortical deactivation of a small part of the
somatosensory cortex with microinjection of low doses of lidocaine temporally abolished SWD in WAG/Rjj rats.
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?.1 The fast components in SWD (type |) as recorded in the cortex

INTRODUCTION

The EEG hallmark of absence seizures are symmetric, bilateral, widespread spike-and-wave discharges
(SWD) of 3 Hz which typically occur without lateralizing or localizing features [Panayiotopoulos, 2005].
However, examination of EEG patterns of SWD revealed that bursts of generalized SWD usually predominate in
frontal and central areas and occur much less in parietal, occipital and temporal regions [Rodin and Ancheta, 1987;
Holmes et al., 2004; Craiu et al., 2006]. In patients with idiopathic generalized epilepsy, the onset of SWD was
found in discrete focal regions of the frontal lobe (most often, in the orbitofrontal cortex), affecting either one side
or the other. The frontal distribution of SWD has been studied with a dense-array recording technique and further
examined electrical with the aid of distributed (LORETA) and point dipole (BESA) analyses [Holmes et al., 2004].
Results confirmed the importance of a frontopolar source to the spike-transition events that appeared interposed
with the anterior negative slow wave.

The ‘cortical focus’ theory of absence epilepsy that was first introduced in WAG/Rij rat model of absence
epilepsy [Meeren et al., 2002; 2005], suggests that a focal area in the somatosensory cortex (Sml, in the projection
area of the snout, vibrissaec and upper lip) is able to initiate SWD and to drive the rest of the corticothalamic
circuitry. The ‘cortical focus’ theory is supported by clinical observations that spike-and-wave seizures have a
focal onset [Holmes et al., 2004; Craiu et al., 2006].

The hypothesis that SWD are initiated in the Sml was also proposed by Seidenbecher et al. (1998), based on
work in GAERS. It was found that SWD were accompanied by a spike concurrent, rhythmic burst-like activity in
(mono-) synaptically connected regions of specific (somatosensory) thalamic areas, the Sml (layers IV/V), and the
RTN. SWD-correlated activity in the Sml layers IV/V started significantly earlier than correlated burst firing in
reticular and in ventrobasal thalamic neurons [Seidenbecher et al., 1998]. This implies that focal epileptic area in
the somatosensory cortex (the area of facial projections) might that exhibit some pro-epileptic transient events,
similar to what have been described in epileptic foci in human and animal in some neocortical seizures, namely,
ripples (>60 Hz) or high-frequency oscillations [Worrell et al., 2004; Grenier et al., 2003]. We hypothesized that
EEG in the focal epileptic zone in Sml might be endowed by aberrant transient phenomena (ripples) which are
associated with the onset of SWD. The putative transient EEG phenomena may correspond to the primary
epileptogenic processes in the epileptic areas in Sml, e.g., increased neuronal excitability, higher synchronization
in neuronal networks, changes in firing activity.

In the present Chapter we examine SWD in the primary epileptic zone in order to disclose those transient
components or local events, such as polyspiking or ripples, which could correspond to the process of initiating and
spreading of seizure activity.

METHODS

Experiments were performed in nine male WAG/Rjj rats (11-12 month old, body weight 370-410 g). Rats
were equipped with 10 active epidural electrodes that were put bilaterally over the frontal cortex [AP +2, L £2.5],
parietal cortex, including projections of hind limbs [AP -1; L £2.5], fore limbs [AP 0, L +4] and vibrissae [AP -2,
L £5.5], and occipital cortex [AP —6; L £5]. Some animals were implanted two additional electrodes in the
occipital cortex [occipital 2, AP —5; L £4]. In addition, one electrode was implanted into the right side of the dorsal
hippocampus CA1 region [AP -3, L +3; H 3]. Electrodes were made of stainless steel wires of 0.20 mm diameter
and had non-insulated tips. The ground and the reference electrodes were placed at two symmetrical sides over the
cerebellum. EEGs were recorded in freely moving rats during the dark period of the day-night. Recordings were
performed in a noise-isolated experimental chamber continuously during 5-7 hours. EEG signals were fed into a
multi-channel differential amplifier via a swivel contact, filtered between 1 and 500 Hz, digitized with 1024
samples/second/per channel (CODAS software) and stored on hard disk.

SWD (type 1) were detected using criteria described in van Luijtelaar and Coenen (1986) and
Midzianovskaia et al. (2001). SWD were recognized in the frontal EEG as a train of surface negative 7-10 Hz
spikes with amplitude at least three times higher than the background. Duration of SWD I was more than 1 sec.
Here we employed an automatic system for detecting SWD I that relied upon the threshold value of the EEG slope
in the frontal channel. Fine details of seizure morphology (e.g., transient elements, ripples and aberrations in EEG)
were examined in the multichannel EEG as recorded at various cortical and hippocampal regions. In order to

TA part of the paper is published. Sitnikova E, van Luijtelaar G. Electroencephalographic characterization of Spike-Wave Discharges in
cortex and thalamus in WAG/Rjj rats. Epilepsia, 2007; 48 (12): 2296-2311.
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access area-specific elements in SWD, episodes with SWD were visually inspected for the presence of a consistent
trend in the spatiotemporal distribution of electrical seizure activity.

RESULTS

It was found that SWD in multiple cortical areas encompassed fast transient events, such as small spikes
(arrows in Fig. 6.1), ripples (arrows in Fig. 6.2). These fast transient events were inconstant throughout the seizure
and were asynchronous. They were encountered in epileptic discharges, but not in non-epileptic sleep oscillations
(spindles and K-complexes).
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Figure 6.1. Spatial distribution of generalized SWD I across the cortex. The whole seizure is presented in time-compressed
scale. The initial and final episodes are extracted in time-stretched windows. In two subsequent episodes, 1-2, in a few initial
cycles of a seizure, occasional small spikes (each of them is indicated by an arrow) appeared on the descending slope of EEG
curve just prior the generalized large Spike 2, so the pattern looks like “double spiking” phenomena. In some SWD 1, the
small transient spikes resembled Spike 1, but the small transients were often unilateral and asymmetrical, and occasionally
formed double-spike complexes together with Spike 2.

One example in Fig. 6.1 illustrates that an additional spike (pointed by an arrow in epoch 1) was followed by
the first gross spike (Weir’s ‘Spike 2’, see also Chapter 3.1) in SWD (type ). This ‘double-spiking’ complex was
found in the parietal right EEG, but not in other loci. In the subsequent epoch 2, a similar ‘double-spiking’
complex was present in the symmetrical area on the left side of the parietal cortex (arrow in epoch 2). Noteworthy
is that double-spiking phenomena appeared in the area of vibrissae in the somatosensory cortex that corresponds to
the focal epileptic zone (Meeren et al., 2002). Small spikes in SWD I coincided with minor fast irregular
components that resembled EEG ripples (arrows in Fig. 6.2). ‘Double-spiking’ complexes and ripples were found
during SWD I in the frontal EEG channel (arrows in Fig. 6.2). Ripples were sometimes present in the occipital
areas (encircled in Fig. 6.2). We conclude that, besides gross Weir’s components, SWD in the fronto-parietal
cortex comprise minor irregular fast components.

Similar results were reported by Kandel and Buséki (1997) who found fast ripples (200-800 Hz) associated
with the Spike components in EEG seizures in several rat strains with absence epilepsy. These findings are also is
in line with the previous observations that the onset of generalized neocortical seizures and, probably, other forms
of epilepsy [Worrell et al., 2004; Jirsch et al., 2006] associates with fast (60-100 Hz, [Worrell et al., 2004]) and
very fast activity (200 Hz and higher [Grenier, 2003]). In our model, fast seizure components in the cortex are
likely to result from intracortical epileptogenic processes and may underlay focal cortical initiation and further
intracortical horizontal propagation of seizure activity.

In the framework of the current research we have to stress an importance of filtering of EEG data. The
quality of low-pass <70 or 100 Hz filtered EEG is usually good enough for clinical purposes, but it may hamper
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high frequencies which are expected to be involved in the process of epileptogenesis. The problem is that the fast
transient elements can be attenuated if low-pass filters are too low (> 30 Hz). To address this problem we used
several low-pass EEG filters with different cut-off frequencies: 25, 40, 85 and 150 Hz (Fig. 6.2). It was shown that
the small transient spikes did not pass the 40 Hz filter barrier and were not visible in the filtered EEG. 40 Hz low-
pass filtering resulted in a smooth EEG, in which repetitive 8-10 Hz spikes in SWD I were less sharp as compared
to sharp spikes in unfiltered SWD 1. A low pass filter of 85 or 150 Hz did not cut the fast transient events in the
EEG.

Spike-wave discharges type 1
frontal EEG \
raw 1-300 Hz ’V
s 150 Hz WVJW/\'\AMLV
8 He NVJL/VWW‘V”\/V
o PWMMW

occipital EEG A,
raw 1-300 Hz WVW

low-pass filtered

85 Hz
40 Hz WVJVWW/\”

wopy 1
1 sec

low-pass filtered

Figure 6.2. The influence of low-pass filtering on the visual appearance of SWD I in EEG. The choice of cut-off frequencies
below 85 Hz results in a dissipation of the fast and sharp spikes (black arrows). The small spikes are present in 200 and 85 Hz
low-pass filtered EEG, but absent in 40 Hz filtered data (grey arrows).

DISCUSSION

In the present study, we used low pass filtering > 85 Hz (preferably 200 Hz) in order to define fast transient
phenomena. The small spikes in SWD are occasionally seen in the frontal and parietal cortex and, together with
the ‘Spike 2°, formed ‘double-spiking’ complexes during initial period of SWD. Therefore, the EEG profile of
absence seizures in WAG/Rij rats fits well to the definition given by IFSECN to spike-and-slow-wave complex
and multiple spike-and-slow-wave complex (= polyspike-and-slow-wave complex: ‘a sequence of two or more
spikes associated with one or more slow waves’). We propose that EEG transient events at initial period of SWD
may result from an aberration of neuronal mechanisms, possibly, synaptic modification and progressive
reinforcement of local epileptogenic circuits. It is also possible that cytoarchetectonic disorder in fronto-parietal
cortex may conbtribute to the occurrence of ripples and multiple mini-spikes in SWD [Karpova et al., 2005].

A plausible morphological substrate of fast transient phenomena during initial period of SWD

It is a common belief that typical absence epilepsy is a purely ‘functional’ disease since no structural lesion
of any kind has ever been identified [Berkovic et al., 1987; Niedermeyer, 1996]. However, the cellular structure of
cortical tissue is poorly explored. There was an indication of microdysgenesis in childhood absence epilepsy with
an increased number of dystrophic neurons in neocortex and the subcortical white matter of the frontal lobe
[Meencke, 1989].

Recently, in WAG/Rij animal model of absence epilepsy, Karpova and co-workers (2005) examined the
cytoarchitecture of the frontal cortex (motor area) and parietal cortex (somatosensory area, including the area of
perioral projections, e.g., the plausible trigger site of SWD). Typical for both frontal and parietal areas in WAG/Rij
rats was a disorder in the distribution of pyramidal cells in the superficial cortical layers (I-I1I). Apical dendrites of
superficial pyramidal cells were often split in two branches, declined and went in non-perpendicular directions.
Quantitative morphometric measurements of dendrites such as the total length of dendrites, mean length of
dendritic segments and the size of the dendritic arbor, were increased as compared to non-epileptic rats.
Disturbances in dendritic trees (a receptive part of neurons) may cause impairment in communication between
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individual neurons. Altogether, fronto-parietal area of neocortex in WAG/Rij rats may express abnormal
associations with other cortical areas that may facilitate synchronization and propagation of SWD.

Intracortical epileptogenic mechanism of the initiation-propagation-augmentation of SWD

There are two kinds of transient events in EEG that have been found during the initial period of SWD:
(1) the small transient spikes were clearly pronounced during SWD in the frontal and parietal areas (Fig. 6.1).
(2) low-amplitude ripples appeared irregularly in the investigated cortical areas (Fig. 6.2).

These transient events are considered as an integrated part of the EEG absence seizures. The functional
significance of fast EEG events in epileptogenesis is not very clear. High-frequency oscillations may be unfairly
treated in human EEG due to low-pass filtering at 70 or 100 Hz. from layer V. Recordings of neuronal field
potentials in different rats strains with absence epilepsy (WAG/Rij, Brown Norway, Fischer) unambiguously
showed that the fast ripples (400—600 Hz) are associated with spike component in EEG epileptic discharges and
correspond to the increased neuronal synchrony [Kandel and Busaki, 1997]: ‘ripples represent a fast transient
event by which action potentials of different neurons can be synchronized with a high temporal precision’
(p.6791). Fast ripple oscillations (80—200 Hz) are known to be present during the early stages of neocortical
seizures in epileptic patients [Worrell et al., 2004] and they are found in the feline penicillin model [Grenier et al,
2003]. In both cases, the fast oscillations may be caused by fast neuronal processes that are responsible for the
initiation of neocortical seizures. We assume that the newly observed fast transient events (ripples and double
spiking events in the parietal cortex) at the beginning of SWD have also pro-epileptic nature. Polyspiking in a
spike-and-wave complex (polyspike-wave complexes) is likely to result from impairment of intrinsic cortical
mechanisms [Timofeev et al., 1998]. In addition to that, in human patients, the presence of more than 3 spikes per
wave may indicate a bad prognosis [Panayiotopoulos, 2005].

Previously we have found that the onset of SWD corresponded to a broadband increase of intracortical
coherence and strengthening of the anterior-parietal associations in gamma frequencies up to 60 Hz [Sitnikova and
van Luijtelaar, 2006]. It is likely that, in our subjects, the increase of intracortical fast oscillatory synchrony (in the
fronto-parietal area) results in fast transient events in the EEG and may contribute to a further increase in
synchrony. The presence of an additional spike (as in double spiking complexes that were found at the onset of
SWD I in the parietal cortex) may suggest that neurons in this area have an intrinsic ability to oscillate and to
produce hypersynchronous bursts. This hypersynchronous activity can be expressed in the EEG as double spiking,
it further spread to the thalamus and, finally, reinforces the reproduction of 7-11 Hz rhythm within the cortico-
thalamo-cortical circuit.

Altogether, transient events in EEG recorded in the parietal cortex and neighboring area support the
‘cortical focus’ theory of absence epilepsy [Meeren et al., 2002; Meeren et al., 2005]. The present results and our
previous data [Sitnikova and van Luijtelaar, 2006; Sitnikova et al., 2008] altogether suggest that SWD are initiated
in a small region of the parietal cortex, and that global cortico-thalamic mechanisms are important for the further
generalization of seizure activity [Meeren et al., 2005].

CONCLUSIONS

Fast cortical components, e.g. EEG ripples and double spiking in the anterior-middle part of the cortex are
integrated in generalized SWD (type I). This suggests fast cortical processes may be implicated in the initiation
and in further horizontal propagation of seizure activity.

We found that, in our genetic rat model, relatively high (> 85 Hz) cut-off frequencies are required to notify the fast
transient events.
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6.2 Cortical control of SWD (type |): effect of lidocaine applied to
the somatosensory cortex

ABSTRACT

The role of the somatosensory cortex (Sml) in the incidence of spike—wave discharges (SWD) was studied in
a genetic model of absence epilepsy, WAG/Rij rats. SWD were recently shown to initiate at the perioral area of the
Sml and spread over the cortex and thalamus within a few milliseconds [Meeren et al., 2002]. It was hypothesized
that functional deactivation of the Sml might reduce the appearance of SWD.

This was tested using unilateral microinjections (1 pl) of 2% lidocaine into the Sml in 13 WAG/Rjj rats.
Electrocorticogram (EEG) was recorded in free moving animals from four cortical sites after lidocaine and control
(saline) injections. Lidocaine effectively diminished the total power of the EEG mostly in the area surrounding the
injection site. Deactivation of the perioral region of the Sml reduced the incidence of SWD at the entire cortex in
both hemispheres. The number of SWD gradually returned to a control level at the end of the second hour after
lidocaine injections. These data show that proper functioning of Sml is important for the occurrence of SWD,
supporting the idea that absence seizures might have a focal cortical origin.

INTRODUCTION

Clinical manifestation of typical absence epilepsy is a sudden, brief interruption of consciousness. This
corresponds to generalized, synchronous, stereotyped 2.5-4 Hz spike—wave discharges (SWD) in the
electroencephalogram EEG [e.g., Gibbs et al., 1935; Panayiotopoulos, 1999 and 2005]. In feline generalized
penicillin epilepsy, systematic or intracortical injections of penicillin resulted in a stepwise transformation of 6—12
Hz sleep spindles into 3 Hz SWD. Therefore, it was assumed that bilaterally synchronous SWD derive from
natural sleep oscillations due to the gradual increase of cortical excitability [Gloor, 1968; 1969; 1979; Gloor et al.
1990; Kostopoulos, 2000]. With in vivo, in vitro studies and neuronal model computations it was proved that both
sleep spindles and SWD require the same thalamocortical interplay between specific and reticular thalamic nuclei
[Vergnes et al., 1987; Steriade and Llinas, 1988; Avanzini et al., 1992; Destexhe and Sejnowski, 2001;
McCormick, 2002]. More specifically, it was shown that SWD and sleep spindles invade the ventrobasal complex
of thalamus and reticular thalamic nuclei (RTN) [Inoue et al., 1993; Seidenbecher, 1998; Slaght et al., 2002]; the
RTN was proposed to be the pacemaker for both SWD and sleep spindles [Avanzini et al., 1992; 1993; 2000;
Avanzini and Franceschetti, 2003; Avoli and Gloor, 1982; Buzsaki et al., 1988].

According to recent investigations in rat models of absence epilepsy, e.g., WAG/Rij [Meeren at al, 2002;
2005] and GAERS [Manning, et al., 2003] the thalamus plays a secondary role in SWD: (1) it was found that the
somatosensory cortex (Sml, region of perioral projections) triggers SWD and seizures quickly spreads from this
epileptic focus over the cortex and to the ventrobasal thalamus, e.g. ‘cortical focus’ theory [Meeren at al, 2002].
(2) Studies in GAERS with microinfusion of ethosuximide in the cortex and in the thalamus have confirmed a
‘cortical focus’ theory. A substantial decrease in the number of SWD was found after microinfusion of
ethosuximide (anti-absence drug) into the Sml; whereas, were no or less effect was observed when ethosuximide
was injected into the other cortical regions (forelimb projection area of Sml, motor cortex, ventrobasal complex of
the thalamus and RTN) [Manning, et al., 2003; 2004; Richards et al., 2003].

The perioral region of Sml in rodents produces regular neuronal oscillations [Silva et al., 1991; Nicolelis et
al., 1995] which could be recorded in EEG as 7-12 Hz somatosensory rhythm [Ahissar et al., 1997, Nicolelis et al.,
1995]. It is striking that this perioral region is known to be a primary source of SWD, suggesting that normal
neuronal circuits which are responsible for 7-12 Hz somatosensory rhythm in non-epileptic rats, may initiate
hypersynchronous discharges (SWD) in epileptic rat strains. This suggestion was tested with microinjections of
2% lidocaine for local temporarily deactivation [Malpeli and Schiller, 1979; Tehovnik and Sommer, 1997; Martin
and Ghez, 1999] of the activity in the perioral region of Sml. The present section describes the effect of local
deactivation of Sml on the incidence of SWD and in EEG power spectrum of ictal and interictal EEG.

* Published in:
Sitnikova E, van Luijtelaar G. Cortical control of generalized absence seizures: effect of lidocaine applied to the somatosensory cortex in
WAG/R]j rats. Brain Res., 2004; 1012(1-2): 127-137.
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METHODS
Animals and surgery procedure

13 male WAG/RIjj rats (6 - 9 months old, body weight320-470 g) were used. Animals were born and raised
in the laboratory of the Department of Biological Psychology at University of Nijmegen. Before surgery, rats were
kept in standard cages in small groups with free access to food and water and 12—12 h light—-dark cycle (white
lights on at 20.00); after surgery, animals were housed individually. The Ethical Committee on Animal
Experimentation of the University of Nijmegen approved the experiments.

Each rat was equipped with two tripolar stainless steel electrode sets (Plastic One, Roanoke, VI, USA: MS
333/2), four out of six electrodes were used for local monopolar recordings, two others were used as ground and
reference. A stainless steel guided cannula (Plastic One: C131G; tubing inner diameter—0.4 mm, outer diameter—
0.7 mm) was implanted over the right Sml [AP -2; L + 7], above the perioral region [Chapin and Lin, 1984]. Two
out of four active electrodes were placed on the frontal cortex (AP + 2, L+3 mm, distance between the tip of the
cannula, and right ipsilateral electrode was 4.8+0.5 mm and was 9.8+0.2 mm for the left-side electrode), the third
recording electrode was over the Sml, in the immediate proximity to the cannula (1.5+0.7 mm in the rostro—medial
direction, AP -1; L + 6) and the fourth electrode—over the occipital right cortex (AP -6, L + 4, distance to the
cannula was 5.4+0.4 mm). Ground and reference electrodes were implanted symmetrically over both sides of
cerebellum. All coordinates are given relative to bregma; positioning of electrodes and cannula was verified by
post mortem measurements.

Stereotactic surgery was performed under isofluorane anesthesia (Forene®, Abbott Lab., Queenborough,
Kent, UK) after premedication with 0.2 ml atropine sulfate s.c. (Centrofarm®©, Etten Leur, the Netherlands). For
local analgesia, 2% lidocaine HCI was used. Body heat of animals was maintained at 37jC with a heating pad.
Electrode sets and cannula were fixed to the skull surface with two stainless steel screws and dental cement.
Cannula was attached to the sloping side of the skull; muscular tissues were carefully displaced avoiding any
incisions and bleeding. The plastic part of cannula was covered by dental cement and strongly stuck to the bone.
Rats received a 0.1-0.2 mg/kg i.m. injection of 0.324 mg/ml buprenorfinehydrochloride (Temgesic®, Reckitt and
Colman Products, Kingston-Upon-Hull, UK) for postsurgery analgesia immediately after completion of surgery.
Daily cleaning of wounds with iodine solution prevented inflammation. Body weights were daily monitored,
recording sessions began after the recovery period of 10—-18 days when body weighs were restored.

Experimental design

Two successive unilateral injections were made into the Sml: 1 pl of 2% lidocaine HCI and 1 pl of 0.9%
NaCl. A Hamilton syringe (2 ul capacity) was used for injecting, the syringe itself was fixed into a mechanic
holder so as its piston was set into motion by turning the holder-screw. One full turn of the screw displaced the
piston in such a way that 0.025 Al was released, so liquids were injected steadily with a very slow speed (0.5-0.7
pl/min). The injection needle (outer diameter: 0.4 mm) fitted well to the guide cannula and was connected with the
Hamilton syringe via a flexible plastic tube. The needle went 1.5 mm out the inner tip of the cannula at the time of
injections. The tip of the guide cannula was placed just above the dura mater and did not penetrate the cortex.
Chosen volume of injections (1 ul) and low speed were small enough to keep cortical tissue out of any mechanical
damage due to volume displacement [Demer and Robinson, 1982]. At the same time, 1 pl of 2% lidocaine was
sufficient for local deactivation of neuronal activity. Being injected in this volume, 2% lidocaine is known to
produce a reversible reduction of synaptic activity during 40-60 min [Burton and Robinson, 1987; Martin and
Ghez, 1999].

The period between two successive injections was 7—10 days. In 7 out of 13 rats, lidocaine was injected first;

in other six animals, saline was injected prior to lidocaine. The order of injections (saline/lidocaine or
lidocaine/saline) was taken into account as a factor in the ANOVA.
EEG was recorded in free moving rats in a noise-isolated Faraday cage. Subjects were placed into Plexiglas
recording cages (25 X 30 cm width, 35 cm high) at least half an hour before onset of EEG recordings. A few days
before experiments, baseline EEG was recorded for 2 hours in all subjects. At the time of experiments, the EEG
was recorded 1 h before and 2 h after injection. The experiments were performed during the middle and later hours
of the dark period, when incidence of SWD is known to higher [van Luijtelaar and Coenen, 1988].

EEG recording and analysis

The EEG signals were fed into a multichannel differential amplifier via a swivel contact, band-pass filtered
between 1-500 Hz, digitized with 256 samples per second and stored onto hard disk (Data Acquisition Hardware
and Software, DATAQ Instruments, Akron, OH). SWD were visually detected in the frontal EEG from the intact
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(left) hemisphere. SWD were defined as a characteristic train of sharp asymmetric large-amplitude spikes and slow
waves; the first and last spikes in a train were used as start and end points of SWD (Fig. 6.3B). SWD (type 1) were
detected using criteria described in the earlier reports [van Luijtelaar and Coenen 1986; Midzianovskaia et al.,
2001]. Number of SWD was first scored on the frontal intact cortex of the full-length EEG records, i.e., during 2 h
after the injection. Duration of SWD was determined also in the frontal intact EEG within the first hour after
injections (5—12 SWD per animal).

The number of SWD was corrected in respect to the amount of sleep, because it is known that SWD mainly
occur during drowsiness and light sleep [Drinkenburg et al., 1991; Coenen et al., 1992]. Duration of non-sleep
EEG was measured per 5 min intervals and used for computing the ‘coefficients of vigilance’. Uncorrected and
corrected data were analyzed independently. The number of SWD were summarized per 30 min periods after
injections and statistically analyzed using an ANOVA for repeated measures (with ‘Time’ and ‘Drug’ as within-
subject factors and the ‘Order’ of injection as a between-subjects factor). Neither the effect of the factor ‘Order’
was significant, nor the interactions, therefore, the factor ‘Order’ was removed from the ANOVA. The changes
over the 30 min blocks (lidocaine is expected to act temporarily) were analyzed with orthogonal trend analyses
(one-tailed).

In order to study whether lidocaine equally affected spike—wave activity in all four channels, SWDs were
also automatically detected in each recording channel based on the threshold value of slopes of spike of the SWD.
This method gave us 97% of hits (software was developed by P.L.C. van den Broek, NICI, Nijmegen University,
the Netherlands). The identification of SWDs in all four channels was performed in a period of 30 min, from 30 to
60 min after injection of 2% lidocaine, when the decrease in number of SWD was most pronounced. EEG epochs
of equal length and time after injection of saline served as a control.

Results were analyzed with an ANOVA for repeated measures; again, ‘drug’ and ‘location’ were used as
within subject factors, ‘Order’ of injection as a between-subjects factor.

A Hanning windowed Fast Fourier Transformation (FFT) was performed in order to study the changes in
power and spectral characteristics in EEG after lidocaine and saline injections in all four EEG channels during the
first hour after both injections. Computations of EEG power spectrum included periods of passive wakefulness (4 s
epochs, n = 13 rats, 10—15 per animal) and SWD (2 s epochs, n = 10 rats, 5-15 per animal). Total power of EEG
and power in the specific frequency bands (i.e., 0.5-4, 4-8, 812, 12-30 and 30-100 Hz) was statistically
analyzed. In these frequency bands, 0.5—4 Hz characterized slow—wave activity (characteristic for sleep), 4-8 Hz is
theta activity (characteristic of active wakefulness), 8—12 Hz band included main frequency of SWD (that is about
8—-10 Hz, Fig), 12-30 Hz beta waking EEG (in the case of SWD it contains the first and second harmonics (1620
and 24-30 Hz respectively). EEG power was statistically analyzed using two-tailed Wilcoxon paired test for
repeated measures (p < 0.05). A decrease in EEG power after lidocaine injections was used to estimate the
effectiveness of cortical deactivation.

RESULTS

All subjects showed numerous spontaneous SWD. SWD appeared as generalized 7 - 10 Hz discharges (Fig.
6.3). Wave component was predominant at the occipital cortex and spike — in the frontal cortex.
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Figure 6.3. Multichannel EEG record in baseline (spontaneous SWD are asterisked). Note amplitude differences between
channels.
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General changes in EEG after microinjections of 2% lidocaine

EEG pattern of SWD was disturbed shortly after administration of 2% lidocaine comparing to what was seen after
saline injections. Fig. 6.4 illustrates the EEG recorded immediately after saline and 2% lidocaine injections After
control injection, SWD occur with a normal periodicity and their EEG pattern was not distinguished from SWD in
control. After injection of 2% lidocaine, SWDs were eliminated and substituted by irregular oscillations which
appeared asynchronously in different EEG channels. These irregular oscillations no longer meet the criteria for
SWD and were no longer recognized with the automatic routine.

Effect of lidocaine in power spectrum of EEG during passive wakefulness and SWD

FFT-transformation of the EEG was used to access changes in the cortex induced by the local administration
of lidocaine. Averaged spectra from the four cortical sites were obtained during the state of passive wakefulness
and during SWD. In 10 out of 13 (77%) rats, injection of lidocaine resulted in significant decrease in total EEG
power as compared to saline. In these animals, deactivation of was considered to be significant and their EEG data
were used for statistical analysis.
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Figure 6.4. EEG recorded immediately after injections of saline (A) and 2% lidocaine (B) in the same animal. Outlined are the
first SWD after the injection of saline (A) and the first and latter irregular oscillations (B); these phenomena are shown on the
right with a higher time resolution. Note amplitude differences between EEG channels.

Averaged EEG power spectra of multichannel EEG data are presented in Fig. 6.5 (passive wakefulness) and
in Fig. 6.6 (SWD). The most significant decrease of EEG power was obtained in the Sml, near the injection site.
This area showed the most pronounced (1) dissimilarities in frequency distribution of spectral power (graphs 3 in
Figs. 6.5 and 6.6) and (2) reduction of total EEG power (p < 0.05 during passive wakefulness, p < 0.005 during
SWD, paired Wilcoxon test). The decrease in EEG power involved 8-30 Hz frequencies (in SWD and in passive
wakefulness). In the occipital cortex, during passive wakefulness (graph 4, Fig. 6.5), the reduction of the EEG
amplitude after lidocaine injection in 8-12 Hz was significant and during SWD - in 0.5-4 and 12-30 Hz (graph 4,
Fig. 6.6).

Table 6.1. The effect of intracortical microinjection of 2% lidocaine in the number of SWD (mean+S.E.M.)

Number of SWDs (uncorrected) Number of SWD (f:o_rrected for
the state of vigilance)
Saline (control) 2% lidocaine Saline (control) 2% lidocaine
Hour after injection 1-st 23.7+7.0 104+ 3.3 10.8+3.2 52+15
2-nd 24.3+57 11.1+2.8 75+£16 57+1.3
Sum for2 h 475+12.1 21.8+6.7 18.2+4.7 10.8+2.9
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Figure 6.5. Power spectra of EEG during passive wakefulness after local application of 2% lidocaine and saline (average of 10
rats). Stacked columns show distribution of power over frequency bands (saline injection are on the left and lidocaine - on the
right, asterisked are significant differences; Wilcoxon test for the repeated measures, p < 0.05). In the area surrounding the
injection site (graph 3), lidocaine injections resulted in significant decrease in power of 8—12 and 12— 30 Hz bands and in total
power. In occipital EEG (graph 4), power is decreased after lidocaine only in 8— 12 Hz.
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Figure 6.6. Power spectra of SWD as measured during the first hour after administration of saline and 2% lidocaine (n=8 rats).
After application of lidocaine, the total EEG power reduced in the SmlI surrounding the injection site (graph 3) and in the
occipital cortex (graph 4). In the Sml (graph 3), lidocaine injection caused reduction of spectral peak in ~9 Hz (corresponding
to fundamental frequency of SWD), in ~18 Hz (first harmonic) diminished, and in ~ 27 Hz (second harmonic). In other EEG

channels the changes in EEG power are less pronounced.
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Total power of SWD, as measured in left and right frontal EEG, after lidocaine and saline injections was the
same. Yet, SWD in the left intact hemisphere showed a less power in 12-30 Hz as compared to saline (this
corresponds to diminution of the first and second harmonics of SWD, e.g. ~18 and ~27 Hz, graph 1, Fig. 6.6).
SWD are known to differ from spiky oscillations or sharp sleep spindles by the presence of higher harmonics in
their EEG spectrum [Drinkenburg et al., 1991], suggesting that lidocaine caused greater impairment of pattern of
SWD at the intact hemisphere as compared to that in the injected side.

In all, power spectrum analysis showed that microinjections of 2% lidocaine in the Sml caused a local
reduction of EEG power in the area surrounding the injection site and partly in the occipital cortex. An effect in the
frontal EEG was very little. Cortical inactivation of the Sml with 2% lidocaine was successful and local.

Effect of lidocaine on the incidence of SWD

The mean duration of SWD in baseline was 5.8+2.1 sec (mean+SD). It neither significantly change after of
2% lidocaine injections (5.1+2.2 sec) nor and after saline injections (4.4£1.5 sec).

The incidence of SWD significantly reduced after lidocaine injections as compared to the effect of saline
(Table 1). The ANOVA of the number of SWD per hour revealed that lidocaine significantly reduced SWD for
both uncorrected (F(1,12) = 10.60, p<0.001) and for vigilance-corrected data (F(1,12) = 3.34, p<0.05). Effect of
the order of injections was not significant as well as the interactions ‘drug’ * ‘order’, suggesting that sequence of
injections did not influence the effect of lidocaine. The number of SWD was summed in four 30-min time blocks
in both uncorrected and corrected for vigilance datasets. In vigilance corrected data, orthogonal trend analyses
showed that the two groups differed in the linear trend component (Fy,(1,12) = 4.23, p<0.05). This demonstrates
that the changes over time were different for the two groups. From Fig. 6.7 (right panel) and the outcomes of the
statistical analyses, it became clear that the initial difference between lidocaine and saline is getting smaller over
time and tends to diminish.
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Figure 6.7. Time course of SWDs after injections of saline and lidocaine. The number of SWD is summed up in four
successive 30 min intervals (in total, 2 h after injections6 n = 12 rats, mean+=S.E.M.). In vigilance-corrected data, (B)
dynamics of SWD differs from that in control. Reduction of SWD is temporal; number of SWD gradually restore to the
control level at the end of the second hour after lidocaine injection.

The decrease in the number of SWD after lidocaine injection was temporal and lasted approximately one
hour as could be seen in the vigilance-corrected data (Fig. 6.7B). The number of SWD at the end of the second
hour after lidocaine injections did not differ from control.
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Figure 6.7. The number of SWD 30-60 min after lidocaine and control injections into the Sml (n = 12 rats, mean+S.E.M.).
SWD were scored automatically in each EEG channel independently.
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Although unilateral injection of 2% had a local effect in the Sml (reduction of EEG power was found in the
close vicinity to the injected site, but not in the remote areas) and affected generalized seizure activity, it might
have a different effect on SWD at different locations. To examine whether the reduction of SWD was local or
generalized, the number of SWD scored automatically and independently in four EEG channels. Analysis was
done in time interval 30-60 min after injection, when effect of lidocaine was the largest (Fig. 6.8). An ANOVA
showed that the factor ‘Order’ of injections (saline/lidocaine or lidocaine/saline) did not significantly affect the
number of SWD. ‘Location’ and ‘Drug’ were used as within-subject factors. Compared to saline, injections of 2%
lidocaine caused a significant decrease in number of SWD (F(1,11) = 4.2, p<0.05). Neither the factor ‘Location’,
nor interaction ‘Location’*‘Drug’ were significant.

Altogether, these data suggests that local deactivation of the Sml with 2% lidocaine affected generalized
seizure activity, reducing the number of SWD in all recording sites.

DISCUSSION

We have found here that unilateral local deactivation of the Sml in WAG/Rij rats caused a temporal
reduction of the number of generalized SWD in both hemispheres. Amount of SWD gradually restored at the end
of the second hour. In the majority of subjects (77%), unilateral injection of lidocaine effectively diminished total
EEG power (it mainly suppressed of higher frequencies) in the area surrounding the injection site (Sml). Spectral
features of SWD after lidocaine injections were essentially changed in the Sml and in occipital cortex, while,
changes in the frontal cortex were absent or minor.

Dynamics of SWD after control injection was significantly different from that obtained after application of
lidocaine. In the vigilance-corrected data, it was proven that reduction of SWD after lidocaine was temporal. After
saline injections, we saw slow decrease of SWD over time that corresponds to the circadian changes in the
appearance of SWD [van Luijtelaar et al., 1988; van Luijtelaar et al., 2001]. Experiments and EEG recordings
started during the middle and later hours of the dark period and in this circadian phase the number of SWD is
known to be maximal and decreases in the subsequent hours. Therefore, it seems that the dynamics of SWD in
case of the control injection just reflects the normal circadian distribution of SWD.

As known, local application of lidocaine reduced neuronal activity for 40-60 minutes [Burton and Robinson,
1987; Martin and Ghez, 1999]. This fits very well to the decrease in the incidence of SWD that we observed
during 1 hour after local deactivation of Sml with 2% lidocaine.

Interpretation of EEG power spectrum analysis of SWD

EEG power spectrum of SWD after injections of lidocaine have changed in the Sml and in occipital cortex;
in the frontal cortex changes were minimal. This could be explained by the differences in distribution of spike and
wave components in SWD over the cortex. As known, amplitude of the waves is high in posterior areas (occipital
cortex), whereas the spikes are maximum in the anterior areas (frontal cortex) [Midzianovskaia et al., 2001;
Sitnikova and van Luijtelaar, 2007]. Probably, a reduced power in 0.5-4 Hz in the Sml and occipital cortex
(graphs 3-4, Fig. 6.6) corresponds to the reduction f the wave component in SWD.

In the frontal EEG, lidocaine caused a decrease in harmonic frequencies in SWD (only in the intact
hemisphere). It is known that the high-amplitude regular spike component in SWD yields several peaks in power
spectra: one peak is in fundamental frequency (~9 Hz) and another peak in double frequency (the first harmonic,
~18 Hz) [Drinkenburg at al., 1991]. In addition to that, we have found the second harmonic (~27 Hz) in power
spectrum of SWD. Therefore, the reduction of the higher harmonics after administration of 2% lidocaine may be
interpreted as a slight modification of the spike component in SWD as recorded in the frontal cortex and in the
Sml. This effect was found in the intact hemisphere, but it was nearly absent in the injected hemisphere.

In the close vicinity to the injected site (in the Sml), EEG power spectrum of SWD displayed a decrease in
power of fundamental frequency (~9 Hz) and in beta frequencies (12-30 Hz, which includes the first and the
second harmonics, ~18 Hz and ~27 Hz) whereas power in 0.5-4 Hz did not change. This suggests that lidocaine
injections influenced the spike component in SWD, but the wave component was not affected. Altogether, changes
in power spectrum of SWD may reflect the impairment of the EEG pattern of SWD, in particular, the spike
component is modified in the frontal cortex and Sml and the wave component is reduced in the occipital cortex.

The role of the cortex in SWD

Deactivation of local cortical area in the Sml with unilateral administration of 2% lidocaine reduced the
amount of SWD at all recording sites, suggesting that this effect was generalized (i.e., global effect of the local
treatment). This is in line with analogous studies in GAERS (a rat model of absence epilepsy similar to WAG/R1j)
microinfusion of ethosuximide into the Sml of GAERS substantially decreased the number of SWD [Manning et
al., 2003; 2004], but injections in other cortical regions, in the ventrobasal thalamus and in the RTN resulted in
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less marked changes in number of SWD [Richards et al., 2003]. Another finding in GAERS disagrees with our
results [Brailowsky et al., 1999]: GABA, which was unilaterally infused into the fronto—parietal area of Sml,
blocked SWD for 24 hours only at the injected hemisphere, but at the contralateral (intact) side SWD were present.
Perhaps, Brailowsky et al., (1999) found this unilateral effect, because they injected of GABA relatively far from
epileptic zone (in the medial part of Sml). Here we observe full bilateral effect, because w injected lidocaine
directly to the focal epileptic zone in the perioral area of Sml [Meeren et al., 2002]. It could also be that lidocaine
had a stronger effect in neuronal activity as compared to GABA: as known, lidocaine completely blocks sodium
channels and prevent neurons from generating epileptic bursts [Tehovnik and Sommer, 1997; Burton and
Robinson, 1987]. In order to disclose a particular role of the Sml in SWD, it is worth to inactivate different cortical
sites and record electrical activity simultaneously in the cortex and thalamus.

Our study confirms that the Sml plays a crucial role in initiating of SWD. This is in agreement with
neurophysiological, pharmacological and fMRI studies in rat model of absence epilepsy and in human patients. In
GAERS, SWD are receded by specific thythmic EEG activity (‘embryonic SWDs’) which can be found in the
sensory cortex a few cycles before the manifestation of fully generalized seizures [Seidenbecher et al., 1998]. In
fMRI studies in rats, SWD were induced by gamma-butylolactone. It was found that all cortical areas expressed
negative BOLD response during SWD, but only the SmI showed a simultaneous positive BOLD response,
suggesting that this area exhibits a specific activity before and during spike—wave seizures [Tenney et al., 2003]. In
some patients with absence epilepsy, generalized SWD were shown to begin in the frontal neocortical area [Ferri
et al., 1995; Niedermeyer, 1996, Rodin et al., 1994]. Depth recordings showed that 3 Hz SWD were initially
located in the mesiofrontal cortex and rapidly propagated to the rest of the cerebral regions [Bancaud, 1969;
Holmes et al., 2004]. Taken together, these data strongly suggest that SWD in rats have a primary neocortical
source at the somatosensory cortex (in humans this source is likely to be located at the frontal cortex) that lead the
thalamus and result in generation of rhythmic discharges in the cortico—thalamo-cortical loop; some clinical data
are in agreement with this idea.

Rhythmic activity in the Sml (somatosensory rhythm) as probable substrate of SWD

The perioral region of the Sml seems to be endowed by is specific neuronal mechanism that could be
responsible for generation of SWD in rodent models of absence epilepsy. Sml produces physiological oscillations
in the frequency domain of SWDs (7-12 Hz) [Ritz and Sejnowski 1997; Ahissar et al., 1997], so called
somatosensory rhythm [Nicolelis et al., 1995; Nicolelis and Fanselow 2002]. This rhythm appears as result of
synchronous firing activity of the ‘intrinsically bursting’ (pyramidal) cells and inhibitory interneurons [Silva et al.,
1991]. Somatosensory rhythm in rodents originates from the cortex: local injection of muscimol (GABAa-agonist)
into the vibrissal region of the Sml abolishes 7-12 Hz oscillations and bursting activity in the cortex and in the
ventroposteromedial thalamic nucleus (VPM) [Nicolelis and Fanselow 2002]. In rodents, somatosensory
oscillations launch rhythmical movements of tactile organs, vibrissae, and trigger ‘whisking’ activity [Ahissar et
al., 1997; Semba and Komisaruk, 1984; Nicolelis et al., 1995; Nicolelis and Fanselow 2002].

There are a number of similarities between somatosensory rhythm and SWD:

(1) the same frequencies 7—12 Hz;

(2) the same trigger site in the area of perioral projections in the Sml [Meeren, 2002; Nicolelis et al., 1995];

(3) the same temporal dynamics: they begun into the sensory cortex and within a few milliseconds spread over the
cortex, the thalamus and other corresponding subcortical structures [Meeren, 2002; Nicolelis et al., 1995].

(4) both of them are developed in the thalamo-cortical system and involve somatosensory thalamus, in particular,
the ventroposterior complex of the thalamus [Inoue et al., 1993; Nicolelis et al., 1995; Vergnes et al., 1987;
Seidenbecher et al., 1998];

We share the ideas of Wiest and Nicolelis (2003) that transformation of the 7-12 Hz rhythmic activity to
SWD may emerge only in rodents with predisposition to absence epilepsy. In WAG/R]j rats, serious genetically
predetermined changes in neuro—molecular mechanisms: protein and enzyme synthesis, properties of ion channels
and membrane, neurotransmission and neuromodulation etc. [reviewed by Coenen and van Luijtelaar (2003)] may
underlay an increased cortical excitability, deficit of inhibition and, finally, they may be responsible for a
transformation of 7-12 Hz somatosensory oscillations into hypersynchronous generalized SWD.

Our data fit to the ‘cortical focus’ theory of generalized absence seizures [Meeren et al., 2002; 2005]. We
add that oscillatory activity in the perioral area in the Sml plays an important role in pathophysiology of absence
seizures. Normal oscillatory pattern in this area represents somatosensory rhythm in nonepileptic rodents and it can
be modified in epileptic rat strains and give rise to spontaneous SWD. Generally speaking, the role of the
neocortex in generalized absence epilepsy seems to be more important than previously assumed.
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Chapter 7

The current thesis examines two forms of thalamo-cortical oscillations: naturally occurring sleep spindles
and paroxysmal spike-wave discharges (SWD, absence seizures). These oscillations are generated in a neuronal
circuit formed by the neocortex, the specific thalamic and the reticular thalamic nuclei [Steriade and Deschenes
1984; Steriade et al., 1993; Steriade, 2003; Avanzini et al., 1996; Kostopoulos, 2000; Destexhe and Sejnowski,
2001]. The minimal substrate accounting for spindle oscillations is specific neuronal interaction between thalamic
reticular and relay cells; sleep spindles can still be generated even if these neurons are disconnected from the
cortex and from the remaining thalamus [Steriade and Deschenes 1984; Destexhe and Sejnowski 2001; Steriade,
2005]. Sleep spindles are characteristic EEG hallmarks of sleep stages I-II. Similar to sleep spindles, SWD
preferentially occur during drowsiness and light slow-wave sleep [van Luijtelaar and Coenen, 1986; Drinkenburg
et al.,, 1991] but, in contrast to sleep spindles, SWD have a cortical origin [Niedermeyer, 1996; Meeren et al.,
2002; 2005; Polack, 2007]. SWD are generated in local cortical foci and they rapidly became generalized,
spreading over the cortex and other structures throughout intracortical (ipsilateral and callosal) pathways and
descending projections [Steriade and Amzica, 1984; Lemieux and Blume, 1986; Sitnikova and van Luijtelaar,
2006]. On the other hand, thalamic neurons are implicated in generating of SWD [e.g., Avanzini et al., 1992; 2000;
Blumenfeld, 2002; Buzsaki et al., 1988; Buzsaki, 1991]. Cortex and thalamus certainly play an important role in
both sleep spindles and SWD, but functional aspects of cortico-thalamic interactions are still not fully understood.
This thesis (1) elaborates cortico-thalamic network mechanisms of sleep spindles (including anterior and posterior
spindle types) and SWD (including initiation, propagation and cessation of seizures); (2) critically evaluates the
cortico-reticular theory of absence epilepsy in respect to the relationship between sleep spindles and SWD [Gloor,
1968; 1969]; (3) examines basic EEG parameters of SWD and SWD-precursor activity in the cortex and in the
thalamus and (4) provides evidence in favor to a ‘cortical focus’ theory of absence epilepsy, which states that the
somatosensory cortex (Sml) initiates SWD [Meeren et al., 2002].

SLEEP SPINDLES in WAG/RIj rats

Issue 1. EEG analysis of sleep spindles: similarities and distinctions between anterior
and posterior sleep spindles

Chapter 2 focuses on sleep spindles occurring in the EEG during natural sleep in WAG/Rij rats. The
general outcome is that sleep spindles appear in frontal and occipital EEG channels independently, suggesting that
our rats exhibit two ‘area-specific’ types of sleep spindles that is similar to humans.

In humans, sleep spindles are topographically distinctive. 12 Hz sleep spindles appear in the frontal cortex
and 14 Hz spindles - in the central and parietal areas [Jankel and Niedermeyer, 1985; Jobert et al., 1992; Werth et
al., 1997; Zygierewicz et al., 1999; Anderer et al., 2001]. Basic mechanisms of sleep spindles in humans and in
animals are principally the same, but a topographical distribution of sleep spindles in animals is less well or even
poorly explored. To our knowledge, the only systematic study of spindle topography has been performed in Wistar
rats uH Terrier and Gottesmann (1978) and Gandolfo et al. (1985). In these two papers, the authors distinguish
between anterior and posterior sleep spindles, which is later confirmed in WAG/R]j rats [van Luijtelaar, 1997].

= Anterior sleep spindles (~10.6 Hz) have maximum in the frontal region and they are less intensive (or
absent) in the posterior area. They appear immediately after the onset of sleep, and their number, duration and
amplitude increase as sleep deepens. Anterior spindles are fully developed during the intermediate state, where
they are associated with theta rhythm in the hippocampus and in the occipital cortex.

= Posterior spindles (~12.4 Hz) are predominant in the occipital region, they are less pronounced in parietal
area and not present in the frontal cortex. Posterior spindles are unique for the slow-wave sleep. As compared to
anterior spindles, they are less frequent, have significantly lower amplitude, higher frequency and shorter
duration.

The aforementioned is in agreement to what we find in our subjects, the WAG/Rij rats (Chapter 2.1):
anterior and posterior spindles are local phenomena. Anterior spindles are more numerous than posterior spindles;
the former have a higher frequency (~11 Hz versus ~ 10 Hz) and a longer duration (Table 2.1). The discrepancy
concerns the frequency of posterior spindles ~ 10 Hz that is lower than that described in Wistar rats ~ 12.4 Hz
[Terrier and Gottesmann, 1978]. It is possible that this lower spindle frequency is related to the fact that WAG/Rij
rats are suffering from absence epilepsy. Epileptogenic processes may influence oscillatory patterns of electrical
brain activity and, consequently, the EEG properties of sleep spindles in WAG/Rjj rats are slightly changed.

The significant differences between two topographically distinctive spindle types (anterior and posterior
spindles) contradict to the results obtained in vivo in cats [Destexhe et al, 1999; Destexhe and Sejnowski, 2001].
The spatial consistency in cortical sleep spindles in cats is found to be very high, e.g., sleep spindles appear
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simultaneously over large neocortical territories. However in rats, there are regional differences in the distribution
of EEG power sleep spindles over the cortex during natural sleep [Mackenzie et al., 2004]. In the fronto-parietal
areas, sleep spindles have a maximal power, whereas power in the occipital cortex and in subcortical structures is
moderate or low. In fact, spindle activity in the fronto-parietal area may correspond to our anterior spindle type.
All authors, however, did not distinguish posterior spindles as independent phenomena, probably because posterior
spindles occur less frequently and have less power as compared to anterior sleep spindles.

The total power of anterior sleep spindles as measured in the frontal cortex is higher than the total power of
posterior sleep spindles in the occipital cortex. Amplitude differences between occipital and frontal EEG are also
found in the pre-spindle epochs. The amplitude of the frontal EEG signal is 2.5-3 times higher than the amplitude
of the occipital signal. This difference may be accounted for the neuronal composure of these two areas in the
neocortex. The frontal (motor) area is distinguished from other areas by the presence of large pyramidal cells in
layer V (e.g., Betz cells in M1). These neurons have large electric dipole moments, and they are capable to
generate high-amplitude fluctuations of field potentials. The occipital (visual) cortex contains regular-sized
pyramidal cells, in which dipole moments are smaller, therefore, field potentials in this area have a lower
amplitude [Lopes da Silva and van Rotterdam, 1982].

From pre-spindle activity to sleep spindles

No significant differences between periods immediately prior to anterior and posterior spindles (pre-spindle
activity) are detected in (Chapter 2.1), neither in EEG waveform nor in EEG power spectra. However, the
transition from pre-spindle EEG to anterior and to posterior spindle types is associated with different frequency
modulation.

Analysis of power density in the selected frequency bands reveals the following differences between sleep
spindles and pre-spindle epochs (Fig. 2.6):

= Both types of sleep spindles have higher power in a/pha band, as compared to pre-spindle epochs.

= Anterior spindles are accompanied by a broader increase in power densities in the frontal cortex
(alphay,,+alphayg, €.g., 9-12 Hz), in the VPM (delta+theta+alpha,,) and in the RTN (delta).

= Posterior spindles are characterized by an increase in alphay,, (9-10.5 Hz) and by a decrease in delta in the
occipital cortex, whereas no significant changes are found in the thalamus.

Alpha band is divided in two sub-bands: alphay,g, that comprise the mean frequency of anterior spindles
(~11 Hz) and alpha,,, that comprise the mean frequency of posterior spindles (~10 Hz). In anterior spindles, an
increase in alphayg, is locally found in the frontal cortex, whereas an enhancement of alpha;,,, is detected in the
frontal cortex and in the VPM. It seems that the VPM readily sustains alphaj,,, but not alphay,g, suggesting that
fundamental EEG frequency of anterior spindles (in the range of alphay,) might be reinforced in local neuronal
circuits in the frontal cortex. Similarly, posterior spindles are only accompanied by an increase in alphay,,, (9-10.5
Hz) in the occipital cortex, but not in the frontal cortex or thalamus. This suggests that posterior spindle activity
(~10 Hz) is maintained by local neuronal circuits in the occipital cortex and that these circuits hardly interact with
the investigated parts of the thalamus (VPM and RTN).

Only anterior spindles, but not posterior spindles, are accompanied by an elevation of delta(theta) activity in
the thalamus. It seems that, during anterior spindles, thalamic and cortical neurons stay in different oscillatory
modes. Thalamic neurons generate field potentials with more powerful delta(theta) frequency components (see
below), but cortical neurons (in the frontal cortex) are prone to sustain oscillations in alpha band. It is known that
the cellular mechanisms of spindle generation are different in the thalamus and the cortex (e.g., intrinsic currents,
membrane properties, propensity of neurons for burst firing, neuronal network processes), resulting in differences
between frequency composition of thalamic and cortical counterparts of spindle types.

The role of delta activity in two spindle types

In the cortex, the power spectra of both spindle types show, besides ~10 and ~11 Hz peaks (Fig. 2.2A, B),
protruding and additional peaks in the delta range. The power spectrum of anterior spindles reveals two prominent
peaks in 1 Hz and in 11 Hz and their relative amplitude is 0.7 : 1. In posterior spindles, the peaks are centered in 1
and 10 Hz with nearly equal amplitude, i.e., 1 : 0.95.

In the thalamus, both spindle types display a relatively large delta component (Fig. 2.2C), although power in
delta band in anterior sleep spindles is higher than in posterior spindles (Fig. 2.5B). The neuronal mechanism of
the delta-component in thalamic spindles is obscure. It is well known that thalamo-cortical neurons can produce
sustained oscillations (either delta or spindle waves) due to the interplay of two hyperpolarization-activated
currents, I, and I; [Steriade, 2001; 2003; 2005; Destexhe and Sejnowski 2001]. The degree of hyperpolarization of
these neurons is determined by GABA-ergic inhibitory inputs from the RTN. Thalamo-cortical neurons generate
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clock-like delta if they are hyperpolarized below -70 mV and generate sleep spindles at membrane potentials
between -55 and -65 mV [Nunez et al., 1992; Steriade, 2005]. This scheme implies that sleep spindles (i.e.,
oscillations with alpha frequency) and delta activity are mutually exclusive. However, we found that delta in the
thalamus coexists with spindle (alpha) activity in the cortex. Unfortunately, this could not be interpreted using the
above mentioned scheme.

Probably, some thalamic neurons may be hyperpolarized enough to produce local thalamic delta oscillations,
while other cells are involved in thalamo-cortical neuronal networks producing sleep spindles. Therefore sleep
spindles are present in the cortex simultaneous with delta in the thalamus. Alternatively, thalamic delfa during
cortical sleep spindles can be brought up by yet unknown neuronal mechanisms, which differ from that underlying
clock-like thalamic 1-4 Hz delta.

Cortical spindle oscillations are not merely a fingerprint of the electrical activity in the thalamus
(results of power spectrum analysis)

The current thesis is focused on two thalamic nuclei, the ventroposteromedial and reticular thalamic nuclei
(VPM and RTN). These nuclei are known to be intimately involved in the generation of sleep spindles [Spencer
and Brookhart, 1961; Morin and Steriade, 1981; Steriade, 1993, 2003, 2005; Steriade and Llinas, 1988]. As far as
the electrical activity in the thalamus during sleep spindles is concerned, data in animals are scare and are almost
completely absent in humans, because intracranial recordings are not easily available as they are highly invasive.

In Chapter 2 we measured and analyzed sleep spindles in the VPM and RTN. It is surprising that spindle
activity is poorly visible in the VPM and RTN, whereas simultaneous spindle oscillations are pronounced in the
cortex. We use the principle of Lopes da Silva and van Rotterdam (1982 and 1987; Lopes da Silva, 2002) to
explain why local sleep spindles cannot be easily recorded in the thalamus (discussed on page 28). But, we still
conclude that the thalamus (VPM and RTN) are involved in anterior sleep spindles, because in the cross-spectrum
‘thalamus-frontal cortex’ during sleep spindles we see synchronization in alpha band. Differences in total power
between anterior and posterior sleep spindles are found in the cortex, but they are not present in the thalamus.
Unfortunately, this analysis is not sufficient to define principal differences between two spindle types with respect
to the electrical activity in the VPM and RTN.

During spindle types, both thalamic nuclei (VPM and RTN) sustain substantial power in delta and theta
bands (Fig. 2.2A, B), while cortical spindles display a clear peak in ~ 10-11 Hz (Fig. 2.3). Similar results were
obtained by Mackenzie et al. (2004) in epileptic as well as in non-epileptic rats. These authors demonstrate that
thalamic structures express a relatively low power during sleep spindles as compared to fronto-parietal areas of the
neocortex, in the latter area sleep spindles have the largest power. This, by no means, discourages the role of the
thalamus in the genesis of spindle oscillations, but ‘for a structure to generate a rhythm it need not conceptually
follow that it contain high levels of power at the rhythm frequency’ [p.103, Mackenzie et al., 2004]. Altogether,
cortical spindle oscillations are not just a fingerprint of the electrical activity in the thalamus.

Issue 2. Thalamo-cortical network mechanisms of anterior and posterior sleep spindles

In Chapter 2.2, we have measured associations throughout thalamo-cortical circuit in the frequency domain
(using cross-spectrum analysis) and in time domain (using cross-correlation analysis). A combination of EEG
frequency domain and time domain analyses have helped us to find mechanisms of functional integration and
segregation by which the thalamo-cortical system is able to maintain two separate types of sleep spindles. It is
found that anterior and posterior sleep spindles differ in respect to thalamo-cortical interactions: two spindle types
are generated in different oscillatory networks and distributed over different cortical areas.

Two types of sleep spindles are produced in different thalamo-cortical networks

A frequency-domain analysis of thalamo-cortical associations during anterior sleep spindles reveals a
strong coupling in the network [RTN] - [VPM] - [frontal cortex], with peak frequencies in 2-3 Hz, 8-10 Hz and 11-
12 Hz. The presence of 11-12 Hz peaks in cross-spectra ‘VPM-RTN’ suggests that the generation of spindle
rhythm requires a strong coupling between these structures. It is intriguing that anterior spindles show additional
peak associations in the thalamus in the 2-3 Hz band.

Posterior sleep spindles are characterized by weak associations between [RTN] — [VPM] — [occipital cortex].
It is notable that associations in ‘occipital cortex — RTN’ pair are centered in non-spindle frequencies (7.5-8 Hz),
suggesting that the RTN is not directly involved in the sustaining and propagating of posterior sleep spindles. In
posterior sleep spindles, a functional coupling between the occipital cortex and the thalamus (VPM and RTN) is
relatively weak, suggesting that the RTN plays an inconspicuous role in posterior sleep spindles.
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A time-domain (cross-correlation) analysis of anterior sleep spindles demonstrates correlations in the
network [RTN] — [vVPM+dmVPM] — [frontal cortex]; in posterior spindles correlations are detected [RTN] —
[dmVPM] — [occipital+frontal cortices].

It seems that a broad area in the VPM (vVPM+dmVPM) associates with a narrow area in the frontal cortex
in anterior sleep spindles and a narrow area in the VPM (dmVPM) associates with a broad area in the
frontal+occipital cortex in posterior spindles. The latter suggests that the dmVPM, rater than the vVPM, sustains
posterior sleep spindles.

The above mentioned analyses of effective connectivity (cross-correlation and cross-spectrum) parameters
of thalamo-cortical network functional associations do not imply that there are straightforward anatomic
connections between the investigated structures. The anterior sleep spindles are examined in the primary motor
area (Frl) in the frontal cortex. In this area, anterior sleep spindles show an amplitude maximum [Terrier and
Gottesmann, 1978], yet, there are no direct anatomic connections between this frontal cortical area and the VPM.
The Frl is innervated by the ventrolateral thalamus (VL, input from the cerebellum, mainly from the dentate
nucleus), ventromedial thalamus (VM, thalamic relay nucleus for pain and temperature pathways), posterior
thalamus (PO, higher order somatosensory relay nucleus), intralaminar nuclei including the centrolateral (CL) and
centromedial (CM) [Jones, 1985]. The VPM is a principle relay thalamic nucleus (as a relay nucleus, it consists of
thalamo-cortical neurons which are known to trigger sleep spindle sequences and send them to the corresponding
cortical areas). The VPM is a relay nucleus, it receives trigeminothalamic terminals and projects to the prime
somatosensory cortex (Sml). Noteworthy, both the frontal cortex and the VPM have dense bidirectional
connections with the Sml [Welker et al., 1984; Neafsey, 1990]. Considering the anatomic aspects of the
investigated thalamo-cortical system, the Sml links the VPM and the frontal cortex, thus providing functional
connectivity in this oscillatory neuronal network.

The posterior spindles are most intensive in the secondary visual area in the occipital cortex (Krieg’s area
18A or Oc2L). This area has reciprocal interconnections with the visual thalamus, mainly with the high-order
lateral posterior (LP) thalamic nucleus [Jones, 1985 and 2006]. It is also densely innervated by various cortical
areas, including the Sml [Kolb and Walkey 1987; Kolb, 1990]. Throughout the Sml, occipital zone Oc2L may co-
operate with the dmVPM, yet, with two synaptic delays.

In both spindle types, the RTN strongly associates with the VPM. It is now well accepted that neurons in
the RTN are able to initiate sleep spindle activity [e.g., Steriade and Deschenes 1984; Destexhe and Sejnowski
2001; Steriade, 2005]. Our study adds that the RTN may be differently involved in distributing two spindle types
over the cortex. It is yet not possible to identify anatomic pathways that distribute anterior and posterior sleep
spindles throughout the brain.

The cortical areas, in which we analyzed local spindle activity, receive multiple thalamic inputs (it is
discussed above) and therefore, sleep spindles might be delivered to the cortex from several different sources. In
addition to that, sleep spindle oscillations might spread over the cortex via dense intracortical afferents. It seems
that the distribution of sleep spindles is governed by high order functional interactions in thalamo-cortical and
cortico-cortical neuronal networks. For example, the frontal cortex (the area of anterior spindles) receives direct
input from the motor (ventrolateral) thalamus and indirect input from the VPM via somatosensory cortex (Sml).
Occipital cortex (the area of posterior spindles) receives afferents from the visual part of specific thalamus and
from other cortical areas, including the Sml, therefore, it indirectly cooperates with specific thalamic nuclei (e.g.,
dmVPM).

A notable difference between the dmVPM and vVPM in respect to their anatomic connections and
physiological functions may underlie the existence of different oscillatory neuronal networks, and
correspondingly, different types of local spindle activity (it is discussed below).

Two poles of the VPM (dorsomedial and ventral) sustain different spindle types

Anterior and posterior sleep spindles are not equally propagated over the VPM. The dorsomedial part of
the VPM (dmVPM) exhibits more theta, especially during anterior sleep spindles, while the ventral part (vVPM)
has more alpha, especially during the presence of posterior sleep spindles. In anterior spindles, analysis of cross-
correlations showed significant associations between the VPM (both dm- and vVPM) and the frontal cortex, but in
posterior spindles, only between the dmVPM and the occipital cortex. This suggests that the vVPM is preferably
involved in anterior sleep spindles and the dmVPM in both type sleep spindles.

As known, the VPM is a somatosensory nucleus of the specific part of the thalamus that receives
projections from head and vibrissae [Jones, 1985 and 2006; Sherman and Guillery, 2006]. In rodents, this nucleus
is organized in a somatotopic manner and it is divided in two parts corresponding to different sensory pathways
[Yu et al., 2006; Pierret et al., 2002]: (1) lemniscal pathway, ascending through the dorsomedial sector (dmVPM)
and (2) a recently discovered extralemniscal pathway that ascends through the ventrolateral sector of the VPM
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(vVPM). Both dmVPM and vVPM project to the Sml. The vVPM (the extralemniscal pathway) conveys to the
cortex signals of contact ‘touch’ (these signals are used for localizing an object, e.g., ‘where’-information).
CORTEX
posterior anterior spindjes
spjggles

f

Figure 7.1. Anterior and posterior sleep spindles invade different poles of the VPM (dmVPM and vVPM). The dmVPM and
vVPM belong to a system of trigeminal projections, e.g., lemniscal and extralemniscal pathways correspondingly. Lemniscal
and extralemniscal afferents convey different information and ascend to the somatosensory cortex (Sml). During sleep,
lemniscal and extralemniscal pathways may be involved in distributing sleep spindles originating from the VPM to the cortex.
Anterior sleep spindles are delivered to the cortex (Sml) by lemniscal and extralemniscal afferents and are further distributed
intracortically in frontal direction; posterior spindles are delivered by lemniscal afferents and spread occipitally (the figure
modified from Yu et al., 2006: DOI: 10.1371/journal.pbio.0040124.g005. Authors’ abbreviations: extra - extralemniscal
pathway; para - paralemniscal pathway; VPMvl — ventrolateral pole of the VPM (= vVPM); VPMdm — dorsomedial pole of
the VPM (=dmVPM); POm — posterior nucleus of the thalamus, medial part).

The dmVPM (the lemniscal pathway) conveys complex signals combined ‘whisking+touch’ (these signals
are involved in identification of objects and carry on ‘what’-information). Extralemniscal and lemniscal pathways
appear to be trigeminal analogs of the neospinothalamic and dorsal column—lemniscal pathways respectively.
These pathways have targets in different layers in the Sml and in other cortical areas thus comprising different
sensory-motor loops at different levels of brain hierarchy [Kleinfeld et al., 1999; Yu et al., 2006]. This functional
segregation of dorsomedial and ventral compartments in the VPM (corresponding to extralemniscal and lemniscal
systems) raises the possibility that, during sleep, dmVPM and vVPM also keep this functional independency and
may be involved in different spindle-producing loops, thus producing slightly different spindles (Fig.7.1).
According to our analysis, anterior sleep spindles invade both dmVPM and vVPM, therefore, they may be
delivered to the cortex by lemniscal and extralemniscal afferents and further distributed over the cortex in the
frontal direction. Posterior spindles, which mostly involve the dmVPM, may be delivered to the cortex through
lemniscal pathway and spread occipitally.

The present thesis is focused on the role of the VPM in two spindle types, but, eventually, there are other
relay nuclei in the thalamus that may be involved in the production of sleep spindles and distributing them to the
corresponding cortical areas (dotted circles in Fig. 7.2). In particular, there are ‘first order’ and ‘high order’
thalamic relay nuclei [Sherman and Guillery, 2006], which can be distinguished in respect to its role in spindle
activity. ‘First order’ thalamic relay nuclei (i.e., the ventral posterior nucleus, including the VPM, for the
somatosensory system and the lateral gemiculate nucleus for the visual system) consist of classical thalamo-
cortical cells that reciprocally interconnect with the primary cortical areas. ‘First order’ thalamic relay neurons are
involved in the initiation and propagation of sleep spindles. It is likely that the lateral geniculate nucleus, which
innervates the primary visual zone in the occipital cortex (Ocl) [Kolb and Walkey 1987; Kolb, 1990], plays a
principle role in posterior spindles. Involvement of ‘high order’ thalamic relay nuclei in sleep spindles is not easily
perceived. These nuclei (i.e., the posterior nucleus (PO) for the somatosensory system [Yu et al., 2006] and the
pulvinar for the visual system [Jones, 2006]) have diffuse projections to the primary and other cortical areas
[Sherman and Guillery, 2006]. All thalamic relays receive feedback from layer VI of the cortex, but the ‘higher
order’ relays receive an additional input from layer V of cortex. Generally speaking, the ‘higher order’ thalamic
relays represent a key link in cortico-thalamo-cortical network associations [Sherman and Guillery, 2006] and,
therefore, these nuclei may be in greater extent involved in synchronization and generalization of thalamo-cortical
oscillations (sleep spindles and SWD).
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We hypothesize that both first and high order relay thalamic nuclei are involved in the propagation of
sleep spindle oscillations. Other structures, which are known to be involved in synchronization and maintenance of
neuronal oscillations, e.g., intralaminar thalamic nuclei and the brain stem reticular formation [Glenn and Steriade,
1982; Seidenbecher and Pape, 2001], may also play a role in spindle activity. The future analysis, such as
investigation of spatial distribution of spindle activity with the aid of cortical and subcortical maps of sleep
spindles that can be plotted using electrophysiological optical imaging techniques, functional imaging studies
(PET, fMRI), electrocortical stimulation etc, should provide convenient information about network mechanisms
underlying topographically distinctive sleep spindles.

SWD in WAG/Rij rats (average EEG waveform analysis)

Chapter 3 elucidates two types of spike-wave paroxysms, e.g., generalized SWD 1 (the true absence
epileptic discharges) and local occipital SWD II (which have no clinical correlate) [van Luijtelaar and Coenen,
1986]. Grand average EEG waveforms of SWD I and SWD II are examined in Chapter 3.1. In this Chapter, we
report on a statistical analysis and comparison of electroencephalographic features of SWD I and SWD 1I in
spatially and functionally segregated parts of the cortico-thalamic system. The major achievements are the
following:

= Archetypal patterns of SWD I and SWD II are rendered by computing grand average EEG waveforms in
cortex and thalamus (Fig. 3.4).

= Electroencephalographic pattern of SWD in WAG/Rij rats resembles spike-wave activity in humans. SWD I
and SWD II in our subjects comprise a sequence of elements, similar to elements in spike-wave complexes as
has been described in patients with absence seizures [Weir, 1960].

= SWD I comprise different set of epileptiform elements in the frontal and occipital cortex and in the
thalamus, suggesting that SWD I has an area-specific EEG pattern.

=  SWD II are localized in the occipital cortex and hardly involve the frontal cortex and the investigated nuclei
in the thalamus.

= In SWD I, the waveform and amplitude is changed from the beginning to the middle stage of seizure train.
These dynamic changes are area-specific. In the frontal cortex and in the thalamus, SWD I show moderate
changes in amplitude, but virtually no changes in the waveform. In the occipital cortex, the waveform of SWD I
is completely changed.

SPIKE-WAVE DISCHARGES in WAG/Rij rats
Issue 3. Electroencephalographic features of SWD

Issue 3(1). EEG profiles of SWD type | and type Il in WAG/RIj rats

Chapter 3.1 demonstrates that SWD I are generalized, e.g. they are well pronounced in the frontal cortex
and in the thalamus, in contrast to the local SWD I, which is merely expressed in the occipital cortex and hardly
seen in the fronto-parietal cortical areas and in the thalamus (Fig. 3.1) [Sitnikova and van Luijtelaar, 2007].
Electroencephalographically, SWD I and SWD II represent multi-phasic negative-positive-negative potentials
composed by epileptiform elements analogous to the components of spike-wave complex identified in human EEG
[Weir, 1965], such as Spike 1 (Sp1), Spike 2 (Sp2), positive transient (PT) and Wave.

SWD I: characterization of cortical field potential

In Chapter 3.1 it is found that SWD I appear in the fronto-parietal cortex as three-phasic potentials
consisting of the early positive transient (PTc.y), the high-voltage negative Spike 2 and the late positive
component PTy,.. The shape and magnitude PT.,., varies across seizures, across channels and across animals, is an
inconsistent element. So, frontal SWD I represent a sequence of (PTeuy) — Sp2 — PTiye. Possible neuronal
correlates of epileptiform components of SWD are discussed below.

1) Neuronal processes

Several electrophysiological studies aim to explore neuronal correlates of spike-and-wave seizures. First,
Pollen (1964) using intracellular recordings demonstrates that the ‘spike’-component is associated with neuronal
firing, whereas the ‘wave’ is associated with a hyperpolarization of neurons, suggesting an active role of
inhibition. A large body of experimental studies yield the same results confirming that cortical and thalamic
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neurons produce prolonged firing bursts during the ‘spike’-component in EEG (local field potential) and are silent
during the ‘wave’ [e.g., Steriade, 1974; Avoli et al., 1983; Buzsaki et al., 1988; Inoue et al., 1993; Seidenbecher et
al., 1998].

Here we intend to disclose the neuronal mechanisms of a sequence of epileptiform elements in the frontal
SWD I (PTeaiy— Sp2 — PTiae) with regard to a comprehensive study of Kandel and Buzsaki (1997), in which they
combined recordings of single unit activity and electrical field potentials during high-voltage spike-wave
discharges '. Their study suggests that the abovementioned epileptiform elements can be a manifestation of
excitation-inhibition processes taking place at different cortical layers. Furthermore, the authors distinguished
three putative neuronal sources or dipoles (Fig. 7.2).

A. SWD | in WAG/Rij rats B. Spike-and-wave complexes
(neuronal sources of electrographic seizure elements) in humans
spike - SWD I - beginning
_ — SWD I - fully grown
i;:"_'i:;:r‘(} 997 L wave aicd sz._w

......

:

123

A Superficial

:ﬁg", layers
i

// Layer IV —

L ——— 1%

PT (early positive component)
™~ is induced by the dipole (1)
17" superficial activation PT.Sp2, W

Spl,PT, Sp2
sp2 (high-voltage negative
component) is induced by

the dipole (2) =
_ 2 activation of layer IV Separate /\ v
Elemenis 5’1\1 [\
Deep layers wave (late negative of the U
—\ component) is induced by Complex * Wiy 10E5
_— 3 ) the dipole (3) ‘

activation of deep layers

Figure 7.2. Details of electrical field potentials recorded during spike-wave seizures in the awake rat (A) and in human
patients (B, adopted from Weir, 1965). A. Correspondence between local field potential at the different cortical layers of the
somatosensory cortex (adopted from Kandel and Buzsaki, 1997) and archetypal SWD I obtained at the fontal cortex (own
data, epidural recordings). Kandel and Buzsaki (1997) distinguished three putative dipoles contributing to local field potentials
in SWD I (this generalized seizure type referred by the authors to as ‘high-voltage spindles’, HVS): dipole 1 is early surface-
positive component may render PTe,yy; dipole 2 is a maximum negative potential in layer IV that may result in Spike 2; and
dipole 3 is a delayed surface-negative component may yield the Wave. B. High variability of epileptiform elements in spike-
wave complexes in humans complexity of underlying cortical neuronal dipoles. For example, dipole 2 that brings along the
Spike 2 may be more or less pronounced and, in some EEG channels, even absent.

It seems that each dipole corresponds to individual epileptiform (Weir’s) elements in SWD I (in Chapter 3.1 and
in [Sitnikova and van Luijtelaar, 2007]). In particular,

= Dipole 1 represents simultaneous excitation of neurons in superficial cortical layers and gives rise to an early
surface-positive component, e.g. the PT,qy as recorded at the cortical surface.

= Dipole 2 derives from layer IV and corresponds to a sharp high-amplitude surface-negative component
(Spike 2).

= Dipole 3 is a delayed surface-negative component elicited by co-activation of neurons in deep cortical layers
that might correspond to the Wave component.

2) Synaptic processes

In Chapter 4.2, we present a cortical neuronal model that simulates local field potentials during SWD 1
(when it stays in SWD-mode, Fig. 4.10). The model contains a neuronal network with both feedforward and
feedback loops, GABA interneurons and pyramidal cells with AMPA-ergic excitatory and inputs from the
thalamus [Sargsyan et al., 2007]. The results of various simulations have helped us to disclose synaptic processes

! experiments were performed in WAG/Rij rats (66 rats), in the F1 cross of Fischer 344 and Brown Norway rat strains (8 rats).
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underlying occurrence of epileptiform elements in SWD 1 (Table 7.1). In particular (Fig. 4.11), the model
demonstrates that the negative spike component (‘Spike 2’ in terms of Weir) reflects excitatory response of
pyramidal cells elicited by AMPA-ergic the thalamic input. The positive transient is a manifestation of AMPA-
ergic contacts between pyramidal cells (mutual intracortical excitation). Amplitude and the waveform of the wave
component is largely depends on GABA-ergic synaptic input to pyramidal cells, e.g. feed-forward inhibition from
the interneurons.

Table 7.1. Neuronal sources of epileptiform components in SWD.

Epileptiform components Neuronal sources of epileptiform components

Spike-wave complexes Analysis of neuronal sources and Neuronal model of field potential

SWD type |

(discharges . ) 2 sinks of spike-wave seizures in during SWD |
in humans 2 in WAG/RIj rats WAG/RIj rats 2 in WAG/Rjj rats *
Dipole 1:

Positive transient AMPA-ergic contacts between

PTeary simultaneous excitation of neurons . ; :
(PT) in superficial cortical layers neighboring pyramidal cells
Spike 2 Sp2 Dipole 2: Thalamic input to pyramidal cell
(sp2) P excitation of layer IV via AMPA synapses
Dipole 3: GABA-ergic feed-forward
Wave (late) Wave co-activation of neurons in deep inhibitory input from interneurons
cortical layers to pyramidal cells
! [Weir, 1965] 2 [Sitnikova and van Luijtelaar, 2007], 3 [Kandel and Buzsaki, 1997] * [Sargsyan et al., 2007], Chapter 4.2

3) The role of occipital cortex in SWD I

The occipital cortex does not seem to be actively involved in SWD I. The waveforms of SWD I in the
occipital cortex and in the thalamus are congruent (Figs. 3.3 and 3.4), suggesting that the occipital cortex simply
mirrors thalamic seizures and might play a role in propagation of spike-wave activity. Another characteristic
feature of occipital SWD I is the occurrence of atypical elements during the initial seizure cycle. These atypical
elements disappear in mature SWD 1. Probably, at the beginning of SWD I, the occipital cortex is not perfectly
integrated in the thalamo-cortical oscillatory loop. In that sense, SWD I is not completely generalized at the initial
seizure stage. Perhaps, after several cycles SWD I become fully generalized, seizures invade the remote cortical
areas (such as the occipital one) and acquire a mature waveform. The spike-wave rhythm exhibits a high degree of
stability and constancy of pattern in the frontal cortex and thalamus since there are only minor dynamic
modification in the waveform of SWD I.

SWD I: cortical versus thalamic field potentials

Chapter 3.1 demonstrates that SWD I appear in the thalamus as bi-phasic potentials consisting of positive
sharp waves (‘PT’) and slow dome-shaped negative waves (‘Wave’). The positive polarity of thalamic SWD I is
opposite to that observed in the fronto-parietal cortex (Fig. 3.2B). In the grand average waveform, a peculiar
element, ‘Spike 1°, is seen in the VPM, but it not in the frontal cortex and RTN (Fig. 3.4). In spite of its small
amplitude, ‘Spike 1’ is not eliminated by the averaging process, suggesting that this element is constantly present
across seizures and across animals. This finding is in agreement with Meeren’s et al’s (2002) observation that a
sharp negative spike (e.g., ‘Spike 1°) is present during SWD (type I) in the VPM, but absent in the RTN. Besides
that, elements of SWD I appear in two thalamic nuclei (the RTN and the VPM) without a time delay, suggesting
that epileptogenic processes in these two nuclei are closely interconnected.

It is difficult to assess the nature of low-amplitude early ‘Spike 1. We found that ‘Spike 1’ in the VPM lead
the frontal ‘Spike 2’ with 12 msec time delay and appears simultaneously (without time delay) with the frontal
PTeary (PTeany substantially varied across seizures and across rats, therefore, it is not possible to obtain statistical
characteristics of this element). As it is said above, PT.,, may manifest simultaneous excitation of superficial
cortical layers, therefore ‘Spike 1’ in the thalamus may reflect back-propagation of cortical excitation. Further
electrophysiological experiments are needed in order to clarify neuronal processes behind the ‘Spike 1°.

In the frontal cortex, SWD I shows a disproportionately large ‘Spike 2’, therefore, in this location, EEG
pattern of SWD I is strongly asymmetric. Asymmetry in frontal SWD I increases as seizure progresses (Fig. 3.4).
In the thalamus, EEG pattern of SWD I is more symmetrical, as compared to their cortical counterparts. Seizure
polarity changes in the cortex and the thalamus from initial to the middle part of a seizure. Temporal evolution of
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SWD I in the thalamus is associated with an increase of the positive phase (amplitude of the PT is increased), but
in the cortex, vice versa, the negative phase appears to be increased.
The waveform of SWD I in the thalamus differ from that in the frontal cortex:

=  SWD I in the anterior-middle cortex and in the thalamus have an opposite polarity. This polarity reversal is
likely to reflect an opposite orientation of electrical currents formed by the superficial and deep neural mass
[Lopes da Silva and van Rotterdam, 1982].

= The sharp positive transient (PT) in thalamic SWD I appears in both thalamic loci 7-9 msec after the frontal
‘Spike 2°. It is likely that the PT appears in the thalamus due to a back-propagation of cortical ‘Spike 2°.

To date, cortical and thalamic seizures consist of different components which follow each other with a
consistent time shift. The lack of congruency between cortical and thalamic counterparts of SWD I suggests that
the propagation of seizure throughout thalamo-cortical circuit is not merely a transduction of electrical activity, but
that each part of the circuit is actively involved in maintaining SWD I.

SWD II: characterization of field potentials, their relationship with SWD I and probable origin

In Chapter 3.1 it is found that SWD II are expressed in the occipital channel, but they are hardly visible in
the fronto-parietal cortical area, dorsal hippocampus and thalamus (Fig. 3.1). The local occipital SWD II are two-
phasic negative-positive deflections comprising the high amplitude sharp PT and the dome-shaped negative wave
(Fig. 3.2). In the occipital cortex, SWD I and SWD II consist of the same components (PT and Wave), although
SWD I display ‘Spike 1’, but SWD II not (Fig. 3.3A vs 3.3B). Two types of SWD are clearly different at the level
of the thalamus. Only rudimentary SWD II are present in the thalamus, in contrast, SWD I are well pronounced in
the thalamus.

Chapter 4.1 demonstrates that the frequency profile of SWD I in the frontal EEG undergoes dynamic
changes, so that, at the end, SWD I bear a striking similarity with SWD II. On the other hand, in the occipital EEG,
SWD I do not resemble SWD II (neither at the beginning nor at the end). This confirms our observations made in
Chapters 3.1 and 3.2 that SWD I and SWD II are independent phenomena. In Chapter 4.1 we assume that
epileptogenic processes in the occipital cortex (or functionally related structures, other than cortico-thalamic
circuit, e.g., septo-hippocampal structures) might underlie the occurrence of SWD II. It is hypothesized that SWD I
and SWD II derive from physiological rhythmical electrical activities described by Semba and Komisaruk (1980,
1984), e.g., alpha (9 Hz) and theta (7 Hz) rhythms. In particular, SWD I might represent a hypersynchronous
thalamo-cortical alpha rhythmic activity and SWD 1II could be a modification of septo-hippocampal theta rhythm.
The role of the hippocampus in SWD II is not obvious and needs to be explored in the future.

Issue 3(2). Correspondence between SWD in WAG/Rij rats and spike-and-wave
complexes in humans

Almost all literature about generalized spike-wave discharges in rodent models refer to generalized spike-
wave discharges, e.g., SWD (type I). This type of paroxysmal activity in genetic animal models of absence
epilepsy closely resembles absence seizures occurring in humans [Danober et al., 1998; Coenen and van Luijtelaar,
2003; Depaulis and van Luijtelaar, 2006]. In humans, typical absence seizures usually begin (in children) between
5 and 8 years old and clinical seizures are accompanied by generalized 3—4 Hz spike-wave discharges ‘invading
the whole brain’ [Panayiotopoulos, 1999; 2005]. WAG/Rij rats fulfill all requirements to be considered as a valid
model of absence epilepsy' and predictive validity (they should be standardized, enabling predictions from the
model to the patient), although absence seizures in our rats are not completely the same to that in epileptic patients.
It is essential that the frequency of SWD in rats (in all strains, such as WAG/Rij, GAERS, Fischer 344, Wistar and
others) is three times higher than in humans (7-11 Hz versus 3 Hz). This difference is brought about by
physiological and anatomical differences between the brains of rodents and humans. In contrast to humans, rats do
not have inhibitory interneurons in the relay thalamic nuclei except in the lateral geniculate nucleus [Ohara et al.,
1983; Jones, 1985]. In rats, the majority of thalamic neurons receive solely external inhibitory input from the
RTN. The lack of internal inhibition in the rodents’ thalamus may influence the intrinsic properties of thalamo-
cortical neuronal oscillations, resulting in a three-fold increase in the frequency of spike-wave activity.

Despite the differences in frequency, SWD I in WAG/RIj rats are analogous to generalized spike-wave
seizures (absence epilepsy) in humans [van Luijtelaar and Coenen, 1986; Coenen and van Luijtelaar, 2003]. SWD
II has no clinical manifestations, they are not present in all adult WAG/R]j rats and they are also found in non-

! A valid animal model should fulfil several requirements such as face validity (seizures in animal model and in humans should have the
same clinical, pharmacological, and actiological characteristics), construct validity (they should based on the same theoretical grounds)
[Coenen and van Luijtelaar, 2003].
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epileptic ACI rats' [Schridde and van Luijtelaar, 2005], suggesting that SWD 1II are non-epileptic in nature. It is
unknown whether SWD II correspond to any kind of epilepsy in humans. However, there are some indications®
that SWD II in WAG/Rjj rats may correspond to ‘a benign epilepsy with occipital spike-waves’ [Gastaut, 1982] or
to ‘Panayiotopoulos type of occipital lobe epilepsy’ [Panayiotopoulos, 2000]. Both epilepsies are characterized by
high-amplitude spikes or/and spike-wave discharges (frequency 1 — 4 Hz) over the occipital and adjacent regions
[Gastaut, 1982]. Moreover, Kuznetsova (personal communication) has found occipital SWD in adult patients.
Further examination of epileptogenic processes in the occipital cortex and related areas are necessary to disclose
the nature of SWD I1.

Based on principles of clinical electroencephalography and on the classification of Weir, we found that the
EEG profile of spike-wave seizures in our rats is similar to that in patients with absence epilepsy (Chapter 3.1). In
humans, topography of spike-wave discharges complexes is difficult to explore, because of great individual
variability of seizure waveforms. The EEG profile of spike-wave complexes (discharges) can vary from patient to
patient, moreover, morphology of different spike-wave discharges in the same patient may also vary [Rodin and
Cornellier, 1989; Rodin and Ancheta, 1987; Rodin, 1999]. It is striking that WAG/Rij rats showed relatively small
individual variations in the topographic distribution of SWD I and II across the neocortex [Midzianovskaia et al,
2001]. In Chapter 3.1 we describe a similar assemble of epileptiform elements in SWD in all individuals. Figure
7.2B illustrates some morphological differences in SWD in humans, for example, spike 2 (sp2) may be more or
less pronounced or even absent. This substantial variability in the waveform of locally recorded spike-wave
discharges in humans is distinguished from the constant waveform of local SWD in rats. This may be accounted
for that (1) cortical neuronal dipoles, underlying epileptiform components in humans,, may have more complex
and may be dynamically organized as compared to simple dipoles in rats (e.g., neuronal dipoles in Fig.7.2); (2)
cortico-thalamic interrelations in humans are much more intricate and compound compared to that in rats.
Therefore the distribution of field potentials during spike-wave seizures might be more complex in humans than in
rats.

The field maxima in patients are usually found in the frontal lobe (at Fz extending laterally to F3 and F4 and
posteriorly to Cz) [Rodin and Cornellier, 1989; Rodin and Ancheta, 1987; Rodin, 1999]. The ‘classical’ negative
spike (Weir’s spike 2) is known to show amplitude maximum in frontal areas [Weir, 1965], and this is similar to
what we found in WAG/Rjj rats (Chapter 3.1, [Sitnikova and van Luijtelaar, 2007]).

In human patients, spike-wave seizures are characterized by complicated dynamics, which is not yet
explored in details. Seizures often begin with the positive component (the wave) that rises up in the posterior head
regions (at O1, Oz, O2 or Pz) [Rodin and Ancheta, 1987]. This can be distinguished from the dynamics of SWD |
in WAG/R]j rats:

= SWD I in the frontal area are well formed at the beginning (Figs. 3.1 and 3.3) and their waveform just
slightly changes as seizure progress (the asymmetry of SWD I is progressively increased).

= The initial cycle of SWD I in the occipital cortex comprises atypical elements, which disappear in mature
seizures. Several cycles should pass until SWD I become fully developed and the spike-wave pattern in the
remote cortical areas (such as occipital one) acquire a mature waveform.

It seems that dynamic changes of seizure morphology of local field potentials during spike-wave seizures
(dynamics), dynamics of special distribution in humans is much more sophisticated than in rats, and it could not be
explained by the abovementioned logic.

Issue 4. Noradrenergic control of SWD | and SWD I

Chapter 3.2 stresses the importance of noradrenergic modulation of thalamo-cortical network activity. It is
found that depletion of noradrenergic innervations (with systemic injections of alpha-2 agonist clonidine) increases
the number of SWD I and affects the EEG power spectrum of SWD I, SWD II and sleep EEG.

Clonidine alters the EEG power in cortex and thalamus:

» Insleep EEG, a decrease in delta band is found in cortex and thalamus.
= In SWD I, a decrease in theta band is found in all locations.
= In SWD I, a decrease in alpha band is found only in the frontal cortex, an increase in alpha band in the RTN.

These findings suggest that clonidine affected power around the main frequency of oscillations (delta —
during sleep, alpha — during SWD I and theta — during SWD II).

! Agouti Copenhagen Irish rats, commonly used as a control strain since these rats showed no or at least very few SWD in a comparative
strain study [Inoue et al., 1990].
2 Prof. G.D. Kuznetzova, personal communication.
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The incidence of SWD I is highly aggravated after injections of clonidine, in agreement with earlier reports
[Buzsaki et al., 1991; van Luijtelaar, 1997]. The aggravation is also in line with McCormick’s (1989) suggestion
that weakening of noradrenergic neuromodulatory system promotes thalamo-cortical oscillations. The number of
SWD 1I does not change after clonidine injections. Different sensitivity of SWD I and SWD 1I to adrenergic
neuromodulatory supply suggests that these phenomena are produced by different neuronal networks.

Pharmacological reduction of noradrenergic neurotransmission with low-dose of alpha-2 agonist clonidine
has the following effects:

= more time was spent by the animals in the waking state;

= ahigher incidence and increased duration of SWD I[;

= areduced fronto-occipital coherence during SWD I (for one hour);
= adecrease of EEG power during sleep, SWD I and SWD II;

= Two-way changes of electrical activity in the RTN: an increase of total EEG power and alpha activity during
SWD 1, and a decrease of theta activity during SWD II.

In all, clonidine injections cause a decrease of EEG power over the cortex and the thalamus mainly in 9-14
Hz, except the RTN, where an increase in power is found only during SWD I and mainly in 9-14 Hz. This could
mean that reinforcement of electrical activity in the RTN, rather than in the VPM, may encourage the propagation
or generation of SWD I by putative modulatory alpha2-adrenergic mechanisms.

In contrast, clonidine treatment diminishes activity in RTN during SWD II: the power in 5-9 Hz band is
lower than in control. In comparison to the rest of the thalamus, the RTN receives a more dense noradrenergic
innervation [Swanson and Hartman, 1978]; therefore, the RTN could be more sensitive to noradrenergic
modulation than other thalamic nuclei.

Frequency profile of SWD I and SWD 1I is changed after clonidine injections. As compared to controls
SWD I in clonidine conditions show opposite changes in alpha band as measured in the frontal cortex (a decrease)
and in the RTN (increase). An increase of alpha activity in the RTN suggests a reinforcement of oscillatory activity
in the frequency of SWD 1. This results in more numerous and long-lasting SWD I; a decrease in alpha in the
frontal cortex might encourage this effect (via complex, yet unknown, feedback cortico-thalamus processes
operating at synaptic level). Elevation of absence seizures in clonidine conditions seems to be accounted for the
intricate co-resonance between the cortex and the thalamus. Altogether, our data imply that the noradrenergic
neuromodulatory system affects frequency profile of both SWD I and SWD II; it also directly controls the
incidence of SWD I most likely via the reinforcement of oscillatory activity in the RTN, but it does not affect the
incidence of SWD II.

Issue 5. The role of the thalamus in SWD type | and type Il
SWD type 1

A few depth EEG recordings that have been done in humans in the past cast some doubt on the role of the
thalamus in absence seizures. For instance, it has been found that subcortical SWD are less regular and they are
usually less pronounced as compared to SWD recorded simultaneously in the cortex [Angeleri et al., 1964].
Recently, application of magnetic resonance imaging techniques (MRI) and magnetic resonance spectroscopy
(MRS)' in humans provided new evidences for a crucial involvement of the thalamus in absence epilepsy. In
particular, MRS studies have demonstrated a significantly lower thalamic NAA/Cr ratio in patients with typical
absence epilepsy when compared to the healthy controls [Fojtikova et al., 2006]. This clearly indicates neuronal
dysfunction in the thalamus of patients with typical absence epilepsy and confirms the role of the thalamus as an
important structure in the pathogenesis of typical absence epilepsy. Also simultaneous EEG-fMRI in drug-naive
children with newly diagnosed absence epilepsy, BOLD signal changes associated with 3 Hz spike-wave
discharge, which were associated with a bilateral increase in the BOLD signal in the medial thalamus [Moeller et
al., 2008a]. Taking into account the normal delay in the hemodynamic response, the authors suggest that the onset
of BOLD signal changes coincided with the onset of spike-wave seizures. Furthermore, the same technique
(combined EEG-fMRI) applied in children with idiopathic generalized epilepsy, revealed an increase in BOLD
signal in the medial thalamus approximately 6 sec before SWD can be visualized in EEG, whereas a decrease in
cortical BOLD signal were mainly found in fronto-parietal areas starting 6 to 3 sec before the onset of SWD. The

' MRS is a non-invasive imaging technique providing metabolic information from different body tissues, including the brain. This technique
is able to detect metabolic abnormalities, which might be missed by conventional magnetic resonance imaging techniques (MRI). In MRS
spectra, there are three major peaks characterizing long-echo time 1H: N-acetylaspartate (NAA) — the marker of neuronal and axonal
viability and density; creatine (Cr) — used as internal reference, since it is the most stable cerebral metabolite; choline — reflecting cellular
proliferation.
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authors conclude that the thalamus shows an increase in neuronal activity along with regional decreases in cortical
activity [Moeller et al., 2008b]. In Chapter 3.1 we describe well pronounced SWD I in the thalamus and conclude
that thalamic structures are capable to reproduce stereotypic epileptic activity on the level of local field potentials.

In animals, in vivo and in vitro examinations indicate that SWD (type I) are initiated in the RTN
[Seidenbecher et al., 1998; Avanzini and Franceschetti, 2003]. SWD in GAERS are suppressed after large
electrolytic lesions of the lateral thalamus [Vergnes and Marescaux, 1992] and also after more restricted chemical
lesions of the RTN [Avanzini et al., 1992, 1993]. The same observations are made in WAG/Rij rats: SWD are
completely abolished after ibotenic lesions of large parts of the thalamus including the RTN [Meeren, 2002]. The
primarily role of the RTN in pathogenesis of absence epilepsy has been established by in vitro neurophysiological
studies in which a pacemaker of spike-wave seizures has been identified as a pool of GABA-ergic neurons with an
intrinsic propensity to generate thythmic bursts [e.g., Crunelli and Leresche, 2002; Avanzini and Franceschetti,
2003]. The RTN does not project to the neocortex, yet innervates the dorsal thalamus [Ohara and Lieberman,
1985] (in rats, the RTN provides the solely inhibitory input to the major part of dorsal thalamus). We assume that
an increased synchrony between the RTN and specific thalamic nuclei, ventroposteromedial complex, VPM may
accompany the onset of SWD.

In Chapter 5.1, it is shown that the initiation of SWD I is accompanied by a narrow-band increase of RTN-
VPM coherence in 8-11.5 Hz. RTN-VPM is the only pair in which gamma-band associations are decreased. There
may be a functional correlation between stronger synchronization in alpha frequencies and desynchronization
(decrease of coherence) in the gamma band, for example, a reduction of high frequencies may encourage the
functional coupling in the frequencies of SWD (8-11.5 Hz). Noteworthy is that the RTN may play a specific role in
an increase of SWD I after blocking the release of noradrenaline (clonidine injections, Chapter 3.2). This pro-
epileptic effect is accompanied by the local narrow-band (9-12 Hz) increase of electrical activity in the RTN,
therefore, the normally occurring SWD 1 are accompanied by an increased 8-11.5 Hz synchronization between
RTN and VPM (as reported in Chapter 5.1) and this might be initially driven by the RTN.

In general, our data are in agreement with other studies [Meeren et al., 2002; Meeren, 2002; Richards et al.,
2003; Steriade 2003, 2005; Pinault, 2003; Pinault et al., 2006] showing that the RTN has a supplementary role in
SWD I. In particular,

= Examination of the microstructure (light and electronic microscopy) in animal models of absence epilepsy
shows no signs of pathology in the RTN. In WAG/Rjj rats, the synaptic organization of the RTN is similar to
that in non-epileptic ACI rats [van de Bovenkamp-Janssen et al., 2004]; in GAERS, the RTN shows neither
significant changes in structure, nor neuronal loss [Sabers et al., 1996].

= Electrophysiological in vivo studies and computational modeling both demonstrate that spike-wave seizures
are progressively built up in intracortical synaptic networks with subsequent excitation of the RTN, leading to
inhibition of the dorsal thalamus [Meeren, 2002; Destexhe and Sejnowski, 2001; Steriade, 2003; 2005].

Our study of EEG coherence (Chapter 5.1) indicates that occurrence of SWD 1 requires a large-scale
increment of functional interaction between the frontal cortex and the thalamus. As known, a cortical focus in the
peri-oral region of the somatosensory cortex drives the thalamus during the first few cycles until the whole
thalamo-cortical system becomes entrained into the seizure activity [Meeren et al., 2002]. SWD I may appear in
the cortico-thalamo-cortical network as a complex resonance phenomenon initiated and driven by neurons in the
somatosensory cortex. Changes in local thalamic and cortical-thalamic network interactions reinforce the
propagation of absence seizures. This is in agreement with Meeren’s et al. (2005) statement that the thalamus
interacts with the cortex, providing a resonant circuitry to amplify and sustain the generalized spike-wave
discharges.

SWD type 11

The thalamus does not seem to play a role in SWD II. In Chapter 3.1 (Fig. 3.2c): a grand EEG average of
SWD II in both thalamic nuclei is negligibly small (in contrast to SWD I, which well-shaped grand average in the
thalamus). During SWD 1, sharp and well-formed field potentials are recorded in the thalamus, in opposite to sleep
spindles, in which thalamic field potentials were not shaped in spindle-like waveform (the principle of Lopes da
Silva and van Rotterdam (1982 and 1987), see Issue 2 on page 146). It is likely that SWD I are much more
synchronized and generalized than sleep spindles, therefore, SWD 1 are easily projected subcortically and elicit
strong fluctuations of field potentials in the thalamus. Sleep spindles are too mild and less synchronized
oscillations and their thalamic counterpart is relatively weak. Also SWD II, might be less synchronous and less
generalized, as compared to SWD I, therefore, they cannot be projected in the thalamus and form large field
potentials there (in this respect SWD II are similar to sleep spindles).
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Based on time-frequency analysis in Chapter 4.1, we conclude that thalamo-cortical mechanisms do not
play a role in SWD II. This statement is confirmed in Chapter 3.2. Depletion of noradrenergic innervation with
systemic clonidine injections causes a tendency to decrease the number of SWD II, and the total power as well as
theta activity during SWD II decreases significantly (Fig. 3.9C). This effect is observed in the occipital cortex and
in the thalamus. It is hypothesized that there is a functional connection between neuronal source of theta activity
and a putative source of SWD II. Clonidine suppresses ‘SWD II’-related theta activity, therefore, the theta
component in SWD II is suppressed and the total amount of SWD is reduced.

Issue 6. Precursors of SWD |

Investigations in GAERS clearly demonstrate that spike-wave seizures' are preceded by medium-voltage 5—
9 Hz oscillations [Pinault et al., 2001]. The presence of 5-9 Hz precursors of absence seizures in other animal
models of absence epilepsy and in humans has never been confirmed. Considering the close resemblance between
GAERS and WAG/RI]j rat strains [Danober et al., 1998; Depaulis and van Luijtelaar, 2006], we expect that spike-
wave seizures in WAG/Rij rat can also be preceded by the same 5-9 Hz oscillations. In Chapter 3.3 we examine
time-frequency EEG parameters of 1 sec episodes immediately before the onset of SWD I (so-called precursor
epochs of SWD I, preSWD epochs) in WAG/Rij rats. Our data suggest that there is a remarkable diversity in the
waveform and frequency profile of preSWD epochs. This somehow disagrees with Pinault and co-worker’s (2001)
findings in GAERS that medium-voltage 5-9 Hz rhythm constantly precedes the onset of SWD. We propose an
empirical classification of preSWD based on significant difference of EEG power as measured in traditional
frequency bands, namely, preSWDA, preSWD6, preSWDa and preSWDn. These classes are significantly different
in respect to EEG power in characteristic delta-theta-alpha bands as measured in the frontal EEG (Fig. 3.11 and
3.12A). More precise, preSWDA epochs are characterized by the highest power delta band, preSWDB - the highest
power in theta band, preSWDa - the highest power in alpha band and preSWDn showed the least power in all
investigated frequency bands.

In contrast to GAERS, the precursor activity of SWD in WAG/Rjj rats does not represent a well-formed 5-9
Hz rhythm. Instead, around 73% of SWD exhibit a well pronounced thefa-component just prior to SWD in
WAG/R]j rats (preSWDO+preSWDa), suggesting that the majority of SWD in WAG/Rjj is preceded by substantial
5-9 Hz (theta) activity. This is in agreement with the results obtained in GAERS [Pinault et al., 2001, 2006;
Pinault, 2003]; however, delta precursor activity characterizing the onset of SWD in WAG/Rjj rats (95% of all
SWD), was not in GAERS (this will be discussed in the next paragraph).

As it is found in Chapter 3.3, the shape of the power spectra of preSWD in the frontal cortex is clearly
distinguished from that obtained in both RTN and VPN (Fig. 3.13). It is remarkable that, in the thalamus, all
classes of preSWD epochs have the same power in delta and theta bands, but not in the frontal cortex (it is
discussed above). There are no indications that oscillations of any kind precede absence seizures in human
patients. Recent investigations of spike-wave discharges in human EEG [Aarabi et al. 2007] yield contradictory
results demonstrating that 71% of seizure-precursors characterized by the disappearance of theta and alpha
components in background EEG.

In Chapter 4.1 it is found that some properties of SWD (e.g., the length) are predetermined by the properties
of seizure precursors: preSWDa and preSWDB are followed by longer SWD I, but preSWDn and preSWDA - by
shorter seizures. An important finding in Chapter 3.3 is that a correspondence between EEG power content of
preSWD and subsequent SWD 1 is rather simple. In the frontal and occipital EEG recordings, no relationship is
found between a distribution of EEG power over delta-theta-alpha bands in SWD and the type of SWD-precursor
activity. In the thalamus, there is some relationship between EEG properties of preSWD epoch and subsequent
SWD: (1) a desynchronized precursor activity (preSWDn epochs) is followed by SWD (5% of total seizures) that
displayed an enlarged delta (in the thalamus, but not in the cortex); (2) seizures, whose precursor epochs had
exaggerated alpha activity in the frontal EEG (preSWDa) displayed high alpha activity in the thalamus (but no
longer in the cortex).

Issue 6(1). Electrographic features and power spectrum analysis of SWD | precursor activity

A distinctive feature of preSWD epochs is the presence of a delta-component. Power spectra of 95% of all
seizure-precursor epochs (except preSWDn), in addition to peaks in preSWD-specific frequencies, display peaks in
delta as measured in the frontal cortex (around 3-4 Hz, Fig. 13.11) and in the thalamus (1-2 Hz, Table 3.4). We
assume that delta components in preSWD may be produced by two relatively independent sources — in the cortex

! the same to SWD type I in WAG/Rij rats
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and in the thalamus. This is in agreement with in vifro investigations demonstrating an independency between
intrinsically generated thalamic delta rhythm and cortical delta waves [Steriade, 2002]".

The presence of delta-component in the frontal EEG in almost all preSWD epochs (95%) implies an
essential (and probably, primary) role of delta activity in initiation of SWD in WAG/Rjj rats. In addition to delta,
73% of preSWD epochs expressed large 5-9 Hz (theta) component. Therefore, a coalescence of delta and theta
activities may be favorable for the occurrence of SWD I. Altogether, we stress that the co-existence of cortical and
thalamic delta activity may play an important role in the initiation and further development of SWD 1.

Issue 6(2). Thalamo-cortical network associations in shaping of SWD | precursors and
subsequent seizure activity

Chapters 3.3 and 5.1 describe network associations and synchronization in thalamo-cortical circuit during
pre-ictal and early ictal stage of absence seizures with the aid of ordinary coherence (Figs. 3.15 and 5.2).
Frequency profile of EEG coherence slightly differs in different classes of preSWD, yet no features of EEG
coherence can be considered as unique for any class of preSWD epochs. In general, preSWD epochs are
characterized by high coherence between RTN and VPM, suggesting that these nuclei are highly coupled even
before the onset of SWD 1. ‘Fronto-thalamic’ coherence is lower as compared to coherence in ‘RTN-VPM’ pair
and the least coherence is found in ‘fronto-occipital’ pair.

Our findings suggest that amplitude-frequency properties of preSWD (Chapters 3.2) and subsequent SWD
(Chapters 5.1) depend upon coordination and consolidation between thalamic and cortical counterparts within the
entire network. In general, the transition preSWD—SWD is associated with an increase of ‘fronto-occipital’ and
‘fronto-thalamic’ coherence in 9.5-14 Hz and in double frequencies (beta band). The most widespread and strong
increase is observed in preSWDA—SWDA and in preSWD6—SWD6, moderate increase - in preSWDoa—SWDa,
and the least increase - in preSWDn—SWDn. In all it suggest that the occurrence of SWD is accompanied with
changes in network interactions in very specific frequency bands.

SLEEP SPINDLES and SWD

Chapter 4 examines similarities and distinctions between sleep spindles and SWD. Chapter 4.1 tests the
hypothesis that anterior sleep spindles are functionally linked to SWD I and posterior spindles — to SWD II.
Chapter 4.2 examines a fundamental assumption that SWD (type I) are derived from (anterior) sleep spindles
using cortical neuronal model. Chapter 4.3 extracts and compares key elements in EEG characterizing SWD I and
anterior spindles.

Issue 7. Distinctions between SWD and sleep spindles disclosed with time-frequency
EEG analysis

In Chapter 4 we report on differences between SWD and sleep spindles in spectral content and other
characteristics. Results of our time-frequency EEG analysis cast some doubts about similarity between sleep
spindles and SWD.

Anterior sleep spindles and SWD I

The following differences between anterior sleep spindles and SWD I are found:

=  SWD I last ten times longer than anterior spindles, their amplitude is nearly two times higher and their mean
frequency is about 2 Hz lower (as measured in a period 0.5-1.5 sec after the onset) (Chapter 4.1).

= Power spectrum analysis (frontal EEG) demonstrates that SWD [ express higher power in beta frequencies
and lower power in delta and theta bands as compared to anterior spindles. This difference in frequency
composition (in frequency-domain) between SWD I and anterior spindles (Chapter 4.1) correlates with the
difference in their EEG waveforms (in time-domain, as found by means of EEG grand average analysis of SWD
I in Chapter 3.1 and wavelet analysis in Chapter 4.3)

= Continuous wavelet analysis shows that the EEG pattern of SWD I is not comparable with that in anterior

sleep spindles (Chapter 4.2): different wavelets are necessary for the identification of SWD and spindles. SWD
I are identified in EEG with high probability using standard Morlet-wavelet, but sleep spindles can be identified

! the neuronal mechanisms of the thalamic and cortical delta have been discussed on pages 63 and 146)
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using two types of customized adoptive ‘spindle wavelets’. Besides that, it is found that SWD I represent one
family, but anterior spindles - two different families.

= Cross-correlations analysis shows that ‘fronto-occipital’ associations in anterior sleep spindles are similar to
that in the waking EEG (both cross-correlation functions are symmetric over the time scale), but differ from that
in SWD 1. In SWD I, cross-correlation function is asymmetric (Fig. 4.9A). This asymmetry implies differences
in signal waveforms at the frontal and occipital channels (Chapter 4.1) and can be well explained by the
presence of different Weir’s components in the frontal and occipital SWD I (Chapter 3.1).

= The above mentioned dissimilarities between sleep spindles and SWD support the notion that the
neurophysiological substrate of spindle oscillations and SWD is not the same. As compared to SWD, spindle
oscillations are less generalized (they are more local, Chapter 2.1 and 3.1), their EEG waveform is less regular
(Chapter 4.2). Density of anterior sleep spindles in genetic epileptic WAG/Rij rats is the same with that in
control rats, despite the large strain difference in the number of SWD I. The incidence of SWD I in WAG/Rijj
rats highly increases with age, yet control rats exhibit just sporadic SWD I. Altogether suggests that sleep
spindles and SWD are controlled by different age-related mechanisms [van Luijtelaar and Bikbaev, 2007].
Pharmaco-EEG study reveals a reciprocal relationship between the number of anterior sleep spindles and the
number SWD [: phenobarbital and flunitrazepam suppress the incidence of SWD I, but enhance anterior sleep
spindles in opposite, while clonidine promotes SWD I and reduces anterior sleep spindles [van Luijtelaar, 1997].
Comprehensive in vivo and in vitro neurophysiological examinations in GAERS demonstrate that SWD do not
originate from sleep spindles, but a plausible source of SWD is 5-9 Hz oscillations [Pinault, 2001; Pinault et al.,
2003; Pinault et al., 2006]. The authors show that dissimilarities between sleep spindle and SWD already appear
on the level of intracellular events in cortical and thalamic neurons, e.g., different modulation of membrane
potential resulting to more or less synchronized firing activity of corresponding neurons.

It is noteworthy that rat models of absence epilepsy (i.e., GAERS and WAG/Rij) can be distinguished from
the feline generalized penicillin epilepsy [Gloor 1969, Kostopoulos, 2000], in a sense that spindle oscillations in
rodents, unlike cats, do not seem to correlate with absence epilepsy. This difference between can be accounted for,
first, by interspecies variations: in rodents, unlike higher mammal species (ferrets and cats), interneurons are
missed in the majority of relay thalamic nuclei [Jones, 1985]. Second, by cellular and network properties of
somatosensory system in rodents: spindle oscillations are pronounced in slices of the visual thalamus in ferrets
[von Krosigk et al. 1993], but they are not studied in the somatosensory thalamus in ferrets and they are known to
be absent in the somatosensory thalamic slices in rats [Jacobsen et al. 2001].

Posterior sleep spindles and SWD 11

Differences between posterior sleep spindles and SWD II are as follows (Chapter 4.1):
=  Mean frequency of SWD II is lower as compared to posterior sleep spindles (difference was ~3.5 Hz).

= Power spectrum analysis (occipital EEG) demonstrates that SWD II can be distinguished from posterior
spindles by having higher power in theta frequencies and low power in alpha band.

=  SWD II shows compatible power spectra in the frontal and in the occipital EEG, in contrast to posterior
spindles, which reveal a remarkable discrepancy between power spectra obtained in the frontal and occipital
EEG (enhancement of occipital alpha coincides with the elevation of frontal delta).

Here we demonstrate that posterior sleep spindles (Chapter 2) and SWD II (Chapter 4.1) have a very
limited propagation throughout the thalamo-cortical circuitry (in contrast to anterior sleep spindles and SWD 1,
which are referred to as purely thalamo-cortical oscillations). Other studies assume that posterior sleep spindles
might originate from the thalamus or from limbic system [Gandolfo et al., 1985, van Luijtelaar, 1997, Meeren et
al., 2002, Sitnikova and van Luijtelaar, 2004].

Based on these data we tend to consider posterior sleep spindles and SWD II as clearly dissimilar and
independent EEG phenomena. On the other hand, the number of posterior sleep spindles in old WAG/Rjj rats is
known to have a positive age-related correlation with the number of SWD II, suggesting that a common age-
related factor plays a role in these oscillations [van Luijtelaar and Bikbaev, 2007].

Issue 8. Neuronal network mechanisms of sleep spindles and SWD

The analysis which is performed in Chapters 3.3, 4.1, 4.3 reveals only weak, if any, straightforward
correspondences between SWD and sleep spindles. Outcomes of Chapter 3.3 reveal a similarity between
precursors of SWD I in WAG/R]j rats and 5-9 Hz rhythmic activity preceding SWD in GAERS [Pinault, 2001;
Pinault et al., 2003; Pinault et al., 2006]. In particular, preSWD in WAG/Rij rats comprise in about 75% of the
SWD a strong theta component in the frontal EEG. Altogether, this suggests that preSWD in rodent models is
profoundly distinctive from sleep spindles, thus pointing out a crucial difference between genetic rodent models
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and outcomes of the feline penicillin model (in the latter model sleep spindles are well-defined forerunners of
spike-wave discharges [Gloor 1969, Kostopoulos, 2000]). In Chapter 4.1 we have carried out a power spectrum
analysis of sleep spindles, preSWD and SWD I and have found that preSWD might have a dual nature. In fact,
preSWD contain frequency components that are characteristic for anterior sleep spindles (relatively high delta) and
for SWD 1 (relatively high alpha). On the other hand, sleep spindles and SWD demonstrate a similar thalamo-
cortical cross-correlation functions (Chapter 4.1) and they are modeled by a common neuronal model (Chapter
4.2), suggesting that both spindles and SWD can appear in EEG as a manifestation of synchronization processes
taking place in the same thalamo-cortical circuit during low vigilance states.

Intracortical neuronal processes underlying occurrence of sleep spindles and SWD (network
modeling)

In Chapter 4.2 we go deep into neuronal mechanisms of sleep spindles and SWD using a cortical neuronal
model that can act in two states, producing SWD or sleep spindles (SWD-mode and spindle-mode). This model
considers a population of cortical cells, in which each neuron (pyramidal cell) produces electrical currents. Cellular
currents are summed up in respect to their spatial-temporal distribution, direction and amplitude, resulting in
neuronal local field potentials. It is found that the shape of field potential generated in SWD-mode and spindle-
mode is different and this difference can be accounted for by a degree of synchrony between neurons. The
following factors influence the waveform of field potential: (1) the difference in transmembrane currents; (2) the
effects of spatiotemporal summation of transmembrane currents when synchronization of pyramidal cells is high
(in SWD-mode) or low (in sleep spindle mode). The latter observation indicates that local field potentials in the
cortex approximate SWD shapes when synchronization between pyramidal cells exceeds certain limits.

Neuronal organization of the neocortex is very complex and the model in Chapter 4.2 simplifies the
representation of cortical cells, e.g., it disregards the size of neurons and laminar distribution of different types of
neurons. This is partly compensated by introducing a vertical spread of pyramidal cells in the population model.
Out model does not aim to reproduce fine details of field potentials as recorded in vivo at different cortical layers,
but it gives a sufficiently well approximation of the waveform of superficially recorded field potentials during
SWD and sleep spindles. According to the outcomes of Chapter 4.2, large pyramidal cells in layer V provide the
major source of cortical field potentials during wide-spread synchronous oscillatory activity.

Achievements made by other computational models of generalized spike-and-wave seizures '

Computational models have been used for decades to investigate mechanisms of epileptogenesis. The
cortical neuronal model in Chapter 4.2 simulates local field potentials [Sargsyan et al., 2007], yet it does not
investigate mechanisms by which a thalamo-cortical network can switch from the spindle-mode to the SWD-mode.
The latter problem has been investigated with several computational models, which show that networks of
excitatory and inhibitory neurons can generate seizure activity.

Destexhe et al. (2001) show in a model of cortical seizures that seizure activity arises from inhibition-
rebound interactions between cortical cells. Another model of cortical seizures [Timofeev et al., 2002] includes
excitatory connections of pyramidal neurons in addition to inhibitory inputs from interneurons. Although, cortical
circuits can generate some form of spike-and-wave activity in both models, this activity differs from the typical
absence seizures (frequency of spike-and-wave oscillation are low. 1-2 Hz; the ‘spike’ component is usually less
pronounced as compared to the typical absence patterns) [Destexhe et al., 2001].

Computational models give better approximation to real spike-wave seizures when the thalamus is included
in the model [Destexhe, 1998, 1999]. This thalamo-cortical model (Fig. 7.4) contains two thalamic cell types:
thalamocortical (TC) and thalamic reticular (RE) cells, and two types of cortical neurons: pyramidal (PY) cells and
interneurons (IN). This model shows that synchronous oscillations (sleep spindles and SWD) can be simulated by
changing membrane currents activated by GABAg receptor-mediated responses (Fig. 7.4C). In the regime of sleep
spindle generation (Fig. 7.4A), when the cortex is under strict control of fast GABA 4 receptor-mediated inhibition,
cortical pyramidal cells and interneurons periodically discharge with single spikes, which is insufficient to activate
the GABAg currents. A strong corticothalamic feedback can ‘switch’ thalamic circuits into a slow oscillatory
mode around 3 Hz. This strong feedback is caused by an increased cortical excitability, and such a system can
generate spike-and-wave oscillations (Fig. 7.4B), and a progressive transformation from spindle to SWD as
cortical excitability is increased (Fig. 7.4D). Spike-wave activity of higher frequency (~ 10 Hz characteristic for
rodent models) can also be simulated by the same model, based on a different balance between GABA, and
GABAGg receptors [Destexhe, 1999].

! Materials from Alain Destexhe (2007). Spike-and-wave oscillations. Scholarpedia, 2(2):1402
http://www.scholarpedia.org/article/Spike-and-wave_oscillations
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Figure 7.3": The thalamocortical model of spike-wave seizures and sleep spindle oscillations [Destexhe, 1999] contains two
types of thalamic cell: thalamocortical (TC) and thalamic reticular (RE) neurons and two types of cortical neurons: pyramidal
(PY) cells and interneurons (IN). (A) Spindle oscillations around 10 Hz simulates local field potentials (LFP) displaying
negative deflections. (B) After suppressing GABA-mediated inhibition selectively in cortex, the model exhibits slow (2-3
Hz) oscillations, which are more synchronized. These oscillations generate LFPs with spike-and-wave patterns. (C) Detail of a
cycle of the oscillation showing the role of GABAg-mediated inhibition and thalamic rebound. (D). Progressive
transformation from spindle oscillations to spike-and-wave patterns for different percentages of cortical fast inhibition (100%
= control as in A, 0% = total suppression of GABA , inhibition as in B; (modified from Destexhe, 1998).

In general terms, the thalamo-cortical model of Destexhe and cortical neuronal model presented in Chapter
4.2 both disclose neuronal and membrane mechanisms, which underlie progressively increased synchronization of
firing activity between various neurons and, finally, govern mechanisms by which the thalamo-cortical network
stays in ‘spindle mode’ or in ‘SWD mode’.

The above mentioned computational neuronal models simulate local field potentials and describe the
phenomenology of SWD and sleep spindles. Spindles and SWD are manifestations of synchronization processes
taking place in the thalamo-cortical circuit during low vigilance states. Unfortunately, this model is not capable to
predict under what physiological conditions in vivo sleep spindles will be transformed into SWD.

Issue 9. Relationship between SWD | and anterior sleep spindles: their EEG structure
disclosed with continuous wavelet transform and further implication

Essential differences between anterior sleep spindles and SWD I have been acknowledged in Chapter 4.1
(Issue 7) and are studied in more detail in Chapter 4.3 by means of continuous wavelet transform. In Chapter

' © Alain Destexhe (2007), Scholarpedia, 2(2):1402. http://www.scholarpedia.org/article/Image:Cx-Th_SW_model2.jpg
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4.3, statistical identities of anterior sleep spindles and SWD I are obtained with the aid of wavelet analysis in non-
segmented full-length EEG data (hereafter we refer to anterior spindles and SWD I simply as ‘spindles’ and
‘SWD’). We have first developed a wavelet-based algorithm for the automatic identification of spindle events and
SWD in EEG. The best performance of automatic recognition system is achieved after selection of the optimal
wavelet template and adjustment of the optimal amplitude (Ey) and frequency (Fs) parameters.

None of standard wavelet templates is able to provide a precise identification of all sleep spindles and SWD
in one dataset and, in order to accomplish this task, we have applied different wavelet templates. It is found that
different wavelets are necessary for the identification of SWD and spindles, from which we conclude that the EEG
patterns of sleep spindles and SWD are not comparable. Wavelet analysis has revealed the following distinctions
between sleep spindles and SWD:

=  SWD I represent one family, but spindles comprise two families.
= Almost 100% of SWD I (but only 50-60% of spindles) are extracted using Morlet-based wavelet transform.

= Sleep spindles and SWD are detected by high wavelet energy in different frequencies Fsyp and Fy, SWD
have between 30 and 50 Hz, sleep spindles — between 7-14 Hz.

=  SWD I are identified in EEG with high probability using standard Morlet-wavelet, but sleep spindles can be
identified using two types of customized adoptive ‘spindle wavelets’.

Variability of sleep spindle waveforms

Sleep spindles represent a very heterogeneous group of oscillations and this causes difficulties with
extraction and recognition of spindle events in the EEG. In all our rats, almost all sleep spindles (95.5%) are
extracted with joint application of two different types of adaptive ‘spindle wavelets’. ‘Spindle wavelets’ are built
up using spindle prototypes in which the most typical (generic) features of sleep spindles are preserved (Fig.
4.17A). A frequency profile of these two spindle prototypes is crucially different (see Fourier spectrum of ‘spindle
wavelets’ type 1 and type 2 in Fig. 4.17B).

= A majority of sleep spindles (85-90%) is selected after the CWT with ‘spindle wavelet’ type lhave a higher
power in frequencies 6.25-16.6 Hz. These typical sleep spindles are referred to as ‘type 1’ and, based on their
EEG features, are considered as normal spindle oscillations.

= A minority of sleep spindles (10-15%), which are missed by ‘spindle wavelet’ type 1, are captured with
‘spindle wavelet 2’ by having high power in frequencies 20-25 Hz. These ‘type 2’ sleep spindles show a deviant
spindle-waveform and are considered as pro-epileptic events (somewhat transitory form between spindles and
SWD).

‘Type 1’ sleep spindles in all experimental animals are selected using one common ‘type 1’ spindle wavelet,
but ‘type 2’ sleep spindles are selected with individually chosen ‘type 2’ spindle wavelet. In all animals, ‘type 2’
spindle wavelet is characterized by a strong harmonic component (20-25 Hz). The same harmonic component is
present in SWD and it is likely to be elicited by spikes; spikes could be also present in ‘type 2’ spindle sequence.

There is a parallel between the outcomes of power spectrum analysis of sleep spindles presented in Chapter
3.1 and wavelet analysis in Chapter 4.2, although different EEG datasets are used for the analyses. Wavelet
analysis Chapter 4.2 is restricted to the frontal EEG, but it includes all automatically identified sleep spindles
occurring at any stage of sleep, whereas in Chapter 3.1 sleep spindles are manually selected during non-REM
sleep. The average power spectrum of sleep spindles as measured in the frontal EEG (Fig. 2.2A, Chapter 3.1) fits
well with the Fourier spectrum of ‘type 1’ spindle wavelet and it is completely different from the Fourier spectrum
of ‘type 2’ spindle wavelet (Fig. 4.17B, Chapter 4.2). Anterior sleep spindles in Chapter 3.1 display a peak in
11.4 Hz, have a short duration and a regular waveform. All this suggests that these sleep spindles are part of the
large population of ‘type 1’ sleep spindles (peak ~12.2 Hz) characterized in Chapter 4.2.

It is striking that anterior sleep spindles (Chapter 3.1) show a remarkable delta component (~ 1 Hz), but a
low delta component is found in ‘type 1’ spindle prototype (‘type 1’ spindle wavelet, Chapter 4.2). It seems that
delta is not typical for the common ‘type 1’ sleep spindles (Chapter 4.2), but local anterior sleep spindles, which
were selected for the analysis in Chapter 3.1, may easily coincide with delta-wave activity. During deep slow-
wave sleep, sleep spindles are often preceded by slow waves or overlap with delta' (Fig. 7.2A).

! Also in human sleep EEG, the slow waves associate frequently with sleep spindle rhythms (a combination of K-complex and
sleep spindle) [Amzica and Steriade, 1999; 2002].
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Figure 7.2. Sleep spindle activity (anterior spindles) as recorded in different stages of sleep at the frontal EEG (adult male
WAG/R]j rat). In deep non-REM sleep, delta waves are often followed by sleep spindles. Non-REM sleep (A) is characterized
by ‘type 1’ sleep spindles (Chapter 4.3). Intermediate stage of sleep (B) is distinguished by the presence of long high-voltage
spindles with pro-epileptic properties (‘type 2’ spindles).

A pro-epileptic form of sleep spindle

Chapters 3.1 and 4.1 are focused on sleep spindles occurring during non-REM sleep. It is remarkable that
the frequency of these spindles in our WAG/Rjj rats (Chapter 2) is almost identical to that found in Wistar rats
[Terrier and Gottesmann, 1978; Gandolfo et al., 1985] (Table 7.2). This may imply that the mechanisms of
rhythmogenesis of sleep spindles is not impaired in genetic epileptic rats and, in this sense, sleep spindles are
pretty normal .

It is well known that the amplitude of anterior spindles in rats gradually increases at the end of slow-wave
sleep and reaches a maximum at the intermediate sleep stage [Terrier and Gottesmann, 1978; Gandolfo et al.,
1985; Gandolfo et al., 1989; Gottesmann, 1996]. This is a short-lasting phase of sleep (~1% of the circadian cycle)
that appear in transition from slow-wave to paradoxical sleep [Gottesmann, 1996] and is characterized by high-
voltage spindle oscillations, co-existing with hippocampal theta rhythm. In non-epileptic Wistar rats, sleep
spindles during intermediate sleep stage are of lower frequency and of higher duration in comparison to sleep
spindles during slow-wave sleep (Table 7.2). In WAG/Rjj rats, sleep spindles during intermediate sleep stage are
three times longer than in Wistar rats (Table 7.2).

Table 7.2. Basic parameters of anterior sleep spindles as measured in different sleep stages in WAG/Rij and Wistar rats (mean
+ SD)

Rat strain State of vigilance Frqu:ncy, Dul;i\atgon,
This thesis
Anterior spindles (Chapter 2) WAG/Rij  Slow-wave non-REM sleep 11.1+£1.0 0.7+0.1
SWD type | (Chapter 4.1) -/l - low vigilance state 9.1+05" 6.7+ 0.6
Anterior spindles in the literature
Terrier and Gottesmann, 1978 Wistar ~ Slow-wave non-REM sleep 11.2+£0.4 72 15+0.37
Gandolfo et al., 1985 -1 - Slow-wave non-REM sleep 112+27 1.5+0.2
Terrier and Gottesmann, 1978 -1 - Intermediate stage of sleep 9.7+04°7 26+037
Gandolfo et al., 1985 -1 - Intermediate stage of sleep 98+25 2.6+0.3
Gandolfo et al., 1989 -1 - Intermediate stage of sleep 9.7+11 29+1.0
Gandolfo et al., 1989 WAG/Rij Intermediate stage of sleep 99+0.8 8.7+3.0

! as measured in a period from 0.5 to 1.5 sec after the onset (average over SWDn, SWDo, SWDO, SWDA.)
’+SE

' The duration of sleep spindles in our subjects is twice shorter than in Wistar rats (0.7 sec vs 1.5 sec). This is likely to be
accounted for by different criteria used for selecting borders between spindles. Sleep spindle are often in sequences, and two
neighbouring spindles are defined as separate events unless period between them is 0.3 sec (roughly a half of spindle length)
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It is sticking that, in WAG/Rij rats (in contrast to Wistar), the frequency and duration of intermediate stage
sleep spindles [Gandolfo et al., 1989] is almost the same to what is found in SWD I (Chapter 4.1) (shaded rows in
Table 7.2). It seems that, in addition to normal ‘type 1’ sleep spindles (those match ‘spindle wavelet’ type 1 in
Chapters 4.3), WAG/Rij rats express a peculiar form of spindle activity, e.g., long sequences of high-amplitude
sharp waves (sometimes with spiking), which might correspond to a pro-epileptic spindle ‘type 2’. This peculiar
spindle type can be encountered during intermediate as exaggerated and prolonged ‘type 1’ spindle oscillations
resembling to SWD I (double circles in Fig. 7.2B).

SWD and sleep spindle oscillations are controlled by global mechanism of sleep-wakefulness cycle

In Chapter 4.1 and 4.2 it is found that anterior sleep spindles and SWD I share the same thalamocortical
circuitry, but that they essentially differ in respect to the intracortical and thalamocortical network associations.
According to our analysis, there is no straightforward relationship between sleep spindles and SWD. The genetic
WAG/Rij rat model does not demonstrate a direct transition ‘sleep spindles — SWD’ (Chapter 3.3, precursors of
SWD 1), in contrast to what have been convincingly demonstrated in the pharmacological feline penicillin model
[i.e., Gloor, 1968; 1969; 1978; Kostopoulos, 2000]). However, it is well known that sleep spindles and
spontaneous SWD (but not pharmacologically induced seizures) are intimately interconnected with manifestations
of sleep: sleep spindles and SWD have similar distributions along different states of vigilance, e.g., both of them
are promoted by transitory decreases of vigilance [e.g., van Luijtelaar and Coenen, 1988; Halasz et al., 2002;
Steriade, 2003; van Luijtelaar and Bikbaev, 2007].

We have failed to grasp a generic relationship between sleep spindles and SWD on the level of EEG, yet our
data have convinced us that there is no ‘mechanic’ transformation of EEG patterns ‘spindle wave’ — ‘spike-wave
complex’. Our alternative hypothesis suggests that there is a functional relationship between SWD and sleep
spindle oscillations on the level of mechanism controlling the vigilance state. In particular, besides abnormal
neuronal functioning, absence epilepsy is characterized by an impairment of processes that govern transitional
states between wakefulness and NREM sleep. These two factors, acting together, promote absence seizures in low
vigilance states, but they do not prevent occurrence of normal spindle events.
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Figure 7.3. Schematic representation of changes in vigilance levels (adopted from Halasz et al., 2002) indicating favorable
states for the occurrence of SWD (darken and hatched areas) and sleep spindles (ribbed area). SWD are most numerous
(hatched area) in transition period between wakefulness and sleep and especially on the intermediate stage of sleep. A.
Intermediate stage of sleep in rats could be a ‘critical zone of vigilance’ when synchronizing thalamo-cortical system is
unstable and a too strong synchronization at this stage could result in SWD (epileptic transition). B. Favorable states for the
occurrence of SWD and sleep spindles. Distribution of SWD across vigilance state in WAG/Rij rats corresponds to human
data (Halasz et al., 2002); sleep spindles in our subjects are abundant during sleep, but SWD are concentrated during transient
vigilance states between sleep and wakefulness.
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The latter hypothesis is closely related to the concept of Halasz (1991; 2002), suggesting that there is a
‘critical zone of vigilance’ (between non-REM sleep wakefulness and REM sleep) where SWD are more likely to
occur (Fig. 7.3). Intermediate stage of sleep in rats could be a ‘critical zone of vigilance’, when the synchronizing
thalamo-cortical system is unstable, therefore it is potentially ‘dangerous’ for the occurrence of absence seizures.
This stage in WAG/Rij rats is known to last longer than in non-epileptic Wistar rats. In WAG/R|j rats, by the
presence of SWD, intermediate sleep stage is less frequently be followed by paradoxical sleep and more frequently
by slow-wave sleep and especially by arousals [Gandolfo et al., 1990]. In relation to that, other aspects of the
architecture of sleep in epileptic rats is impaired: duration of sleep cycle and duration of REM sleep in WAG/Rij
rats are substantially shortened as compared to non-epileptic ACI rats [van Luijtelaar and Bikbaev, 2007] while the
amounts of total sleep and REM sleep are not different from other inbred rats [van Luijtelaar et al., 1988]. It seems
that non-REM sleep in epileptic rats terminates often abruptly with SWD [Drinkenburg et al., 1991] and it is
followed by arousal (Fig. 7.3A), therefore, epileptic rats show a deficiency of REM-sleep rats as compared to
control subjects. In non-epileptic rats, termination of ‘non-REM sleep’ is smoother and it is followed by a short
period of intermediate sleep and REM sleep (arousals are less frequent).

Altogether, neuronal mechanisms controlling micro-dynamics of sleep in WAG/Rij rats are impaired. This
can disrupt coordination within oscillatory neuronal assembles, resulting in disturbances of rhythmic activity and
occurrence of abnormal EEG patterns, e.g., hypersynchronous oscillations such as pro-epileptic spindle
oscillations (‘type 2’ spindles) and SWD.

NETWORK MECHANISMS OF SPIKE-WAVE DISCHARGES in WAG/RIij rats

Issue 10. Cortico-cortical and cortico-thalamic network synchronization at the onset of
SWD (analysis of EEG coherence)

Chapter 3.3 (time-frequency analysis of SWD-precursors) demonstrates that SWD in WAG/Rij rats are
preceded by an increase of theta activity in the frontal EEG; this is similar what happens in GAERS, yet in
GAERS the theta component is shaped into 5-9 Hz rhythmic oscillations [Pinault et al., 2001]. Apparently, 5-9 Hz
rhythm can also be encountered in non-epileptic rats strains [Pinault, 2001]. Broadly speaking, 5-9 Hz oscillations
in rodents are physiological and they are ‘normal’ in the sense that they are not related to epilepsy. A precondition
(for example, a hyperexcitable cortex and an increased synchrony in the thalamo-cortical network) must be present
in an epileptic brain for the 5-9 Hz oscillations to be followed by SWD.

In order to address this problem (Chapter 5.1), we have elucidated epileptic synchronization processes in
cortico-thalamo-cortical network during early stage of absence seizures. For that purpose, linear associations are
measured between cortical regions (intracortical coherence), reticular and relay thalamic nuclei (intrathalamic
coherence) and between the cortex and the thalamus (thalamo-cortical coherence) at the onset of SWD type I. The
major results are as following:

= In all investigated EEG pairs, the onset of SWD is associated with an increased coherence in frequencies 5
- 60 Hz with two maxima around 10 and 20 Hz, corresponding to the mean frequency of SWD (8-11.5 Hz) and
harmonic frequency 16-21.5 Hz.

» The frequency profile of coherence is different in different intracortical networks; based on the further
analysis, we have divided them into local, global and transhemispheric networks.

= The presumable source of SWD in the somatosensory cortex and its closest surroundings form a minimal
local circuit. This circuit displays a consistent shift of network synchrony from delta to alpha/beta frequencies,
which are considered as primary network processes that govern the initiation of SWD.

= Transhemispheric pairs are characterized by a large increase of coherence and an additional peak in ~16
Hz. This additional 16 Hz peak of coherence (in the middle between two main frequencies, 10 Hz and 20 Hz)
may be brought about by bilateral projections via callosal fibers (transhemispheric synchronization). This
indicates a crucial involvement of the corpus callosum in the pathophysiology of absence seizures.

= Intrathalamic coherence shows peculiar changes with the onset of SWD, e.g., a remarkable antagonism
between low- and high-frequency coherence, in which desynchronization in gamma frequencies associates
with increased synchrony in 8-11.5 Hz.
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Five neuronal circuits in the thalamo-cortical system
are involved in generating of SWD
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Figure 7.4. Schematic interpretation of EEG coherence analysis (based on the results of Chapter 5.1).

Absence seizures result from a very complex synchronization between different parts of thalamo-cortical
network. Thalamo-cortical system comprises five interacting networks (resonant circuits). Each circuit is
characterized by peculiar pattern of network synchronization (Fig. 7.3). Cortico-cortical networks are responsible
for the initiation (local cortical networks with the highest coherence, maximum in 21.3 Hz), unilateral propagation
(non-local cortical networks, in which coherence is medium, maximum in 19.3 Hz), bilateral spreading (trans-
hemispheric networks, in which is high with an additional maximum in 15.8 Hz). Thalamus sustains the seizure
rhythm 9.5 Hz and the cortical part of the oscillatory network keeps resonance with the thalamic part throughout
cortico-thalamic pathways.

Issue 11. The local and global role of the neocortex in the development of SWD |

A global role of the cortex in absence epilepsy, as suggested by the ‘cortico-reticular’ theory [Gloor, 1969;
Kostopoulos, 2000], has been confirmed in the feline penicillin model [Avoli and Gloor, 1981; Gloor et al., 1990]
and in genetic rodent models, GAERS and WAG/Rij rats [Vergnes and Marescaux, 1992; Meeren, 2002]).
Chapter 6 reconsiders a global role of the neocortex in absence epilepsy and focuses in focal aspects of this
disease. Some of our findings are consistent with the ‘cortical’ theory and confirms a secondary role of the
thalamus in absence seizures [Niedermeyer, 1996].

In Chapter 6.1, it is shown that the fast transient events (e.g., EEG ripples and double spiking) are localized
in the somatosensory cortex and its closest neighborhood at the onset of SWD 1. These fast EEG transients are
considered as manifestations of epileptogenic processes in this anterior cortical region [Sitnikova and van
Luijtelaar, 2007]. Several neuronal mechanisms underlie the impairment of functions of cortical neurons and are
considered as a physiological trigger of SWD I in WAG/Rij rats. Among them is a deficit of the somato-dendritic
hyperpolarization-activated cation current (I,). It is known that deficits of I;-mediated functions in cortical cells
contribute to the onset and development of SWD I [Straus et al., 2004]. An impaired function of dendritic I;-
channels (HCN1) in layer 5 pyramidal neurons in WAG/R]j rats is suggested to provide a somato-dendritic
mechanism for increasing the synchronization of cortical output, and therefore play an important role in the
generation of SWD I [Kole et al., 2007]. In WAG/R]j rats, neurons in the neocortical deep layers are known to
have an increased synaptic excitability (as compared to control rats) mediated by NMDA receptors [D’ Antuono et
al., 2006]. It is likely that I;, currents might be involved in the physiological trigger mechanisms of SWD. I
currents might be responsible for the elevation of delta (1-4 Hz) activity that prerequisite the onset of SWD
(Chapter 3.3). In fact, 95% preSWD express high power in delta band, but elevation of theta (5-9 Hz) is detected
in a lower percentage of preSWD epochs, i.e., in 73% of cases.

In Chapter 6.2, it is demonstrated that local inactivation of the primary epileptic focus area (perioral area of
somatosensory cortex) with microinjections of lidocaine prevents the occurrence of SWD I [Sitnikova and van
Luijtelaar, 2001]. It is believed that the ‘epileptic’ cortical zone is capable of initiating SWD [ because of
genetically predetermined impairment of membrane properties of neurons [D’Antuono et al., 2006] or because of

164



Chapter 7

impairment of fine structure of neuronal cells [Karpova et al., 2005]. Macro- and microscopic investigations of
morphological changes in absence epilepsy are scare. It is believed that typical absence epilepsy is a purely
functional disorder that has no structural lesion of any kind [Berkovic et al., 1987; Niedermeyer, 1996]. As far as
the role of the neocortex in absence epilepsy is concerned, it must be stressed that rats with absence epilepsy
(WAG/Rij) display serious modification of cellular microstructure in the focal cortical region [Karpova et al.,
2005]. Absence epilepsy is not merely functional, but also a micro-anatomical cortical disorder.

Morphological correlates of cortical absence epilepsy: cytoarchitectural disorder in the somatosensory
cortex and its closest neighborhood

In animal models of absence epilepsy, the cellular structure of cortical tissue is almost entirely escaped to
consideration. In a pioneering study, Karpova and co-workers (2005) have compared the cytoarchitecture of
pyramidal cells in superficial cortical layers (I-III) in the somatosensory and motor areas in WAG/Rij and ACI
rats. The authors examined two zones: (1) an ‘epileptic zone’ including peri-oral and vibrissal projections in the
Sml and (2) in a ‘non-epileptic zone’ - the area of hind limb projections in the Sml and the motor area in the
frontal cortex.

In both rat strains, neurons in the ‘epileptic zone’ are characterized by an increased branching (as revealed
by the three parameters: the number of free terminals, the number of branching points and the number of dendritic
segments). This differences in branching parameters can be accounted for the regional differences (and functional)
differences between the investigated zones without regard to epileptic processes.

It is important that atypical oriented pyramidal neurons are present in the ‘epileptic zone’ in WAG/Rijj rats.
Apical dendrites of these cells are obliquely oriented, often split in two branches; cellular bodies are localized
outside the layer boundaries. Unfortunately, the authors do not explain this phenomenon; yet disorientation and
atypical morphology of pyramidal cells may correlate with the epileptic activity and can be accounted for at least
two factors:

»  An early disorder of migration. In the rat’s cortex atypically oriented pyramidal neurons appear in all
cortical layers during the last prenatal week (gestational days 15-21) [Miller, 1998]. Orientation of cell bodies
and apical dendrites do not change after the end of migration. As known, migration and orientation of pyramidal
cells are guided by glial cells and impairment of neuro-glial interactions (probably, genetically determined) may
result to the disorientation in a population of pyramidal cells.

» A disorder of maturation. Apical dendrites of pyramidal neurons ascend to the plexiform layer, where they
are densely innervated by afferents of neuromodulatory systems (noradrenaline, serotonine etc). These contacts
with neuromodulatory afferents are necessary for the normal maturation of neuronal cells [Raevsky, 1995] and
presumable impairment of intracortical neuromodulatory mechanisms in WAG/Rij rats may encourage changes
in the configuration of apical dendrites in superficial pyramids. Atypical cellular forms may either result from an
impairment of axo-dendritic interactions in the plexiform layer or by deficit of neuromodulatory afferents in the
plexiform layer.

Another important finding is that pyramid cells in the ‘epileptic zone’ in WAG/Rij rats differ from analogous cells
in ACI: they have longer dendritic segments and a larger radius of dendritic area. We have interpreted these
findings in relation to the fact that these animals have epilepsy that is triggered in this zone. Longer dendritic
segments and larger radius of dendritic area may increase the area of synaptic contacts, increase excitability and
facilitate spreading of seizure across this ‘epileptic zone’.

Altogether, an impairment of structure of pyramidal neurons in superficial layers in WAG/R]j rats may be
caused by a deficiency of neuromodulatory afferents in the plexiform layer and by disorders during early
development. This alters a normal growth of dendrites and branching of dendritic trees, and causes a misdirection
of apical dendrites in pyramidal neurons. The age-dependent increase in number of affected animals, and in
number and duration of SWD is in favor of a developmental disturbance [Coenen and van Luijtelaar, 1987].

Dysfunction of somatosensory cortex: epileptogenic processes in the close neighborhood of the
somatosensory cortex (as manifested by fast EEG components during initial state of spike-wave
seizures)

The crucial role of the cortex in absence epilepsy is emphasized by a ‘cortico-reticular’ theory [Gloor, 1969;
Kostopoulos, 2000] and by a ‘cortical focus’ theory [Meeren et al., 2002; Meeren et al., 2005]. Gloor’s theory,
which is grounded on experimental model of generalized seizures induced by penicillin injections, postulates that
the transformation of thalamic spindle activity into SWD takes place in the cortex due to a diffuse increase of
neuronal excitability. Meeren’s theory, which is developed in genetic rats with spontaneous seizures, suggests that
a local area in the somatosensory cortex triggers SWD. Our experimental data in Chapter 3.3 (precursor activity
of SWD), 4.1 and 4.3 (time-frequency EEG analysis of SWD and sleep spindles) contradict to Gloor’s theory by
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showing that spindle activity does not constitute a source of SWD. In contrast, findings in Chapter 6 support
Meeren’s theory. In particular, Chapter 6.2 shows that deactivation of the somatosensory cortex reduces the
incidence of SWD I.

Chapter 5.1 demonstrates complex changes of intracortical, thalamo-cortical and intrathalamic associations
in the thalamo-cortical network at the onset of absence seizures. Investigation of local field potentials during SWD
I indicates that the fast cortical components (e.g. EEG ripples and double spiking) appear in the frontal and parietal
(Sml) cortex at the initial stage of SWD 1. A combination of the above mentioned facts suggests that the newly
observed pro-epileptic fast transients are essential elements of SWD. It is striking that frontal and parietal cortical
areas display the most broad-band increase of coherence (5-60 Hz, including gamma frequencies) at the onset of
absence seizures. Therefore, it seems likely that fast EEG transients are produced by the local cortical network
(e.g., somatosensory and frontal areas). In all, this leads us to the following assumptions about the nature of the
fast transients in EEG: (i) they represent an impaired functioning of local cortical networks (but the thalamus is
scarcely involved); (ii) they are implicated in the initiation of seizure activity, yet the intact thalamus is necessary
for the further progress of seizure activity.

Our principal conclusion is that SWD I are initiated in the somatosensory cortex [Meeren et al., 2002;
Sitnikova and van Luijtelaar, 2001; 2007, Chapter 6.1 and 6.2] and they are strongly involve the somatosensory
part of the thalamo-cortical system [Sitnikova and van Luijtelaar, 2006]. In epileptic rats, interactions within
somatosensory thalamo-cortical system are impaired (Chapter 5.1) and this may imply that absence epilepsy
correlates with an impairment of basic sensory mechanisms that control processing of somatosensory information.
Indeed, it is found that sensory processing is altered during SWD in WAG/Rij rats [Meeren et al., 1998; Inoue et
al., 1992]. Human patients become irresponsive to external stimuli during absence seizures. It has been assumed
[Yamauchi, 1998] that in humans responsiveness is mostly altered when the wave-component in spike-wave
discharge reaches its maximum (the wave in SWD represents neuronal inhibition), thus when a very large
percentage of the cortex is in the inhibitory phase. In all, severe impairments of functional abilities of cortical cells
during absence seizures likely results in disturbances of sensory perception, causing an abrupt impairment of
consciousness which is associated with absence epilepsy.

Issue 12. Interactions between thalamus and cortex during SWD (type I) examined with
traditional methods (cross-correlation, grand average EEG, coherence) and with a novel
approach (Granger causality for causal relations)

Thalamo-cortical relationships has been examined during the initial stage and in fully grown SWD I using
several traditional EEG measures.

=  Cross-correlation analysis between cortex and thalamus ' (Chapter 4.1, Fig.4.9) demonstrates negative (out-
of-phase) correlations between the frontal cortex and the VPM with a time delay 5 msec (frontal cortex leads).
The amplitude of the negative peak of the cross-correlation [Cyy(t) ~ -0.42] function during SWD is two times
higher than during sleep spindles, suggesting that during SWD I thalamo-cortical coupling is twice as strong as
during sleep spindles.

= Grand average EEG analyses demonstrates a specific temporal relationship between Weir’s components in
thalamic and cortical counterparts of SWD I (Chapter 3.1, see also ‘issue 11° and Fig.7.2 ). In particular,

(i) High-voltage positive transient (PT) in the thalamus lags behind the ‘Spike 2’ in the frontal cortex (7-9
msec), suggesting that PT appears in the thalamus as back-propagation of cortical ‘Spike 2°.

(i1) Low-voltage ‘Spike 1’ in the relay thalamic nucleus (VPM) seems to be locked in phase with PT,qy in the
frontal cortex.

= Fourier-based coherence analysis is focused on the changes in the strength and frequency profile of thalamo-
cortical functional interactions at the onset of SWD (Chapter 5.1). It is found that functional interactions
between the frontal cortex and the thalamus (both the VPM and the RTN) are profoundly increased and the
strongest increase appeared in 8-11.5 Hz Occipito-thalamic interactions are also increased, yet this increase is
not as high as obtained in fronto-thalamic pairs.

Chapter 5.2 introduces a new concept for the analysis of network associations. It describes thalamo-cortical
causal relations in terms of Granger causality [Sitnikova et al., 2008]. Granger causality uses the knowledge about
the immediate past of one signal in order to improve prediction of another signal. In our computations, we use
linear model of Granger causality in order to establish bidirectional coupling strength between cortex and thalamus

! The cross-correlation function is a measure of the linear correlation between two functions regarding their time delay. This
time delay may reflect a causal relationship between the signals [e.g., Quian Quiroga et al., 2000; Pereda et al., 2005].
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and assess directionality of information flow for both directions. Unfortunately, the linear estimation of Granger
coupling appeared insufficient for predicting absence epilepsy (non-linear model Granger causality is needed in
order to detect early changes in causal network relationship and, therefore, to prerequisite the onset of SWD I), and
the dynamics of thalamo-cortical network associations that govern transition ‘normal state «» paroxysmal state <>
normal state’. The following achievements are made:

= Linear Granger causalities do not change before the onset of SWD I: coupling strength is constant and very
low, yet associations thalamus— cortex are stronger than vice versa.

= The onset of SWD I is characterized by a rapid increase of coupling strength in both directions.

= The strength of thalamus—cortex coupling remains continuously high during the seizures and does not
return to the initial level even after cessation of SWD.

= The strength of cortex—thalamus coupling gradually diminishes shortly after the onset of SWD I and
returns to the pre-SWD level when SWD 1 is stopped.

It is hypothesized that propagation and maintenance of seizure activity may be facilitated under the strong and
sustained influence of thalamus—cortex, while rapid reduction of cortex—thalamus strength may promote the
cessation of SWD L.

In general, Granger causality appears to be an effective way to gain more insight into the dynamics of the
thalamo-cortical neuronal network mechanism underlying dynamical properties of SWD 1. Results of this study
may shed more light on predictability of SWD I and may explain the classic clinical observation that absence
seizures in humans occur without warning. A computational model of thalamo-cortical neuronal network
[Sejnowski et al., 2004] explains the unpredictability of SWD simply by the fact that fluctuations of control
parameters (synaptic and cellular properties of thalamic and cortical cells) are unpredictable by definition.
Chapter 5.2 extends our knowledge on dynamic properties of SWD I by showing that there are certain dynamics
and strong directionality of information transfer between thalamic and cortical neurons before, during and after
SWD L. In particular, a strong feedforward (thalamus—-cortex) transfer may be necessary for maintenance of
SWD, in opposite, an increase of the feedback (cortex—thalamus) transfer may be responsible for seizure
cessation. The linear estimation of Granger causality is suitable for studying thalamo-cortical mechanisms
involved in maintenance and stopping of SWD, yet it is not sufficient for predicting episodes with absence
epilepsy. Application of non-linear Granger estimations might help to solve this problem.

Issue 13. Methodological considerations and technical questions

In this thesis we have employed various techniques of time-frequency analysis in order to assess
electrographic properties of normal (sleep spindles) and abnormal (SWD) EEG oscillations and local changes of
electrical activity in thalamo-cortical circuit that may underlie transformation ‘sleep spindles — SWD’. Time-
frequency signal analysis is performed using traditional fast Fourier transform (frequency domain measure) and
continuous wavelet analysis (time+frequency domain measure). The strength of associations between EEG signals
is measured with the aid of Fourier coherence and cross-spectrum (in frequency domain). In addition to that, we
employed linear Granger causality in order to assess bidirectional information transfer between frontal cortex and
the thalamus before, during and after SWD 1. Below we will describe advantages and limitation of the above
mentioned methods.

Fourier analysis

In Chapters 2.1, 3.2, 3.3 and 4.1 Fast Fourier transform (FFT) is applied in order to elucidate the spectral
content of sleep spindles and SWD. The Fourier transform decomposes a signal into sine waves of different
frequencies, which sum up to the original waveform. The amplitudes of sine functions of various frequencies
throughout the entire duration of the signal provide spectral power of these identities. FFT has the following
limitations:

= The FFT is only suitable for stationary processes (i.e. in which statistical properties remain constant). To a
certain approximation, relatively long intervals (lasting from several seconds to several minutes) of uniform and
stable EEG activity may represent stationary processes [Freeman, 1975]. SWD have relatively long duration
(from one to tens of seconds) and stereotypic morphology, they can approximately considered as stationary (or
quasi-stationary) processes, but short-lasting sleep spindles obviously represent non-stationary EEG processes.

= Frequency resolution of the FFT is limited by two factors:
(i) The size of time window, which determines the slowest detectable wave; short epochs low frequencies);

(i) The sample rate: the highest frequency extracted with the FFT is twice lower than the sampling frequency.
In addition to that, computation are faster if sample rate is #°, where # is an integer number.
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General Discussion

In the present thesis we use the same sample rate (usually, 1024 per second) and achieved the same frequency
resolution of SWD and sleep spindles by selecting periods with the equal length, 1 sec (1 Hz is the lowest
captured frequency).

= Time-domain information is lost after FFT, therefore, transient or location features of EEG are omitted.
Fourier analysis versus Wavelet transform

An obstacle in interpreting the outcomes Fourier analysis is that it works under assumption that a signal
(EEG) has a sinusoidal waveform. This is true for some neural oscillations, such as sleep spindles, but for SWD 1
have clearly non-sinusoidal waveform. SWD I consist of several repetitive sharp elements (Weir’s elements,
Chapter 3.1) and, therefore, their power spectrum displays additional harmonic components (at double frequency)
which are likely to be elicited by the presence of high-amplitude sharp repetitive spikes. Noteworthy, the same
harmonic components are found in Fourier spectrum of ‘spindle wavelet type 2’ that characterized 10-15% of
anterior sleep spindles [Chapter 5.2].

In spite of the limitations, Fourier analysis appears to be convenient for comparing frequency profile of
spontaneous sleep spindles and SWD (Chapter 2, 3.3, 4.1). In addition to that, FFT power spectrum analysis and
analysis of power content in frequency bands allows us to assess changes in EEG properties of epileptic activity
after pharmacological treatments, such as systemic injections of clonidine [Chapter 3.2; Sitnikova and van
Luijtelaar, 2005] and local microinjections of 2% lidocaine [Chapter 6.2; Sitnikova and van Luijtelaar, 2004].

SWD and sleep spindles are dynamic oscillations. This means that their frequency changes over time. FFT
does not provide information regarding the dynamic changes of spectral components (it is a frequency-domain
measure) and, therefore, it is not suitable for the analysis of the signal waveform (time-domain information is lost).
With wavelet decomposition, EEG signal can be represented in two-dimensional time—frequency domain,
therefore, signal power as a function of time and frequency simultaneously. Wavelet transform employs wave-like
scalable function (wavelet basis), that is well localized in both time and frequency [Kaiser, 1994; Koronovskii and
Hramov, 2003]. In Chapter 4.3, a complex Morlet wavelet is chosen amongst others wavelet basis as optimal
function for obtaining desired frequency resolution. In a family of complex Morlet wavelets, the best time—
frequency representation of EEG signal is achieved when function parameter (m,) is equal to 2.

A problem of stationarity in the Fourier analysis

The term of stationarity can be applied to a random process whose statistical characteristics do not change
with time. The lack of stationarity in EEG causes a major problem in the implementation of mathematical methods
for the analysis of EEG data [Kaplan, 1998; Dikanev et al., 2005], for the interpretation of results and it also
embarrasses automatic detection EEG events [Mékinen et al., 2005]. There are some periods in EEG which can
approximate to a stationary behavior. In appropriately short time intervals during SWD, statistical properties
change slowly enough for the stationary pattern to be established. Sleep spindles are very non-stationary
oscillations; their frequency and amplitude considerably vary over the time. As known, Fourier representation of
stationary (neuronal) processes give more sharp and high amplitude spectral peaks as compared to non-stationary
processes [Mékinen et al., 2005]. There is more stationary in the EEG during SWD than during sleep spindles,
therefore, SWD might reveal sharper and high amplitude spectral peak ~10 Hz.

A high level of stationary of SWD may be accounted for the presence of the regular spike component.
However, the spike trains can represent the second-order stationary [Jarvis and Mitra, 2001]. The stationary pattern
of spike-wave complexes in human patients has been associated with spatial consistency of activation among
seizures [McKeown et al., 1999].

Estimation of coupling strength between two signals

Methods of quantification of functional coupling and synchronization EEG has long been used to assess
functional interaction between brain regions. In the present thesis we have used convenient tools for measuring
coupling strength between two EEG signals, the cross-correlation function (Chapter 4.1), the cross-spectrum
(Chapter 2) and the Fourier coherence (Chapters 3.3 and 5.1).

Cross-spectrum and coherence estimations are linear techniques, which are easily applicable to EEG data
and are easy to be interpreted in mathematical terms (and with a certain approximations, in physiological terms [Le
Van Quyen and Bragin, 2007; Pereda et al., 2005]). However, they are appropriate only for the analysis of
coupling between two signals, yet these pair wise estimations cannot distinguish between ‘direct’ and ‘indirect’
coupling. In the cross-correlation function, the time lag indicates directionality of coupling between two signals.
Very promising results are obtained by Meeren et al. (2002), who used a nonlinear association coefficient (the
simplest nonlinear statistical characteristics based on a generalization of cross-correlation function rather than on
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dynamical systems theory) for investigating SWD in WAG/Rjj rats. With that method they have revealed a cortical
focus of these discharges that have never been detected with traditional methods.

A directionality of coupling between thalamic and cortical neurons is investigated in Chapter 5.2. In this
Chapter we have estimated thalamo-cortical causal relations with the aid of Granger causality and have shown
strong differences of information transfer in direction of ‘thalamus—cortex’ as compared to ‘cortex—thalamus’.
The first direction can facilitate propagation of SWD and the second is responsible for seizure cessation. Generally
speaking, Granger causality seems to be an effective and promising tool for studying neuronal network structure
and network dynamics. It can find many applications in neuroscience, for example, in psychophysiology for
studying the architecture of directed couplings between brain areas during tasks, or in clinical EEG research for
investigating the spreading of epileptic activity from a focal zone to other areas.
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Conclusions & Summary

CONCLUSIONS

The current thesis presents results of electroencephalographic examination of physiologic sleep spindle oscillations
and spike-wave discharges (SWD) as carried out at the cortical and thalamic levels in a genetic WAG/Rjj rat
model of absence epilepsy. SWD are well known obligatory electroencephalographic manifestations of absence
epilepsy [Panayiotopoulos, 2001] and two types of spontaneous SWD are distinguished in WAG/Rij rats. The
present thesis is focused onto electroencephalographic features of SWD and sleep spindles, thalamo-cortical
network mechanisms and functional relationship between these phenomena. EEG data are obtained in freely
moving rats, while multi-channel recordings are made throughout the cortex, from the ventroposteromedial
thalamic nucleus (VPM, somatosensory part of the thalamus) as well as from the reticular thalamic nuclei (RTN).

Sleep spindles

Chapter 2 describes sleep spindles as recorded in EEG during natural sleep. The major conclusion is that sleep
spindles independently appear in the frontal and occipital EEG channels, suggesting that WAG/Rij rats, similar to
humans, exhibit two local ‘area-specific’ types of sleep spindles.

EEG features of anterior and posterior sleep spindles are compared in Chapter 2.1. It is shown that,
compared to posterior spindles, anterior spindles appear more frequently, have a lower frequency (~10 Hz versus ~
11 Hz) and a longer duration. EEG epochs immediately preceding anterior and posterior spindles (pre-spindle
activity) do not reveal significant differences, neither in EEG waveform nor in EEG power spectra.

In Chapter 4.3, 85-90% of anterior sleep spindles are identified by means of common ‘spindle wavelet 1’
(so-called ‘type 1’ sleep spindles) and, based on their EEG features, ‘type 1’ sleep spindles are considered as
normal physiological spindle oscillations. The rest (10-15%) of sleep spindles (‘type 2’) are captured by ‘spindle
wavelet 2° (‘type 2’ sleep spindles have a deviant spindle-form and are missed by ‘spindle wavelet 1°).

The role of the thalamus in anterior and posterior sleep spindles is elaborated in Chapter 2.1. Both spindle
types are poorly pronounced in the VPM and the RTN. Differences in total power between anterior and posterior
sleep spindles, which are determined in the cortex, are longer present in the thalamus. These data, however, do not
exclude that the thalamus cooperates with the cortex during sleep spindles.

Chapter 2.1 describes dynamic changes in power spectrum as measured in the cortex and in the thalamus
during transition from pre-spindle EEG to anterior and to posterior spindle types. In anterior spindles, an increase
in alphay,g, (10.75-12 Hz) is found locally in the frontal cortex, whereas an enhancement of alphay,,, (9-10.5 Hz) is
detected in the frontal cortex and in the VPM. Occurrence of anterior spindles is accompanied with elevation of
delta in the RTN and alpha,,+delta+theta in the VPM. At the onset of posterior spindles, thalamic activity does
not change. Altogether, occurrence of anterior and posterior spindles is associated with different frequency
modulation of EEG, suggesting that thalamic and cortical neurons stay in different oscillatory modes.

The thalamo-cortical network mechanism of sleep spindles is studied in Chapter 2.2 by means of cross-
spectrum and cross-correlations analyses. It is found that anterior sleep spindles reveal strong a coupling in the
network [frontal cortex] - [VPM] - [RTN], with peak frequencies in 2-3 Hz, 8-10 Hz and 11-12 Hz. The presence
of 11-12 Hz associations ‘VPM-RTN’ suggests that the generation of spindle rhythm requires strong coupling
between these structures. Posterior sleep spindles are characterized by weak associations between [occipital
cortex] - [VPM] — [RTN], moreover, [RTN] - [occipital cortex] are centered in non-spindle frequencies (7.5-8 Hz),
suggesting that the RTN is not directly involved in the sustaining and propagating of posterior sleep spindles.

The analysis of cross-correlations between the cortex and thalamus (two parts of the VPM: the ventral and
dorsomedial poles, vVPM and dmVPM correspondingly) are differently involved in two spindle types. In anterior
sleep spindles correlations are detected in the network [RTN] — [vVPM+dmVPM] — [frontal cortex]; in posterior
spindles correlations - [RTN] — [dmVPM] — [occipital+frontal cortices].

A notable difference between the dmVPM and vVPM in respect to their anatomic connections and
physiological functions may underlie the existence of different oscillatory neuronal networks that generate
different types of local spindle activity. In general, cortical spindle oscillations are not merely a fingerprint of the
electrical activity in the thalamus.

SWD

Two types of spike-wave paroxysms, e.g., the generalized SWD I (the true absence epileptic discharges) and the
local occipital SWD II (which have no clinical correlate) are examined in Chapter 3.
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Archetypal patterns of SWD I and SWD II in WAG/Rjj rats are rendered by computing grand average EEG
waveforms as recorded in the cortex and the thalamus (Chapter 3.1). It is demonstrated that SWD I and SWD II
are multi-phasic negative-positive-negative potentials, comprising a set of epileptiform elements, analogous to the
components of spike-wave complex identified in human EEG [Weir, 1965], such as Spike 1 (Sp1), Spike 2 (Sp2),
positive transient (PT) and Wave. SWD I is expressed in the frontal EEG as a sequence of ‘(PTcaiy) — Sp2 — PTiaee’;
in the occipital EEG - ‘(Spl) — PT — Wave’; in the VPM - ‘Spl — PT — Wave’ and in the RTN ‘PT — Wave’.
Altogether this suggests that EEG pattern of SWD 1 is area-specific. In the frontal cortex, SWD I show a
disproportionately large ‘Sp2’ this makes the EEG pattern of frontal SWD I asymmetric. Asymmetry in frontal
SWD I increase as seizure progresses. In the thalamus, EEG pattern of SWD I is more symmetrical, as compared
to the cortical counterparts. A peculiar element of SWD I, ‘Spl°, is detected in the VPM. ‘Spl’appeared
simultaneously with the frontal ‘PT..,” and it leads the frontal ‘Sp2” with 12 msec time delay. Probably, ‘Spl” in
the thalamus reflects back-propagation of cortical excitation.

In Chapter 3.1, it is found that the following synaptic processes may underlie epileptiform elements in
SWD (type I): the spike component (‘Spike 2’) is the excitatory response of PCs via AMPA-ergic input from the
thalamus. The positive transient is a manifestation of AMPA-ergic mutual excitation of pyramidal cells. The wave
component reflects the strength of GABA-ergic synaptic interactions between pyramidal cells and interneurons
(feed-forward inhibition).

The lack of congruency between cortical and thalamic counterparts of SWD I suggests that the propagation
of seizure throughout the thalamo-cortical circuit is not merely a transduction of electrical activity, but that each
part of the circuit is actively involved in maintaining SWD 1.

SWD II is localized in the occipital cortex (it is composed of ‘(Spl) — PT — Wave’) and hardly involves the
frontal cortex and the thalamus. Only rudimentary SWD II is present in the thalamus, in contrast, SWD I are well
pronounced in the thalamus.

Noradrenergic control of SWD I and SWD II. Chapter 3.2 examines the influence of depletion of
noradrenergic neurotransmission with systemic injections of alpha-2 agonist of adrenoreceptors, clonidine, on the
incidence and EEG properties of SWD I and SWD II. It is known that clonidine in low dose inhibits the release of
noradrenaline and aggravates absence seizures. However, the mechanism of this pro-absence effect of clonidine is
not known. It is found that the noradrenergic system modulates thalamo-cortical activity, thus promoting SWD I,
but it does not affect mechanisms controlling SWD II and thus the number of SWD II remained unchanged.

In particular, it is found that clonidine injections increase the incidence of SWD I and affect its power
spectrum: in the frontal cortex, total power is reduced (mainly in 1-9 and 30-100 Hz); in the VPM the power in 1—
5 Hz is decreased and an opposite effect is found in the RTN - an increase in power in 9-14 Hz. An increase of
alpha activity in the RTN suggests a reinforcement of oscillatory activity in the frequency of SWD I (~10 Hz); this
results to more numerous and long-lasting SWD I; a decrease in alpha in the frontal cortex might encourage this
effect.

Local occipital SWD type II have a tendency to be less numerous after clonidine injection. SWD II also have
a lower power in the 5-9 Hz band in the occipital cortex, in the VPM and in the RTN.

Altogether, our data imply that the noradrenergic neuromodulatory system affects the frequency profile of
both SWD I and SWD II; these data also imply that noradrenergic system can directly control the incidence of
SWD I most likely via the reinforcement of oscillatory activity in the RTN, but it does not affect the incidence of
SWD IL

The role of the thalamus in SWD I and SWD II. According the analysis of grand average EEG waveform
(Chapter 3.1), SWD I are well pronounced in the VPM and RTN. This means that thalamic structures are capable
to reproduce stereotypic epileptic activity on the level of local field potentials.

Chapter 5.1 shows that the initiation of SWD I is accompanied by an increase of RTN-VPM coherence in
8-11.5 Hz, whereas the gamma-band coherence in this pair is decreased. Probably, a desynchronization (decrease
of coherence) in the gamma band may encourage the stronger synchronization in alpha frequencies, therefore,
functional coupling in the frequencies of SWD (~10 Hz) is increased. A specific role of the RTN in SWD I is
confirmed in Chapter 3.2 (clonidine injections), when an increase of SWD I is observed after blocking the release
of noradrenaline. EEG coherence study shows an elevation of local thalamic and cortical-thalamic at the onset of
SWD I (Chapter 5.1). Although intracortical mechanisms are responsible for the initiation of SWD I (Chapter 6,
Issue 11 in Chapter 7), the cortex should interact with the thalamus in order to provide a resonant circuitry which
sustains and amplifies SWD I. In general, the data confirm that the RTN plays a supplementary role in SWD I and
this is in agreement with Meeren et al. (2005) as well as with other studies.
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Precursor activity of SWD I (preSWD epochs). We were incapable to establish a common EEG pattern that
would be present in all seizure-precursor (likewise 5-9 Hz oscillations in GAERS), instead, preSWD epochs are
classified in preSWDA, preSWD6, preSWDa and preSWDn based on significant difference of EEG power in
delta-theta-alpha as measured in the frontal EEG (Chapter 3.3). 73% of SWD (preSWDO+preSWDa) exhibit a
well pronounced theta-component (5-9 Hz), suggesting that the majority of SWD in WAG/R]j is preceded by
substantial theta, yet this theta is not shaped into a single EEG rhythm (likewise in GAERS). Besides theta, almost
all preSWD comprised a substantial delta component, suggesting that a coalescence of delta and theta activities in
the cortex is favorable for the occurrence of SWD 1.

Frequency profile of thalamo-cortical synchronization (EEG coherence) slightly differs in different classes
of preSWD epochs, yet no features of EEG coherence can be considered as unique for any class of preSWD epoch.
In general, preSWD epochs are characterized by a high coherence between RTN and VPM, suggesting that these
nuclei are strongly coupled even before the onset of SWD I. ‘Fronto-thalamic’ coherence is lower as compared to
coherence in ‘RTN-VPM’ pair and the least coherence is found in ‘fronto-occipital’ pair.

Thalamo-cortical network synchronization in transition ‘preSWD—SWD I’. Our findings in Chapters 3.2
indicate that amplitude-frequency properties of preSWD epochs and subsequent SWD depend upon coordination
and consolidation between thalamic and cortical counterparts within the entire network. Analysis of
synchronization in the intracortical, cortico-thalamic and intrathalamic neuronal networks during transition
‘preSWD—SWD I’ (Chapter 5.1) demonstrates that each part of thalamo-cortical circuit operates in a specific
oscillatory mode, which is distinguished by frequency profiles. In particular, an increased coherence is found in
frequencies 5 - 60 Hz with maxima around the mean frequency of SWD (8-11.5 Hz) and in the harmonic band 16-
21.5 Hz. The epileptic focus in the Sml and its closest neighborhood creates a minimal neuronal circuit that may
initiate SWD. This local cortical network includes area of limb and vibrissal projections in the Sml and the frontal
cortex and it is characterized by specific changes of coherence during ‘preSWD—SWD I’, such as a reduction in
the low frequency band (1-5 Hz), increase in 8 - 35.5 Hz and higher peak in harmonic frequency (21 Hz), as
compared to the other pairs (18.5-20 Hz). Transhemispheric coherence showed the largest increase as compared to
the other pairs and it is characterized by an additional peak in ~16 Hz. This additional 16 Hz peak is likely to
reflect seizure propagation through bilateral callosal fibers (transhemispheric synchronization), suggesting a
crucial involvement of the corpus callosum in the pathophysiology of absence seizures. Coherence in ‘RTN-VPM’
pair shows a remarkable antagonism between low- and high-frequency interactions, in which desynchronization in
gamma frequencies associates with increased synchrony in 8-11.5 Hz.

Sleep spindles and SWD

In Chapter 4, we compare EEG features of sleep spindles and SWD and disclose some thalamo-cortical network
mechanisms which are responsible for the occurrence of normal spindling and paroxysmal spike-wave activity.

Relationship between sleep spindles and SWD. In general terms, we find several counterarguments to the
cortico-reticular theory, which states that SWD derive from spindle oscillations [Gloor, 1969; Kostopoulos, 2000].
In WAG/R]j rats, generalized SWD (type I) do not derive from anterior sleep spindles, but they emerge from a
specific seizure-precursor activity (preSWD). EEG pattern of preSWD is clearly distinctive from that in spindle
oscillations (Chapter 4.1). A relationship between posterior sleep spindles and SWD II is not confirmed: (1) the
frequency profile of posterior spindles and SWD 11 is significantly different (Chapter 4.1); (2) the posterior sleep
spindles involve thalamo-cortical network and are considered as thalamo-cortical oscillations), but thalamo-
cortical systems play a secondary role in SWD II, if any (Chapter 3.1, 3.2 and 4.1).

Some uncertainties are encountered in respect to a functional linkage between anterior sleep spindles and
SWD I. On the one hand, these EEG phenomena revealed clearly dissimilar power spectra and display different
patterns of ‘fronto-occipital’ network associations (cross-correlations), suggesting that neurophysiological
substrate of anterior spindles and SWD I is not the same. Immediate precursors epochs of SWD I (preSWD
epochs) in WAG/R]j rats differ from sleep spindles by having a different frequency profile. On the other hand,
anterior spindles and SWD 1 cannot be considered as fully independent EEG phenomena. Analysis of cross-
correlations reveals different patterns of thalamo-cortical interactions: one is characteristic for the waking state and
another one (‘oscillatory mode’) is characteristic for anterior spindles and SWD I (Chapter 4.1). In the ‘oscillatory
mode’, thalamus and cortex exhibit a stronger synchrony during SWD I than during anterior spindles. Sleep
spindles and SWD are simulated by a common cortical neuronal model (Chapter 4.2), under assumption from an
increase of synchronization in a population of pyramidal cells which underlie the occurrence of SWD 1. Altogether
this suggests that anterior spindles and SWD I are produced in the same thalamo-cortical circuit during appropriate
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vigilance state, but they are underlain by different synchronization processes in the cortex (more strong
synchronization is profitable for sleep spindles, but less strong synchronization — for sleep spindles).

We failed to grasp a generic relationship between sleep spindles and SWD on the level of EEG, apparently,
there is no ‘mechanic’ transformation of EEG patterns ‘spindle wave’ — ‘spike-wave complex’. Our alternative
hypothesis suggests that there is a functional relationship between SWD and sleep spindle oscillations on the level
of mechanism controlling the vigilance state. Two factors may promote absence seizures in low vigilance state: (1)
abnormal functioning of cortical neurons and (2) impairment of processes that govern transitional states between
wakefulness and NREM sleep, but these factors do not prevent occurrence of normal spindle events. As a result,
sleep spindles and SWD I coincide in the thalamo-cortical circuit.

The local and global cortical mechanisms of SWD I

Cortical mechanisms are of highest importance in the pathogenesis of generalized SWD. Our findings stay in
line with a focal cortical theory of absence epilepsy [Meeren at al., 2002], by showing that the somatosensory
cortex (Sml) plays a crucial role in initiating SWD. It is found (Chapter 6.2) that deactivation of the Sml with
local microinjections of lidocain, diminish SWD 1. Although lidocaine has a local effect (it significantly
diminished the total EEG power in the area surrounding the injection site in the Sml), the incidence of SWD I is
reduced over the entire cortex in both hemispheres. The number of SWD gradually returned to a control level at
the end of the second hour after lidocaine injections. These data show that proper functioning of Sml is important
for the occurrence of generalized SWD. The perioral region of the Sml in rodents is endowed by specific neuronal
mechanism to produce physiological oscillations in the frequency domain of SWD 1 (7-12 Hz), so called
somatosensory rhythm [Nicolelis et al., 1995]. It is possible that somatosensory rhythm can be transformed in
SWD in rodents with a predisposition to absence epilepsy [Wiest and Nicolelis, 2003], therefore, an intrinsic
somatosensory rhythm produced by the Sml, but not sleep spindles, can be a source of SWD [van Luijtelaar and
Sitnikova, 2006].

At the onset of SWD 1, local field potential at the somatosensory cortex and its closest neighborhood is
characterized by fast transient events (e.g., EEG ripples and double spiking, Chapter 6.1). These fast EEG
transients are considered as a manifestation of epileptogenic processes, suggesting that epileptogenic processes in
anterior and parietal cortical regions may be implicated in the initiation and in further propagation of seizure
activity. In Chapter 5.1, it is found that the onset of SWD is associated with an increase of coherence in the
anterior-parietal cortical pair, which is observed in gamma frequencies, up to 60 Hz. Probably, an increased
gamma synchrony in the fronto-parietal area results in fast transient events in the EEG.

In Chapter 5.2 we evaluate thalamo-cortical causal relations before, during and after SWD I, using a
concept of Granger causality. In this concept, the knowledge about the immediate past of one signal can be used
for the prediction of another signal. Linear estimation of Granger causality is used. It is found that causal relations
does not change before the onset of SWD I, suggesting that the linear estimation of Granger is not sufficient for
predicting absence epilepsy (non-linear model is needed in order to predict the onset SWD based on the early
changes in causal network relationship). The onset of SWD I is characterized by a rapid increase of coupling
strength in both directions. The strength of thalamus—cortex coupling remained constantly high until the end of
SWD and it does not return to the initial level even after cessation of SWD. The strength of cortex—thalamus
coupling is gradually diminished shortly after the onset of SWD I and returned to the pre-SWD level when SWD I
is stopped. It is hypothesized that the strong and sustained influence thalamus—cortex is necessary for propagation
and maintenance of seizure activity, while the influence cortex—thalamus promotes the cessation of SWD 1.
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Conclusions & Summary

SUMMARY

The current thesis presents an extensive electroencephalographic study of normal spindle events (anterior
and posterior spindles), absence seizures (SWD I) and occipital paroxysm SWD II in genetic epileptic WAG/Rjj
rats. Cortical and thalamic activity is measured and analyzed with a high temporal and spatial resolution using
traditional and new methods of time series analysis.

In general, it is concluded that SWD and sleep spindles in our rats are comparable to that in humans. Like in
humans, WAG/Rjj rats exhibit two kinds of sleep spindles in the frontal and occipital EEG channels, e.g., anterior
(~11.4 Hz) and posterior spindles (~10.2 Hz) (Chapter 2.1). It is emphasized that local cortical sleep spindles are
not just a fingerprint of the electrical activity in the thalamus, but that each type of spindle activity is generated in
different thalamo-cortical oscillatory networks (Chapter 2.2). In anterior sleep spindles, the reticular thalamic
nucleus (RTN) links with the specific thalamic nucleus (VPM) and the frontal cortex, while in posterior sleep
spindles, occipital cortex cooperates with the VPM, but the RTN hardly plays a primary role.

Likewise humans, SWD in WAG/Rij rats are multi-phasic negative-positive-negative potentials (Chapter
3.1). SWD I and SWD II consist of epileptiform elements that are analogous to that identified in spike-wave
complexes in human EEG, e.g., Spike 1, Spike 2, positive transient and Wave [Weir, 1965]. It is demonstrated that
SWD I and SWD 1I clearly differ on the level of the thalamus: SWD I are well pronounced in the thalamus, but
SWD II are present in rudimentary form (Chapter 3.1). Frequency profile of both SWD I and SWD 1I in the
cortex and in the thalamus is found to be regulated by noradrenergic neuromodulatory systems. Reinforcement of
electrical activity in the RTN, rather than in the VPM, encourages SWD I by putative modulatory alpha2-
adrenergic mechanisms (Chapter 3.2).

Similar to that in GAERS [Pinault, 2001], preSWD epochs in WAG/RIij rats in the frontal cortex reveal a
powerful 5-9 Hz rhythmic component (Chapter 3.3). Besides that, preSWD epochs in WAG/Rij rats show high
delta component in the frontal cortex (3-4 Hz) and in the thalamus (1-2 Hz). We stress that the co-existence of
cortical and thalamic delta activity may play an important role in the initiation and further development of SWD 1.

As to the relationship between sleep spindles and SWD is concerned, our data contradict to a hypothesis
about a relationship between posterior sleep spindles and SWD 11 (Chapter 4.1). Some uncertainties encountered
in respect to a functional linkage between anterior sleep spindles and SWD I; these EEG phenomena reveal a
clearly dissimilar power spectra and different profiles of ‘fronto-occipital’ network associations, suggesting that
neurophysiological substrates of anterior spindles and SWD I are not the same. Immediate precursors of SWD I
(preSWD) in WAG/R]j rats differ from sleep spindles by having different frequency profile (Chapter 4.1).
Altogether this contradicts to a ‘cortico-reticular’ theory of absence epilepsy stating that spindles give rise to SWD
[Gloor 1969, Kostopoulos, 2000]. Besides that, anterior spindles and SWD cannot be considered as fully
independent EEG phenomena: they demonstrate a similar pattern of thalamo-cortical cross-correlation (Chapter
4.1) and they are simulated by a common cortical neuronal model (Chapter 4.2). This suggests that anterior
spindles and SWD I are produced in the same thalamo-cortical circuit during appropriate vigilance state, but they
are underlain by different synchronization processes in the cortex (more strong synchronization is profitable for
SWD, but less strong synchronization — for sleep spindles).

We must emphasize the highest importance of the neocortex in initiation and maintenance of SWD 1. Our
study provides evidences in favor to a ‘cortical focus’ theory of absence epilepsy [Meeren at al., 2002], which
states that the somatosensory cortex (Sml) plays a crucial role in initiating of generalized SWD. In particular, we
demonstrate that deactivation of the Sml with local microinjections of lidocaine results in diminution of SWD I
(Chapter 6.2). At the onset of SWD 1, local field potentials in the frontal and parietal cortex are characterized by
fast transient components (e.g., EEG ripples and double spiking), suggesting that neuronal epileptogenic processes
in the fronto-parietal cortex may be implicated in the initiation and in further propagation of seizure activity
(Chapter 6.1). Analysis of synchronization in the intracortical, cortico-thalamic and intrathalamic neuronal
networks during transition ‘preSWD—SWD I’ (Chapter 5.1) demonstrates that each part of the thalamo-cortical
circuit operates in a specific oscillatory mode, which is distinguished by frequency profiles. We also introduce a
new concept for the analysis of causal relations within a network in terms of Granger causality (Chapter 5.2).
Analysis of thalamo-cortical causal relations before, during and after SWD I brings us to an assumption that
propagation and maintenance of seizure activity may be facilitated under the strong influence of thalamus—cortex,
while a rapid reduction of the influence cortex—thalamus may promote the cessation of SWD 1. Altogether this
suggests that SWD are initiated in a small region of the parietal cortex, and that global cortico-thalamic
mechanisms are important for the further generalization of seizure activity.
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The general conclusion of this thesis is that the theory, which assumes an intimate relationship between
sleep spindles and spike-wave discharges, as can be found in children with absence seizures and in genetic rodent
models, is not in agreement with data as presented in this thesis and in the literature in general.

SUMMARY in Dutch

In dit proefschrift wordt een uitgebreide electroencefalografische studie van slaapspoelen (anterieure en
posterieure), absence aanvallen (piek-golf ontladingen, spike-wave discharges type I [SWD I]) en spike-wave
discharges type II [SWD type II]) gepresenteerd. Deze studie is uitgevoerd in genetisch epileptische ratten van de
WAG/Rij stam. Corticale en thalamische activiteit is gemeten en geanalyseerd met een hoge temporele en spatiele
resolutie, waarbij zowel traditionele als nieuwe tijdreeks-analyse methoden gebruikt zijn.

Een algemene conclusie is dat SWD en slaapspoelen in WAG/R]j ratten analoog zijn aan die van de mens.
Ratten hebben, net als mensen, twee “gebieds-specifieke” type slaapspoelen in het frontale en het occipitale EEG,
anterieure (~11.4 Hz) en posterieure spoelen (~10.2 Hz), die beide horen tot het domein van de slaapspoelen
(Hoofdstuk 2.1). Benadrukt is dat de plaatselijke corticale slaapspoelen geen vingerafdruk zijn van de elektrische
activiteit in de thalamus waar de spoelen opgewekt worden, maar dat ieder type spoelactiviteit opgewekt wordt in
verschillende thalamo-corticale oscillerende netwerken (Hoofdstuk 2.2). De reticulaire thalamische kern (RTN),
die nauw verbonden is met de frontale cortex en met de specifieke thalamus kern (VPM), is betrokken bij het
opwekken van de anterieure spoelen, terwijl dezelfde RTN nauwelijks een rol speelt bij de postericure
slaapspoelen, waarbij de VPM met de occipitale cortex samenwerkt.

Piek-golf ontladingen zijn zowel bij de mens als bij de WAG/Rij rat multi-fasische negatief-positief-
negatieve potentialen (Hoofdstuk 3.1). Zowel SWD I en SWD II bevatten epileptoforme elementen, analoog aan
die welke bij de piek-golf ontladingen in het EEG van de mens beschreven zijn, o.a. “spike 17, “spike 2, “positive
transient” en “wave”, (Weir, 1965). SWD I en SWD II verschillen duidelijk van elkaar in de thalamus: Weir’s
elementen van SWD I komen in de thalamus goed tot uiting, daarentegen zijn SWD II slechts in rudimentaire
vorm aanwezig (Hoofdstuk 3.1). Het frequentie-profiel van zowel SWD I als SWD II in de cortex en thalamus
staat onder invloed van het noradrenerge neuromodulatoire systeem. Preferentiéle bekrachtiging van de elektrische
activiteit in de RTN boven die van de VPM, vergroot de kans op SWD I door mogelijke modulatoire alpha-2-
adrenerge mechanismen (Hoofdstuk 3.2).

De EEG activiteit voorafgaand aan SWD vertoont in de frontale cortex van de WAG/Rij rat een krachtige 5
tot 9 Hz ritmische component, wat in overeenstemming is met gegevens van Pinault verkregen bij GAERS (2001)
(Hoofdstuk 3.3). Daarnaast laat het EEG in de WAG/Rjj rat voorafgaand aan de SWD een hoge delta component
zien in de frontale cortex (3-4 Hz) alswel in de thalamus (1-2 Hz). Er is benadrukt dat de parallelle aanwezigheid
van delta-activiteit in de cortex en thalamus een belangrijke rol speelt bij de genese en het handhaven van SWD 1.

Met betrekking tot de veronderstelde relatie tussen slaapspoelen en SWD is gevonden dat de hypothese
verworpen kan worden voor een specifieke relatie tussen de posterieure slaapspoelen en SWD 11 (Hoofdstuk 4.1).
Ook zijn er enkele onzekerheden met betrekking tot de functionele relatie tussen anterieure slaapspoelen en SWD [
opgelost: beide EEG verschijnselen laten duidelijke verschillende power-spectra en verschillende “fronto-
occipitale” netwerk associaties zien. Dit suggereert dat het neurofysiologisch substraat van anterieure spoelen niet
hetzelfde is als dat van SWD 1. Ook is het frequentie-profiel van het EEG voorafgaand aan SWD en slaapspoelen
verschillend (Hoofdstuk 4.1). Dit alles is in strijd met de cortico-reticulaire theorie van absence epilepsie, die stelt
dat piek-golf ontladingen zich ontwikkelen uit slaapspoelen (Gloor 1969, Kostopoulos, 2000). Daar dient echter
aan toegevoegd te worden dat anterieure spoelen en SWD een overeenkomstig kruis-correlatie profiel hebben en
ze gesimuleerd kunnen worden door eenzelfde corticaal neuronaal model (Hoofdstuk 4.1; Hoofdstuk 4.2).
Daarom kunnen ze niet als geheel onathankelijk van elkaar gezien worden. Dit leidt tot de suggestie dat anterieure
slaapspoelen en SWD I in hetzelfde thalamocorticale circuit gegenereerd worden tijdens een geschikte vigilantie
toestand, maar dat ze van elkaar verschillen in de mate waarin synchronizatie in de cortex optreedt. Een sterkere
synchronizatie is gunstig voor de aanwezigheid van SWD, en een minder sterke voor slaapspoelen.

De cortex is de belangrijkste structuur in het brein voor het opwekken en handhaven van SWD 1. Ook de
experimenten in deze studie ondersteunen de “focal cortical” theorie van absence epilepsie, zoals die door Meeren
et al. (2002) geformuleerd is. Deze theorie veronderstelt dat de somatosensorische cortex (Sml) een cruciale rol
speelt bij het opwekken van gegeneralizeerde SWD. In het bijzonder is aangetoond dat deactivatie van de
somatosensorische cortex met locale unilaterale microinjecties met lidocaine, aanleiding geeft tot een
vermindering van het aantal SWD I (Hoofdstuk 6.2).
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Conclusions & Summary

Aan het begin van de genese van SWD I laten zogenaamde “local field potentials”, geregistreerd in de
frontale en parietale cortex, de aanwezigheid zien van snelle transiente componenten, de zogenaamde EEG
“ripples”, alswel van dubbele spikes. Dit suggereert dat neuronale epileptogene processen in de anteroparietale
cortex betrokken zijn bij het ontstaan en de verspreiding van aanvals-activiteit (Hoofdstuk 6.1). Analyse van de
synchronizatie in de intracorticale, corticothalamische en intrathalamische neuronale netwerken tijdens de
overgang van preSWD naar SWD I (Hoofdstuk 5.1), laat zien dat ieder deel van het thalamocorticale circuit op
eigen wijze opereert op een specifiek oscillerende wijze. Dit komt tot uiting in verschillen in frequentie-profielen
van diverse structuren.

Een nieuw concept is geintroduceerd bij de analyse van causale relaties binnen een neuronaal netwerk:
“Granger causality” (Hoofdstuk 5.2). De analyse van de thalamocorticale causale relaties voor, tijdens en na
SWD 1, leidt tot de veronderstelling dat de verspreiding en duur van de aanvals-activiteit gefaciliteerd wordt door
een sterke invloed van de thalamus op de frontale cortex, terwijl een snelle reductie van de invloed van de frontale
cortex op de thalamus juist het afbreken van SWD I kan faciliteren. Dit houdt de verondersteling in dat SWD
geinitieerd worden in een klein deel van de parietale cortex en dat globale cortico-thalamische mechanismen
belangrijk zijn voor de verdere verspreiding van de aanvals-activiteit.

De algehele conclusie van dit proefschrift is dat de theorie die verondersteld dat er een intieme relatie is
tussen slaap spoelen en piek-golf ontladingen, zoals die bij kinderen met absence epilepsie en in genetische ratten
modellen voorkomen, niet langer in overeenkomst is met de gegevens zoals die onder meer in dit proefschrift
gepresenteerd worden.

SUMMARY in Russian (BbIBOAbI U 3aKnto4yeHue)

B macrosmielf nmuccepTalMOHHON paboTe TMPeACTaBICHB HaHHBIE 3JekTpodHnedanorpadguueckoro (931
WCCIIEZIOBAHUSI HOPMAaJIbHON PUTMUYECKONW aKTHBHOCTH TOJIOBHOTO MO3Ta BO BpeMsI CHa (COHHBIX BEpPETEH) U MUK-
BOJIHOBOW  aKTMBHOCTH, COIPOBOXKIAIOMIEW AMHU30IbI  a0CaHC-3MUIIENICUM Y KPBIC C TEHEeTUYeCKOH
MIPEIPACIIONIOKECHHOCTRI0 K AToU Oomesam (muHusS WAG/RIj). Beut mpoBeaeH aHANN3 JIOKATBLHOM 3JIEKTPHICCKON
aKTUBHOCTA KOpPBl M TajamMyca C WCIOJb30BaHUEM TPAJAMIUOHHBIX (ObIcTpoe mpeodOpasoBanue Dypbe,
CIEKTPaJbHBIA M KOTEPEHTHBIH aHallM3, aHAlM3 KPOCC-CHEKTPOB W KPOCC-KOPPENAIMii) W HOBBIX METOJIIOB
(HenpeprIBHOE BEHBIETHOE IIpeoOpa3oBaHMe, aNalTUBHBIN BEHBICTHBIM aHaIN3, Ka3yalbHOCTH | 'paHmkepa).
OO0OHapyKeHO, YTO OOIIMe XapaKTEPUCTHKH COHHBIX BEPETCH M TNHK-BOJHOBBIX pa3psnoB y Kpeic WAG/R]j
AHAJIOTUYHBI TAKOBHIM Y YEJIOBEKa.

CoHHbIE BepeTeHa

B I'naBe 2.1 onucaHbl CBOMCTBA JIByX TUIIOB COHHBIX BEPETEH, IIPEICTABICHHBIX JIOKATBHO B MEPEIHUX 00JIACTIX
KOpHI (aHTepHUOpHBIE BepeTéHa, cpenHss yactora ~11.4 I'm) u B 3aThIIOYHON 00NacTH (ITIOCTEPHOPHEBIE BepeTEéHa,
cpenssist gactota ~ 10.2 I'r). YV coHHBIX BepeTéH 000uX THIIOB (popMa TaTaMHIeCKOTo IMOTEHITHAIA OTIHYaiach OT
(hopMBI KOPTHKAJIHHOTO MOTEHIMAJA: B TajlaMyce BepeTeHooOpa3Hble KoJieOaHWs ObLTH MEHee PEeryJsIpHbIMH, a
WHOT/IAa axke OTCyTcTBOBaW. ClenaHo 3aKIOYeHHe, YTO CBOMCTBA KaXKIOTO THITA BEPETEH 3aBHUCAT OT MOpQo-
(YHKIMOHAIBHBIX 0COOEHHOCTEH COOTBETCTBYIOIIMX 00JacTeil KOpbl M OT B3aMMOJEHCTBHUS 3THUX oOJacTed co
CTPYKTypaMu Tajiamyca.

Jns mccienmoBaHus ponm Tajamyca B (OPMHUPOBAHHM NIBYX THIIOB COHHBIX BepeTeH (I'maBa 2.2) Obur
NPOBEJICH aHAlM3 B3aUMOACHCTBHH B TalaMO-KOPTHKAaJbHOH cucTeMe (METOAOM KpOCC-CIIEKTPOB M Kpocc-
koppemsanuii). IlokasaHo, 4To aHTepHOpHBIE COHHBIE BEpeTEHA SBISUIMCH PE3yJIbTaTOM CHHXPOHHON paboThI
nmepemHux o0JacTel KOpbl, peTuKyisipHoro tamamudeckoro siapa (RTN) m BeHTpomocTeponTepanbHOTO sapa
(VPM). ocrepuopHblie BepeTéHa B 3aTbUIOYHOIN 00JacT KOpbl (hopMHUpOBaIHCh Npu yyactun VPM, mpu sToMm
posb RTN okazanach ciopHOH.

B TI'nmaBe 4.3 mnpencraBieHsl AaHHBIC YAaCTOTHO-BPEMEHHOTO aHalW3a (HEMPEpPHIBHOE BEHWBIETHOE
npeoOpa3oBaHKe) COHHBIX BEPeTEH, 3aperUCTPUPOBaHHBIX Ha (hpoHTanbHOM DOI (aHTepHOpHBIE BeperéHa). Jlis
WCCIIEZIOBaHUSI CTEMEHN B3aMMHOTO ION0OWs COHHBIX BEpPETeH ObUT WCIONB30BAaH AaNalTHBHBIA BEWBIIETHBIN
aHanus. [lokazano, uro 85-90% aHTepHOPHBIX BEPETEH MMENN BBICOKYIO CTENEHb CPOJACTBA K YHHBEPCAIbHOMY
mrabnony (BeliBieTHOMY Oasucy «BepereHa l-oro Ttuma»). OcranpHblie 10-15% BepeTeH nmenu Ooiiee CIOKHYIO
(dbopMy W P MHIUBUAYAIBHBIX OCOOEHHOCTEH, MOATOMY JIsSi pAacCIO3HABaHUS BEpETEH 2-0T0 THIIA MOAOWpAaCs
OTAETBHO JJI KAXI0T0 KUBOTHOTO TakK, MPU STOM CPEIHSAS 4acTOTa BEUBIIETHOTO 0a3uca («BEPETEH 2-0T0 THUIIA)
konebanack ot 17 no 23 I'u. Beinenenne BeperéH Ha DD OCYMIECTBISIIN aBTOMATHYECKH TIOCIIE HEMPEPHIBHOTO
BEHWBJICTHOTO TIpe0Opa3oOBaHMsI, TIPH KOTOPOM MaTePUHCKONW (YHKIIMEH CITYXKWJIH BEHBIICTHEIC 0a3HMCH BEpPETEH 1-
oro u 2-oro tuna. Kpurepuem 11t BbiesaeHns BepeTéH 1-0ro ObLIO MPEBBILIEHUE ITOPOrOBOTr0 YPOBHS SHEPTUU B
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mmoyioce 4actoT 7-14 I'm; mis BepeTéH 2-oro Tuma - B mojioce dactot 20-25 I'm. Takum oOpa3om, Oblia BRISIBICHA
o0miasi CTpyKTypHasi €JMHHWIA, COCTaBJSIOIIAs OCHOBY COHHBIX BeperTeH y Kpbic juHun WAG/Rij («BeliBier
BepereHa 1-oro Tumna»). Herunmaneie hopMbl BepeTeH (COOTBETCTBYIOIINE BEHBIIETY «BEPETEH 2-0T0 TUIIA», HO HE
MMCIOIIE CpPOACTBA K «BEUBIETY BepeTeHa 1-0ro THIA») WO-BHANMOMY, SBISIOTCS TpaHchopMarmen
HOPMAaJBHOTO COHHO-BEPETEHHOTO pHUTMa BCIEACTBHE HapylIeHUs BO30YOMMOCTH KOpPBI H  APYTHX
AIUIIENTHYECKUX TIPOILIECCOB.

IIuk-BoJIHOBBIE pa3psiibl

B I'naBe 3 omucaHbl CBOICTBa MUK-BOJHOBBIX paspsiioB 1-oro u 2-oro tumoB y kpbeic tuHnu WAG/RIj. TTuk-
BOJIHOBBIE Pa3psiibl 000MX THUIIOB OBbLIM IIPEICTaBIEHBI B (hOpME HEraTUBHO-NIO3UTHBHO-HETATUBHBIX KOjeOaHUM
9NIEKTPUYECKOTO TOTeHNHaNa. B cocTaBe NHMK-BONHOBBIX pa3psoB ObLIM BBIJCICHB AIIICITU(OPMHEIC
KOMIIOHEHTBI, KOTOpbIE SIBJSUIMCH IOJHBIMU aHAIOTaMH KOMIIOHEHTOB, BXOJISIIMX B COCTaB IHK-BOJHOBBIX
koMIiekcoB Ha D3I wemoBeka [Weir, 1965]: «mmuk 1» (Spl), «muk 2» (Sp2), mo3utuBHEI kKoMioHeHT (PT) m
HeratuBHas BonHa (Wave) (I'mama 3.1, [Sitnikova m van Luijtelaar, 2007]). ¥ kpsic WAG/Rij MHUK-BOJHOBBIE
paspsasl 1-oro Tuma Bo (pOHTANBHOM KOope ObLIM MPECTaBIEHBl B BUAE MocaeqoBarenbHoCTu: ‘PTe,ny — Sp2 —
PT.e; B 3aTbutOuHOM KOpe - ‘(Spl) — PT — Wave’; B Tamamyce (BEHTPOIOCTEPOMEIHATHLHOE SIPO) COCTOSITH U3
‘Spl — PT — Wave’ u B peTukyysipHoM sipe tamamyca - ‘PT — Wave’. OTIHYUTEeNbHBIM TPU3HAKOM TIHK-
BOJTHOBBIX Pa3psiioB 1-oro Tuma Bo pOHTANBHON Kope ObUT «IHK 2» (Sp2), KOTOPBIN HMeN HENPONOPLIHOHATILHO
BBICOKYIO aMILTUTYAy. B cocTaB nmuk-BOJHOBOTO KOMIIIEKCA B BEHTPOIIOCTEPOMEANAIBHOM SIAPE TaJlaMyca BXOIUII
nmuk 1 (Spl, KOMIIOHEHT, OTCYTCTBOBABILUI B OCTAJIbHBIX MCCIIEAOBAHHBIX CTPYKTypax). [IMK-BONHOBBIE pa3psaabl
2-0ro THIA OBUIN JIOKATM30BaHKI B 3aTBUIOYHON KOPE W COCTOSITH U3 mociiefoBarenpHocTr ‘(Spl) — PT — Wave’.

I'maBa 3.2 mocBsIIeHa WCCISAOBAHHWIO POJM HOPAAPESHEPTHICCKON CHCTEMBI B (OPMUPOBAHHH TIHK-
BOJIHOBBIX Pa3psoB l-oro Tuma (xapakrtepHoro OO koppensta abCaHC-3MWICIICUU) U Pa3psAIOB 2-0r0 THIIA
(nesicHo# 3THoONOrHN) [Sitnikova u van Luijtelaar, 2005]. KpaTkoBpeMeHHYI0 HHAKTHBALIMIO HOPAAPEHEPTUUECKON
nepefayd  OCYIUECTB/UIM IYTEM  CHCTEMHOTO  BBEIEHUS IOANOPOroBoil 103l Osokaropa — anbda-
aapeHopenentopoB — 2% pacTBopa KioHuAMHA. Kak creicTBue, CylOpO)KHas AaKTHBHOCTb 3HAYHUTENBHO
YCUJIMBAJAach IO KPUTEPHIO YBEIUYEHHS KOJIMYECTBA M JUIMTEIBHOCTH ITHMK-BOJHOBBIX pa3psanoB l-oro Ttuma
(KOTMYeCTBO M IJIMTEIHHOCTh Pa3psioB 2-0ro THIA HE M3MEHSUIOCH). [Ipu 3TOM yBenmuMdeHWe aMIUIMTYAbI MHK-
BOJTHOBBIX Pa3psAoB 1-0ro THma ObLIO BBIABIECHO B Y3KOM JIuama3oHe 4acToT 9-14 ' ¥ TONbKO B PETHKYISIPHOM
sOpe Tamamyca. OTO CBHIETEIbCTBYET, BO-NIEPBBIX, O Oojiee HMHTCHCUBHOW PHUTMHYECKOW aKTUBHOCTH
PETHKYJISIPHOTO sifipa TajaMmyca B JMana3oHe 4acTOT, XapaKTEPHBIX JJIS MHK-BOJHOBBIX Pa3psAloB, U, BO-BTOPHIX,
00 0co0oi ponM 3TOH CTPYKTYpHl B YCHJICHUH CYIOPOKHOW AKTHBHOCTH. B OCTaNbHBIX HCCIEIOBAaHHBIX
CTPYKTypaxX TajlaMO-KOPTUKAJIbHOW CeTH HaOJIoAanyd MPOTHUBOIOJIOKHBIE M3MEHEHHs: BO ()POHTAIBHOHW Kope
aMIUTUTYJla YacTOTHBIX cocTaBmaomux 1-9 wm  30-100 I'm Oputa HEHKE, YeM B  KOHTpOJE;, B
BEHTPOIIOCTEPOMENATIBHOM S/Ipe TajlaMyca CHIDKEHHE aMIUIMTYAbl HaOloJjand B auama3oHe dactoT 1-5 I,
CraenaH BBIBOA O TOM, YTO HOpaJpeHepruyeckas HeilpomennaTopHas cuctema (1) BiIuMseT Ha MOSABICHUE IHK-
BOJTHOBBIX pa3psoB MyTEM MOAYJSUMH PUTMOICHE3a B PETHKYJSIPHOM TajJaMHUYecKOM siape, (2) BiusieT Ha
CTPYKTYpPY IHK-BOJHOBBIX Pa3psIoB M HX YaCTOTHBIC XapaKTEPHUCTHUKH MOCPEICTBOM MOIYJSALMH HEHPOHHOH
aKTHUBHOCTHU B KOPE U B TaJaMyce.

I'nasa 3.3 nocssiieHa rcciaeqoBaHuio ocodeHHocteit D31, mpeamecTByoneld MUK-BOIHOBBIM paspsiiam 1-
oro tumna. [lo HamMM JaHHBIM, HanboJIee XapaKTePHBIM MIPU3HAKOM «IPEABECTHUKOBY SMHUIICTITHUECKUX Pa3psioB
Ha ¢ponTanpHol DO sBisuics 5-9 't KOMIOHEHT. DTO MOJIHOCTHIO COOTBETCTBYET NAHHBIM, MOJYYCHHBIM Ha
kpeicax nuHUH GAERS [Pinault, 2001]. OtnuuutensHO OCOOEHHOCTBIO «IPEABECTHUKOBY IMHUK-BOJIHOBBIX
paspsimoB (1-oro tmma) y kpeic WAG/Rij okazancs BBICOKOAMIUIMTYIHBI KOMIIOHEHT B AWAIla3oHe Oelbmd
4acTOT, KOTOPBIA ObT BBIABIEH BO (poHTanmbHON Kope (3-4 I'm) m B Tamamyce (1-2 I'm). Hammuume oensma
AKTUBHOCTU B KOPE U TaJllaMyCe MOXKET OKa3aThCs KIIOYEBBIM (PaKTOPOM MHUIHMALUHN M JAIBHEHIIETO pa3BUTHUS
3MM3040B a0CAHC-3MMICIICHU.

CpaBHHTeJ’ILHBIﬁ AHAJHU3 COHHBIX BEPETCH U MUK-BOJIHOBLIX Pa3psaaoB

B I'maBe 4 wuccnenoBaHa (YHKIMOHAIIbHAS B3aMMOCBSI3b MEXIY COHHBIMH BEpETEHAM M IHK-BOJHOBBIMHU
paspsnamu. B I'maBe 4.1 mpuBeAcHB! pe3yibTaThl CPaBHUTEIBHOTO aHam3a DD XapaKTEpPUCTHK aHTEPHUOPHBIX
COHHBIX BepeTéH U UX TUIIOTETUYCCKUX AE€PHUBATOB, MHUK-BOJHOBBLIX pPaspsAa0B 1-oro tuma. CoHHbIE BEpCTCHA U
MUK-BOJTHOBBIE Pa3psibl OTIUYAIUCH Mo psany mpu3HakoB: (1) mo dopme D3I morennmana, (2) mo 4aCTOTHBIM
XapakTepucTukam, (3) 1o pacupeesieHuI0 CIIeKTPaIbHONH MOIITHOCTH B OCHOBHBIX MOJIOCAX 4acToT (A, v, o, B u y),
(4) mo xapakTepy BHYTPHKOPTHKAIBHBIX B3aUMOICHCTBHHA (MEXIy JOOHOW W 3aTBIJIOYHOW 0OJACTIMH KOPHI).
Kpome Toro, conHele BepeTéHa OTINYAINCh OT PUTMHUYECKONM aKTHBHOCTH, HENOCPEACTBEHHO INPEALIECTBYOIIEH
MUK-BOJHOBBIM paspsigaM 1-oro Tuma, mo Kputeputo ¢opMbl DO M 1O YaCTOTHBIM XapaKTCPUCTHUKAM.
HOHy‘IeHHBIC pe3yabTaThl CBUACTCILCTBYIOT O HEBBICOKOHN CTEIIeHHU CpoacTtBa COHHBIMM BEPETCHAMMU U IIHK-
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Conclusions & Summary

BOJIHOBBIMU Pa3psaMy U NPOTUBOpEYAT OOLIETPHHATON KOPTUKO-PETHUKYJISIPHON TEOPHH, KOTOpas Mpearnoaraet
BO3MOXKHOCTH TpaHC(HOpPMAIIMHA COHHBIX BEPETEH B IMUK-BOJHOBEIC pa3psaas! [Gloor 1969, Kostopoulos, 2000].

HecmoTpst Ha mpuHIUNHANBHBIE OTIMYMS B IUIAHE CTPYKTYPHBIX M YaCTOTHBIX XapaKTEPUCTHK, COHHBIE
BEpETeHa M IMUK-BOJHOBBIC pa3paasl GOPMHUPYIOTCS B TalaMO-KOPTUKAIBHOW CETH M MMEIOT psAA OOMmHMX YepT,
OTHOCAIIMXCA K XapakTepy B3auMOJECHCTBUS MEXIY KOPOH M TalaMycoM (JaHHBIE KPOCC-KOPPEISLHUOHHOIO
ananms3a D01, I'naBa 4.1).

B I'maBe 4.2 ObL1 MCHONB30BAaH METOJ HEHPOMOAEIMPOBAHUS Ul MCCIIEIOBAHUS BO3MOXKHOI'O B3aUMHOTO
nepexosa Mexay IByMs TUIIAMU PUTMHYECKOIH aKTHBHOCTH: COHHO-BEPETCHHOM U IIMK-BOJIHOBOH. DTOT HOAXO[
MO3BOJIMJI TaK)K€ PAcKpPbITh HEKOTOpPhle HEHPOHHBIE MEXaHHU3MBI, JeKalllle B OCHOBE MOSIBICHUS OINpeAeTIeHHON
¢dopmbl DI, xapakTepHOW Uil COHHBIX BEpPETEH U NHK-BOJHOBBIX pa3psaoB [Sargsyan u ap., 2007]. beuia
co3/laHa HEHpOHHasi MOAEb, KOTOPas MO3BOJNIMIA PEKOHCTPYUPOBATh JOKAIbHbIE MOTCHIUAIBI KOPbl B OTBET Ha
PUTMHYECKYI0O aKTHBHOCTb TajgaMuueckux addepentoB. bbun cmomennpoBaH HEHPOHHBIA MOIYJb KOPBI,
COCTOSIIIMN W3 NMUPAMHUIHBIX HEHPOHOB C XapaKTEpHBIM IMOCIOWHBIM paclpelesieHUEM M HHTEPHEHPOHOB IBYX
TUTIOB, KOTOpble oOOecreuuBanyd mpsiMoe W Bo3BpatHoe TopMmoxkeHue (feed-forward m recurrent inhibition,
COOTBETCTBEHHO). BrIllleHa3BaHHbIC KJIETKM KOPbI OBUIM CBsI3aHBl C DiIyTaMaT-3prudeckuMu  addepeHTaMu
tamamyca mocpenctBoM AMPA- u NMDA-penentopoB (mupamumasie Heiiponsl)) u  AMPA-penenTopos
(MHTEpHEUPOHBI IPSIMOTO TOPMOKCHHS).

Ananu3 paboThl MOJENM TOKa3ald, 4YTO KOMIIOHEHT «IHMK», BXOJMBIIMH B COCTaBe€ MHK-BOJHOBOTO
KOMIUIEKCa, (OPMHPOBAICA KaK peakUus KOpbl HAa BO30YAMTENBHBIA BXOA M3 TalaMyca, a BBICOTa IIHMKa
MoayiupoBaiack AMPA-pernenTopaMun THpPaMHUIHBIX KJIETOK. KOMIIOHEHT «BOJHA» BO3HUKAN BCIIEICTBUE
TOPMO’KEHUS aKTUBHOCTH KOPBI; aMIUIUTY 1A BOJIHBI 3aBHcena oT cuiibl npsimoro I'’AMK-sprudeckoro TopmoxeHus
nupaMuaHbIX HelipoHoB (feed-forward inhibition). [IpuHIMNIHANEHO Ba)KHBIM OBUT TOT (AKT, YTO PUTMHUYECKAS
CTHMYJISIIIAS TaJlaMyca BBI3bIBajla BepeTeHOOOpa3HbIe KoJieOaHusl B KOpEe A0 TeX MOp, OKa CHHXPOHU3AINS MEXKIY
NUpaMUIHBIME HeHpoHamMH ocTaBanach ciaboil. [lpu ycuiieHnn creneHn CHHXPOHU3ANHM MEXIY NHPaMUIAHBIMU
HelipoHamu ¢opMa JIOKaJIbHOTO MOTEHLIHaNa IMoJABeprajgach TpaHc(opMmaluu, W MOSBIUICA XapaKTepHBIN s
abcaHC-3MUJIeTICUN TTMK-BOJIHOBBIH MMaTTepH.

B I'maBe 4.3 moka3aHo, 4TO CIEKTpaJbHbIC XapaKTEPUCTHKH NMPOTOTHUIIA BEPETEH 2-0ro THIa («BeHBiIeTa
BEpeTeHa 2-0TO THIMa») MO pSAAy MapaMeTpoB CXOIHBI C XapaKTePHUCTUKAMHU SIIICNTHYECKUX pPa3psAnoB (ITUK-
BOJIHOBBIMH pa3psjiaMu 1-oro THma). OTO MOXET CBHAETENbCTBOBATH O TOM, YTO aHTEPHOPHBIE BepeTéHa 2-0To
TUTIA SBISIOTCS MPOMEXYTOUHONH (POPMON MexIy HOpMaNbHBIMEH ocwuisiiusamu Ha D01 (T.e., Bepetena 1-oro
THTIA) ¥ TTAPOKCHU3MAIILHON MTHUK-BOJIHOBOI aKTUBHOCTHIO (pa3psiubl 1-oro THa).

Ta.l'[aMO-KOpTI/IKa.TH)Hble MEXaHU3Mbl HHUIHMAIIMH 3IIU3010B a0caHC-IMJIeNCHH

I'maBa S nocssmeHa aHanu3y B3aMMOJAEHCTBUI B TalaMO-KOPTUKAIBHON CUCTEME IPU MEPEXOAE OT HOPMaIbHON
((poHOBOI) K SMUICNTUYCCKON aKTUBHOCTH (pa3psibl MUK-BoJHA 1-oro Tuma). B T'mame 5.1 ObuiM BBISBICHBI
0c00eHHOCTH (D)YHKIHMOHATBHBIX B3aUMOCBSI3€H MEXy pa3IUYHbIMUA COCEAHUMH U YAAJCHHBIMHU 00JacTIMHU KOPHI
(J10KasBbHBIE, HE-JIOKAJIbHbIE OJHOIONYIIAPHBIE U MEXKIONIyIIApHbIe B3aUMOIEHCTBUIT), BHYTpH Tajlamyca (Mex1y
crenn(pUYECKUM BEHTPOIIOCTEPOMENATBHEIM sipoM, VPM, u perukynspaeiM simpoM, RTN), Mexay kopoi u
TaJIaMyCcoM ITyTEM aHaji3a CIIeKTPOB (GYHKUMHU KorepeHTHOCTH [Sitnikova u van Luijtelaar 2006; van Luijtelaar u
Ip., 2006]. ITokazaHo, 4TO MPOIECC HHULIMAINH AHJICITHYECKUX Pa3pAIOB COMPOBOXKIANCA YCUICHUEM CTEIeHH
COTJIAaCOBAaHHOCTU (TI0 CpPaBHEHUIO C HOPMAJbHOM) MEXIY BCEMH HCCICIOBAHHBIMU O0OJACTSIMH TanaMo-
KOPTHUKAIIBHOW CHCTEMBI, TP 3TOM YaCTOTHBIE XapAaKTEPUCTUKU CIIEKTPOB KOT€PEHTHOCTH MEXAY pa3INMYHBIMU
o0ylacTIMU ~ CYIIECTBEHHO omin4anuch. OOHapyXeHO CYLIECTBEHHOE YCHICHHE B3aUMOCBS3EH MeXay
Pa3TUYHBIMUA OOJIACTSMHU KOPBI (8HYymMpuKopmuxaivisvle B3aUMOJCUCTBUSI) B MIMPOKOM Auamna3zoHe dactoT (5-60
I'n) ¢ MakcuMalnbHBIME 3HaYCHUAMH B AuanasoHe 8-11.5 ', cooTBeTCcTBYIONIEM CpeJHEN YacTOTe MHK-BOJHOBBIX
paspsoB, U AWana3oHe KpaTHBIX dacToT 16-21.5 I'm (mepBas rapmonuka). YcuieHne (yHKIMOHAJIBHOW CBS3H
mexay VPM u RTN (suympumanamuyeckue B3auMOIEHCTBUS) OBUIO OTPaHMYEHO Y3KMM JIHAa30HOM 4acToT,
COOTBETCTBYIOIIMM CPEIHEH 4acTOTe MUK-BOJIHOBBIX pa3panoB (8-11.5 I'm), Torna kak creneHb CHHXPOHM3ALUS
nuarnaszoHe raMma 4actot (36-60 1), HampoTHB, CHIKAJIACK.

Mexay CUMMETPUYHBIMU OOJIACTSMHU KOPBI ObLT OOHAPYXKEH IONOJIHUTEIbHBIN YCTOHYUBBIA MaKCHUMYyM
(hyHKIIMA KOTEPEHTHOCTH Ha YacToTe OKoJIO 15.5 I'm. DTOT muK 3aHWMAaj MPOMEKYTOUYHOE TIOJOKEHUE MEXKIY
MMKaMH, COOTBETCTBYIOIIMMHU CPETHEH YacTOTE MHUK-BOJHOBBIX Pa3psiioB (0koio 9 I') U ee rapMOHUYECKOM
cocranJstomei (okosno 18 I'y). OTOT AONOIHUTENBHBIN MUK MEKIOMYIIAPHBIX B3aMMOAECHCTBUN MOT MOSIBUTHCS B
pe3yibTaTe OMIaTepanbHOW CHHXPOHHM3ALUHU SIMICITHYECKOIO PUTMA, OCYILIECTBISIEMOH IIOCPEICTBOM COYpUS
callosum.

Takum 00pa3oM, TaJlaMHUYECKHE CTPYKTYpPhl YYacTBOBAIM B MOJACPKaHMH OCHOBHOM PHUTMHUYECKON
KOMIIOHEHTHI ammentuaeckoro putMa (8-10 I'm). Kopa, rae Obimo oOHApY>KEHO yCHIIEHHE CHHXPOHHU3AIMH B
nosioce yactot (5-60I'1), mo Bceil BUIUMOCTH, UMEET JOMOIHUTEIBHBIE MEXaHU3Mbl HEUPOHHON CHUHXPOHHU3AIIHH,
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Onarojapsi KOTOPHIM BO3MOXKHO HE TOJBKO MOJAJCPKAHHE SMUICNTHYSCKOrO PUTMA, HO TAKXKE €ro yCUJICHUE U
reHepain3aluio. B 11emoM, oCIMUISITOpHAS aKTHBHOCTh KaX10i 4acTH TaJlaMO-KOPTUKAJILHOW CUCTEMBI B TIEPHO/T
WHHUIMAIMK THK-BOJHOBBIX PAa3psIOB OMPENENATCS BHYTPEHHHUMH OCOOCHHOCTSIMHM OTACIBHBIX dYacTell u
XapaKTepom B3aHMOﬂeﬁCTBHﬁ C OCTAJIbHBIMU YaCTAMU CUCTEMBI, B PE3YJIBTATC YCro0 BO3MOXKXHO MNOAJACPIKAHUE,
YCHIICHUE U OWJIaTepaIbHOE PaCIPOCTPAHCHUE IMUICIITUYECKOIO PUTMA.

I'naBa 5.2 mocesiieHa WCCICIOBAHHIO W3MEHEHHUS (YHKIIMOHANBHBIX CBSI3€H MEXAy TalaMyCcoM H
(poHTaNBHOW KOPOil B TeUCHHE MHK-BOJHOBBIX Pa3psaoB 1-oro Tuma (BKIIOYas MEPUOJbI, MPEANICCTBYIONINE U
CIIeyOIME 3a pa3psAfaMu) ¢ YYETOM HAIpaBICHHOCTH 3TUX cBsized [Sitnikova u nap., 2008]. Ananu3 BKIOYa
pacuer ¢ynkmun ['pamxkepa (Granger causality), KoTopas TO3BOJSET INpeACKa3bIBaTh HACTOAIIEE COCTOSTHHE
curtajga 901 Ha OCHOBaHMHM €ro NPOILJIOr0 COCTOSHUA. VICIo/ib30BaHHAs HAMU B pacyeTax JUHEWHAs MOICIH
MoKa3aja, YTO CHJIa CBSI3U MEXTy KOPOi M TallaMyCOM He M3MEHSIACh BILIOTH [0 Hayaia MUK-BOJIHOBOTO pa3psa.
Takum o00pa3zom, JUisi TpEJCKa3aHWsl SMU30J0B JMUICTICMH B pacueTax (yHKuuW ['pamxkepa NOKHA OBITh
UCIIOJIb30BAaHA CIIOYKHAS HEJTMHEHHAsI MOJIEITh.

ITo HamUM JaHHBIM, MOMEHT MOSIBJICHHS TUK-BOJHOBBIX pa3psiioB Ha DO cOMpoBOXKIANCS PE3KUM POCTOM
JIBYXCTOPOHHHUX TallaMO-KOPTUKAIBHBIX B3aUMOCBS3€H, MPU 5TOM CBS3b B HANpPABICHUU «TalaMyc — KOpa»
ocTaBaJlach BBICOKOH Ha TPOTSDKEHHMH BCErO pa3psla W HE BO3Bpallajach K HCXOJHOMY YPOBHIO TIOCIE
MpeKpalieHNsT MHUK-BOJIHOBOI akThBHOCTH. OOpaTHas CBA3b B HAMPABICHHHM «KOpa - TalaMycy», Hao0OpOT, BO
BpeMsi pa3psijia TMOCTENEHHO CHWKANACh M BO3BpAllajach K HCXOJHOMY YPOBHIO K KOHIY SIHJICITHYSCKOTO
paspsifa. DTH JaHHBIC CBUACTEILCTBYET O TOM, YTO aKTHBHOCTH TalaMyca M €ro BIHSHHE Ha KOPY HEOOXOIMMO
JUTS TTOJICPIKAHUS STHICITUYSCKON aKTUBHOCTH, TOTa Kak OOpaTHOE BIUSHHE KOPbI HAa TalaMyC OKa3bIBAETCS
KPUTUYCCKUM JJIA NIPEKpalICHUA IMTUK-BOJIHOBOI aKTHBHOCTH.

Poanb KOpPLI B Q)OpMI/IpOBaHHI/I AMMUJIENTHUYECKOH AKTHUBHOCTH (HI/IK-BOJ’[HOBLIX paspsaioB 1-oro TI/Il'la)

B I'maBe 6 cucreMaTu3upoBaH cOOCTBEHHBIN IKCIIEPUMEHTAIbHbIM MaTepHall, CBUIECTENbCTBYIOLINNA O POJIU KOPHI
B TaToreHe3e aOCAaHC-IMUIIETICUU, a TaKXKe MPEJIONKECH HOBBIA B3I Ha (U3MOJIOTHYECKHE MEXaHHM3MbI dTOH
Oomneznu [van Luijtelaar u Sitnikova, 2006]. B wacTHOCTH, paccMOTpeHBl NPUYMHBI, U3-32 KOTOPBIX Y KpBIC C
IPEAPacIIONOKEHHOCTRI0 K a0CaHC-3MMICIICUM 00JIaCTh INEPUOPANIbHBIX IMPOCKIUH B COMAaTOCEHCOPHOW Kope
MOJKET SIBUTHCSI MICTOYHHKOM IHK-BOJHOBBIX pa3psnoB [mo Meeren at al., 2002]. B I'maBe 6.2 [Sitnikova u van
Luijtelaar, 2004] mpencraBieHsl pe3ybTaThl OJHOW M3 MEPBBIX SKCIEPUMEHTAIBHBIX padoT, MOATBEPIKIAOIINX
(axT cymecTBOBaHUS B KOPE MCTOYHMKA IMHK-BOJIHOBBIX pa3psinoB. JIokanpHast 001acTh COMAaTOCEHCOPHOM KOPBI
(30Ha mpoekuuit MOpAbI U BUOpHCcC) OblJla HHAKTHBUPOBaHA MyTEM MUKPOMHBEKINH 2% pacTBOpa JUI0KanHA, YTO
NPUBOJIMIO K CHH)KEHHUIO KOJIMYECTBA AMMUJICITHUECKUX Pa3psinoB. yuTenbHOCT addexra cocTapisina okono 1,5-
2 4acoB, 4TO OBLIO COIOCTAaBMMO C JEHCTBHEM MECTHOIO aHecTeTHka. IlomydeHHble JaHHBIE CBUIETENbCTBYIOT O
KITFOUEBOW POJIM COMAaTOCEHCOPHOW KOPBI B Pa3BUTHH U MaTOTeHe3e abcaHc-3nuiencuu y kpoic tuann WAG/Rjj.

B I'mase 6.1 (Sitnikova u van Luijtelaar 2007) BoisiBieH pan ocoOeHnocteit 331 B comaToceHCOPHOIT Kope
(KOPTUKAJIBHOTO WCTOYHHMKA ITMK-BOJHOBOW aKTHBHOCTH IO MaHHBIM Meeren at al., 2002) m mpuierarommx
obnactsix. O3l B aTux obnacTsax Kopsl ((HpOHTO-MAPUETATIBHBIA OTAEN KOPBI) XapaKTepH30BANacCh HAIMYHMEM
BBICOKOYACTOTHBIX KOMIIOHEHTOB, KOTOpPbIE IHOSBISIMCH B IE€PUOJ HMHHUIMALMM IHMK-BOJHOBBIX pa3psloB
MPEUMYIIECTBEHHO. OTH JIOKAIbHBIE KOMIIOHEHTHI TOSBJSUTUCH B BHUJIEC BCIBIIIKKA BBICOKO-aMILTUTYTHOM
aKkTHUBHOCTH (ripples) 1 KOMIUIEKCH ¢ 1BoMHBIMU NHKamHu (double spiking), He ObLIH PEryISPHBIMU U HE BXOIUIIN
B «KaHOHHYeCKUi» kKomIuiekc DO nmuk-BonHa. [losBnenne nanHbIX KOMIOHEHTOB (ripples double spiking) moxer
0Ka3aThCsl CBUJIIETEIHCTBOM JIOKAJBHBIX BHYTPHKOPTHUKAIBHBIX SMUIECHTUYSCKUX TPOLECCOB, MPOTEKAIOIINX BO
(poHTO-TIapUETaNbHOW KOpe B MEpHOA WHHUIMANHM SHH30A0B abCaHC-3MUWICTICHH. JTO MPEATNOJIOKEHHE
MTOATBEPKIAIOT JaHHBIe KorepeHTHOro aHanm3a [[maBa 5.1, Sitnikova u van Luijtelaar 2006; van Luijtelaar u mp.,
2006], roe Mexay (QpPOHTAIFHOH M TapHeTAIFHOH O0O0JIACTAMH KOpBI OBUIO OOHAapY)XKEHO MOIIHOE YCHIICHHE
KOTE€PEHTHBIX B3aUMOJCHCTBUH B HanOoIee MHUPOKOH MOJI0ce YacTOT, BKIIOYAIOLIeH raMmma auana3os (1o 60 I'm).
TakuM 00pa3oM, BBICOKOYACTOTHBIC TMPEIBECTHUKU SIMICNTHUYCCKUX Pa3psioOB MOTYT HMETh JIOKAIbHOE
BHYTPUKOPTHKAIFHOE MPOHMCXOXKICHNUE, CBHJICTEIbCTBOBATE O JAUCHYHKUUH COMATOCEHCOPHOM KOpBI U
MPUJICTAIOMINX 00JacTeil, TO €CcTh, O MAaTOJOTHYECKONW AaKTUBHOCTH KOPTHUKAIBHOTO HCTOYHHMKA IMHK-BOJTHOBOW
AKTHBHOCTH.
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