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State-dependent slow outlasting activities following neocortical kindling in cats
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Some forms of electrographic seizures are generated at the level of the cortical network. Neocortical kindling
exhibits a resistance to produce generalized convulsive seizures, and therefore, it was rather difficult to use it to
study the cortical epileptogenesis. Here, using supra-threshold cortical kindling, we report electrophysiological
patterns of field-potential synchronization and intracellular activities in chronically implanted non-anesthetized
cats, during different states of vigilance, and during acute seizures elicited by prolonged (20–60 s) electrical
stimulation.Acute seizureswere easily elicitedduring transition fromslow-wave sleep (SWS) towaking state. The
seizures were mainly clonic accompanied with tonic components followed by prolonged postictal depression.
Delayed rhythmic outlasting activities (OA) at ~1.5 Hz, first time reported here, followed the postictal depression,
and lasted up to 2 h. These activities were clear duringwaking state, slightly reduced during SWS and completely
absent during rapid-eye movement sleep. They started focally and following daily stimulations generalized over
the entire cortical surface. Extra- and intracellular neuronal recordings during OA displayed spike-doublets, built
on the summation of successive excitatory postsynaptic potentials and fast-prepotentials, entailing an increased
dendritic excitation.Our results suggest that such rhythmic long-lasting oscillatoryactivity outlasting seizures are
the key factor of epileptogenesis, leading to epilepsy.

© 2008 Elsevier Inc. All rights reserved.
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Introduction

Repeated induction of focal seizure discharges to many brain sites
leads to a progressive, highly reliable, permanent increase in epileptic
response to the inducing agent, usually electrical stimulation (Goddard
et al., 1969; also see review of Racine, 1978). The fundamental mech-
anisms of this enhanced responsiveness may also account for the
increased risk of late epilepsy observed in humans following repetitive
seizures (Hauser et al., 1990, 1998; Hesdorffer et al., 1998).

Since its discovery more than three decades ago, this kindling
phenomenon has beenwidely studied both as a chronic animal model
of epileptogenesis and as a form of neuroplasticity, and with a few
exceptions (e.g. Cavazos and Sutula, 1990; Sutula et al., 1994) it is still
widely accepted as a functional epilepsy model in which the altered
neuronal response develops in the absence of gross morphological
damage (Morimoto et al., 2004). Kindling is a remarkably general
phenomenon (Barnes and Pinel, 2001). First, it has been demonstrated
in a wide variety of species including frogs, mice, gerbils, rats, rabbits,
cats, dogs, rhesusmonkeys, and baboons (reviewed inMcNamara et al.,
1980) and several authors have claimed kindling-like phenomena in
humans (Morrell, 1985; Sato et al., 1990; Coulter et al., 2002); second,
kindling has resulted from the stimulation of many, but not all, brain
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sites (Goddard et al., 1969); and finally, in addition to focal electrical
stimulation, kindling-like phenomena can be produced with the
periodic administration of most, if not all, convulsive agents (electro-
convulsive shock, intracranially or systemically administered convul-
sant drugs, etc.) (McNamara et al., 1980).

Despite the fact that kindling is the most used model of epileptogen-
esis and several reviewers have considered it as a model for clinical
epilepsy (McNamara et al., 1980; Racine and Burnham, 1984; Sato et al.,
1990; McNamara, 1994; Loscher, 1997) spontaneous motor seizures,
other than those triggered by stimulation, have been observed in
relatively fewkindled animals (Wadaet al.,1974;WadaandOsawa,1976).

It was previously shown that the sleep–wake cycle significantly
influences the development of seizures in chronic models of trauma
related epilepsy (Nita et al., 2007). Cortical seizures with spike-wave
(SW) complexes prevalently occur during early slow-wave sleep (SWS)
stages in behaving monkeys (Steriade, 1974) and the slow sleep
oscillation (0.5–1 Hz) may develop, without discontinuity, into electro-
graphic seizures in cats (Steriade et al.,1998). The changes in the level of
different neuromodulatory systems during sleep, together with the
functional deafferentation of cortical neurons induced by the thalamic
blockade of afferent inputs, embodied by the occurrence of silent
hyperpolarized periods during the cortical b1 Hz slow-oscillation
modulate neuronal excitability (Steriade et al., 1993b; Contreras et al.,
1996; Timofeev et al., 1996, 2001; Crochet et al., 2005). Several authors
previously reported the occurrence of interictal slow delta activities in
patients with epilepsy, and the presence of these electric activities was
associated with more severe forms of epilepsy (Koutroumanidis et al.,
2004; Hughes and Fino, 2004; Hughes et al., 2004).
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In the present paper, we test the susceptibility of acute seizure
development in relation to the different phases of sleep, we report for
the first time in kindled animals slow rhythmic paroxysmal “out-
lasting activities” (OA) which gradually develop following successive
acute seizures; and, we discuss their electrophysiological patterns of
synchronization during different states of vigilance, their intracel-
lular correlates, and the epileptogenic processes triggered by these
seizures.

Materials and methods

Animal preparation

Experimentswereperformedon5adult cats, four castratedmales and
one female hysterectomized several months before the beginning of the
experiments in order to eliminate possible influences of the estral cycle
on epileptogenesis and seizures. No differences were observed between
the 2 sexes. Surgical procedures were carried out in sterile condition,
following a pre-medication with acepromazine (0.3 mg/kg i.m.),
butorphanol (0.3 mg/kg i.m.), atropine (0.05 mg/kg i.m.) and ketamine
(20mg/kg i.m.), under barbiturate anesthesia (30mg/kg i.v.). The level of
anesthesia was continuously monitored by the aspect of electroence-
phalogram (EEG) and cardiac frequency (aiming 90–110 beats/min).
Oxygen saturation of the arterial blood and end-tidal CO2 was also
Fig. 1. State dependency of acute seizures induction susceptibility. A, Field-potential recordin
from SWS to wake, in a kindled cat (at day 8). The electrical stimulation (50 Hz) is indicated
cortical area 4 right (Area 4R), associative 5 right (Area 5R) and visual area 21 right (Area 2
during the transition from SWS to wake in the top EEG trace (Area 4R). EMG stands for electro
beginning of the pulse-train (dotted line) and last five (solid line) evoked potentials (Area 4R
last evoked potential in the train of stimuli when applied at the transition from SWS to wake
the train pulse during wake, SWS and SWS-wake transition.
monitored. General surgical procedures included: cephalic vein canula-
tion for systemic liquid delivery (lactated Ringer's solution 5–10ml/kg/h)
and lidocaine (0.5%) infiltration of all pressure points or incision lines.
Body temperature was maintained between 37 and 39 °C with a heating
pad.

Coaxial bipolar macroelectrodes (FHC Inc., USA) (with the inner
pole in the cortical depth at about 0.8–1mm and the outer pole placed
at the cortical surface) were placed bilaterally in the motor cortex,
anterior and posterior associative cortex, auditory cortex, primary and
secondary visual cortex (areas 3, 4, 5, 7, 17, 18, 21, and 22). In addition
to the bipolar electrodes, a recording chamberwas implanted in 3 cats,
enabling intracellular and extracellular unit recordings over the intact
dura, above the anterior part of the suprasylvian gyrus. Additional
pairs of electrodes were placed around the orbit and neck muscles in
order to monitor the states of vigilance by recording the electro-
oculogram (EOG) and electromyogram (EMG). The Ag/AgCl reference
was placed in the temporal muscle in all animals. The skull was
reconstituted using acrylic dental cement and a few bolts were placed
in the cement to allow non-painful fixation of the cat's head in a
stereotaxic frame. Animals were kept under observation up to the full
recovery and they received analgesic medication (anafen 2 mg/kg s.c.)
for the next 48–72 h. All drugs were obtained from Sigma, Canada.

After a recovery period (2–3 days), cats were trained to stay in a
stereotaxic frame for 2–4 h/day. After a few days of training, cats started
gs from different cortical areas during slow-wave sleep (SWS), wake and the transition
by black rectangles on top of the traces. Field-potential activities recorded from motor
1R) are depicted. A clear development of neocortical paroxysmal discharge is observed
myogram. B, Superposition of five consecutive evoked potentials (stimuli 4–8) from the
), from the corresponding stimulation period in A. Note the increased amplitude of the
. C, Average amplitudes of five consecutive responses from the beginning and the end of
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to sleep in the frame and they displayed clearly identifiable states of
waking, SWS, and rapid-eyemovement (REM) sleep. Thefield potentials
were recorded for at least 4 h per day.

All experimental procedures were performed in accordance with
the guidelines of the Canadian Council on Animal Care and were
approved by the Committee for Animal Care of Laval University.

Kindling procedure

In all cats the electrode used for stimulation was placed in the left
associative cortex (area5). Thekindling stimulifinallyconsistedof 40–60 s
of a 50 Hz rectangular pulse-train with the stimulation intensity in the
range of 0.5–1.5 mA, the frequency range used in the majority of studies
onkindlingmodel. In order to decrease thepossible sufferingproducedby
movements during seizures, the body of the animalwas placed in a tissue
bag suspendedwith rubber cords. Thismeasure allowed animals tomove
and make postural adjustments while keeping head attached to the
stereotaxic frame.

In one cat electrical stimulationwas randomly applied during each
phase of sleep (i.e., SWS, REM,wake) and transition from SWS towake,
Fig. 2. Acute seizure followed by outlasting rhythmic activity. A, EEG recordings show a
stimulation, and localized outlasting activity (EEG field 7) in a kindled cat (day 10). Dep
2. somatosensory cortex (area 3 right); 3. anterior associative cortex (area 5 right); 4. auditory
cortex (area 21 right); 7. auditory cortex (area 22 left); 8. posterior associative cortex (area 21
11. EMG. B, Contains the expanded details of the periods underlined with horizontal bars i
induced seizures (middle) and outlasting activity (right). Note the peaks at 1.5 and 2 Hz, w
3 times per day. Once we identified the SWS-wake transition as the
most seizure-prone moment of sleep–wake cycle, we stimulated the
subsequent animals only during this period (n=4), 3 times per
day, and acute seizures elicited by electrical stimulation appear after
5–7 days of kindling. Daily electrical stimulations continued up to the
end of experiments.

Here we provide only data coming from animals in the stage VI-
generalized convulsion (Racine et al., 1972) with acute elicited seizures
lasting for about 30–200 s depending to the animal (see Fig. 5D),
observed after the cessation of stimulation.

Corresponding behavioral responses evoked by the stimulationwere
monitored using a night-shoot video surveillance camera. The animals
were kept for 1 to 4 months to observe the behavioral changes.
Generalized behaviorally manifest seizures appearing outside the
stimulating session were considered an “end limit point” of these
experiments, as consented with the local ethic committee. On 79th day
one cat developed spontaneous status epilepticus and it was euthana-
tized. However, cats frequently displayed localized muscular jerks and
abnormal tail wagging during silent waking state. At the end of
experiments or at the first sign on clinically manifest seizures, the cats
development of acute primary generalized convulsive seizures following electrical
icted field-potential recordings were obtained from: 1. motor cortex (area 4 right);
cortex (area 22 right); 5. middle associative cortex (area 7 right); 6. posterior associative
left); 9. primary visual cortex (area 17 left); 10. primary visual cortex (area 17 right); and
n panel A. C, Depicts the Fast Fourier Transformation (FFT) of EEG 7 during SWS (left),
hich characterized the oscillatory frequency of OA discharges.
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were given a lethal dose of intravenous sodium pentobarbital (50 mg/
kg). Brains were removed and the absence of necrotic areas at the tip of
the stimulating electrode was assessed on thionine stained sections.

Intracellular recordings

Intracellular recordings of cortical neurons, as described in
Steriade et al. (2001) and Timofeev et al. (2001) were obtained with
glass micropipettes (tip diameter b0.5 μm) filled with potassium
acetate (2.5 M, in situ impedance 35–50 MΩ) after small perforations
in the dura were carefully made. The recording chamber was filled
with warm sterile solution of 4% agar in order to enhance the stability
of the recordings. Only stable recordings with resting membrane
potentials more negative than −60mV, overshooting action potentials,
and input resistances N20 MΩwere kept for analysis. The intracellular
signals were passed through a high-impedance amplifier with an
active bridge circuitry (bandwidth DC to 9 kHz). All signals were
digitized (20 kHz sampling rate) and stored for off-line analysis. After
the end of the recording session 25 mg/ml solution of 5-fluorouracil
was applied into recording chamber to prevent dural scarring (Spinks
et al., 2003).

Data analysis

Average amplitudes of 5 steady consecutive evoked potentials
from the beginning (4th to 8th) and from the end of the pulse-train
(Fig. 1C) during wake, SWS and SWS-wake transition were computed
from all stimulation episodes in cat 1. Fast Fourier Transformation
Fig. 3. Generalization of outlasting activity discharges in a kindled cat (day 21). Top panel, s
(SWS), acute elicited seizure, focal and generalized outlasting activity (OA). Electrical stimu
were obtained from: 1. motor cortex (area 4 left); 2. motor cortex (area 4 right); 3. auditory
left); 6. primary visual cortex (area 17 right); and 7. EMG. Bottom panels show expanded re
(FFT) quantifications (Fig. 4C) were performed by averaging the area
under the FFT graph on the 1–2.5 Hz window, in all 5 experimental
animals, from 5 different epochs. All statistical significant differences
were considered for pb0.05 (paired Student's t-test). Autocorrelo-
grams (Fig. 5A) were generated on successive windows of 5 s length.
The maximal values of auto-correlation in the range of 400–700 ms
(corresponding to the frequency of OA) were interpolated using a
polynomial fit (Fig. 5B). The end of OA was considered when the
interpolation reached 30% of the maximum value (Fig. 5C). The cross-
correlations for each state (Figs. 6 and 7) were calculated from 45 to 50
consecutive periods in which a maximum of depth negativity
recorded from one of the EEG electrodes was chosen as zero time
and the total duration of segments was ±2000 ms. The histogram of
membrane potential distribution (Fig. 8D) was created by counting the
number of samples with bins of 1 mV. The peaks of distribution that
corresponded to themost probablemode of membrane potential were
taken as the level of membrane potential. The peri-event spike
histograms (Fig. 8E) were obtained over 5 min epochs, taking as time
reference the maximal depth negativity of EEG field, and by counting
each action potential in the intracellular recording with a binwidth of
10 ms.

Results

Induction of acute seizures is related to the states of vigilance

The first 3–4 stimuli of the electrical pulse-train applied to the
cortical tissue evoked augmenting responses (Timofeev et al., 2002)
ame animal and same stimulation conditions as in Fig. 2 in the order: slow-wave sleep
li were applied ∼10 s after the onset of wake state. Depicted field-potential recordings
cortex (area 22 right); 4. auditory cortex (area 22 left); 5. primary visual cortex (area 17
cordings from the corresponding periods in the top panel.
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followed by constant amplitude responses if stimulationwas performed
during steady SWS or waking states (Figs. 1A and B panels 1–2), and
progressively increasing responses if applied during the transition from
SWS to wake (Figs. 1A and B panel 3). In the first cat we quantified the
amplitude of five steady consecutive evoked potentials (4th to 8th)
induced by the electrical stimulation at the beginning and at the end of
eachpulse-train. Averagedamplitudeof response at the beginningof the
pulse-train was 0.17±0.11 mV during SWS, 0.15±0.09 mV during wake
and 0.18±0.1 mV at the transition from SWS to wake. The average
amplitudes of the last five evoked potentials from 40 to 60 s trains,
recorded during SWS or wake, remained similar (0.15±0.08 mV [SWS],
0.18±0.08 mV [wake]), while when applied during the transition from
SWS to wake the mean amplitude evoked potentials significantly
increased to 0.46±0.09 mV (pb0.01, paired t-test, n=25) (Fig. 1C).

We found that 95.5% of acute seizures followed a cortical
stimulation characterized by a progressive increase in the evoked
Fig. 4. The occurrence of outlasting activity (OA) in relation to different states of vigilance in a
sleep and right panel — another period of the same recording showing the transition fromw
and 5. Numbers on the left of the EEG recordings represent: 1. motor cortex (area 4 right); 2. so
cortex (area 22 left); 5. posterior associative cortex (area 21 left); 6. posterior associative cor
affected by OA (EEG 1) and another electrode displaying outlasting activity (EEG 5). Note the
C, Average areas under the FFT graph on the 1–2.5 Hz window, for the situations depicted i
field-potentials amplitudes during the repetitive pulse-train, and this
occurred when the stimulation was applied in the early periods
(∼20 s) of the transition from SWS to wake. Only 4.5% of seizures
followed constant amplitude responses, 3.37% occurring when
stimulating during steady SWS and 1.13% while steady wake. There-
fore our data indicate that the highest probability to induce general-
ized convulsive seizures occurs when stimulations is applied during
the transition from SWS to wake.

In the remaining experimental animals (n=4), 5 to 7 days after the
beginning of the kindling protocol, electrical stimulations applied
during the transition from SWS to wake developed into generalized
convulsive seizures after the cessation of the electrical stimulation.
There were periods of time when the kindled cats manifested a
resistance to develop generalized convulsive seizures, independently
to the state of vigilance (see cat 1 in Fig. 5D), or the duration of acute
seizures stopped to increasewith the progression of kindling (see cat 2
kindled cat (day 10). A, Left panel— EEG recordings during rapid-eye movement (REM)
ake to slow-wave sleep (SWS). Note the clear presence of OA discharges on electrodes 4
matosensory cortex (area 3 right); 3. middle associative cortex (area 7 right); 4. auditory
tex (area 21 right); and 7. EMG. B, FFT during the states of vigilance for an electrode not
absence of outlasting activity during REM sleep and its slight diminution during SWS.

n B. ⁎ indicates a statistically significant difference (paired Student's t-test, pb0.05).
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in Fig. 5D). However, resistance to induced seizures was observed only
in the first experimental animal which wasmainly used to identify the
most effective state for stimulation, and which received randomly
stimulations during the sleep–wake cycle (the half of train-pulses not
being followed by acute seizures), fact that dramatically impeded on
the development of kindling in this cat. Similar observations were
previously reported (Herberg and Watkins, 1966; Goddard, 1967), but
in those experiments resistance could last for days or weeks and were
animal dependent.
Fig. 5. Estimation of the duration of outlasting activity (OA) and duration of seizures. A, Top pa
two EEG leads during wake with (1) and without (2) OA discharges (day 8). EEG 1—motor co
auto-correlation during SWS for electrodes (1 and 2). Right, the plots of auto-correlation duri
5 s periods. ⁎ indicates the peak of the oscillatory activity frequency of OA around (400–700
400–700 ms window before the stimulation (during SWS) and during OA. ⁎⁎ with thick
polynomial fitting. C, Polynomial interpolation of the maximum auto-correlation values in t
area 21, left [not shown]), and other two EEG field recordings without OA (area 4, right [show
when the interpolation reaches 30% of the maximumvalue, and was simultaneous for all EEG
the auto-correlation level. D, Left — the duration of acute seizures elicited by cortical stim
increases were seen for the duration of the OA. Note the failure or resistance of acute seizu
Outlasting activities are modulated by the state of vigilance

Probably the most interesting finding, consistently observed in all
experimental animals, was the expression of long-lasting rhythmic
activities, named here “outlasting activities”, at the end of each
convulsive generalized acute seizure. Following the postictal depres-
sion these highly rhythmic paroxysmal activities expressed them-
selves, from the very first seizures triggered by electrical stimulation
in kindled cats (Fig. 2A expanded in Fig. 2B panel 2).
nels, left— EEG recordings during slow-wave sleep (SWS) and right— EEG recordings of
rtex (area 4, right), EEG 2— auditory cortex (area 22, left). Middle panel, left, the plots of
ng wake for electrodes (1 and 2). The auto-correlations were obtained from consecutive
ms). B, Panel depicts the evolution of maximal values of auto-correlation in the range of
horizontal line indicate electrical stimuli and paroxysmal afterdischarge. Thin line —

he specified window of two EEG recordings showing OA (area 22, left [shown in A] and
n in A] and area 21, right [not shown]). The end of outlasting activities was considered
field recordings with OA. Values were normalized for the maximum initial amplitude in
ulation in most of cats progressively increased with time; right — similar progressive
res induction in the interval days of 20–30 for cat 1.
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OAwere characterized by a reduced amplitude compared with the
initial seizure (Fig. 2B), and an oscillating frequency of 1.5–2 Hz,
slightly slower than the frequency of acute seizures, which consisted
in 2 Hz spike-wave complexes (Fig. 2B panel 1), and faster than the
0.5–0.9 Hz cortical slow-oscillation observed during SWS (Fig. 2C).

OAs appeared localized in the vicinity of the stimulating electrode at
the beginning of kindling protocol (Fig. 2A), but after subsequent days of
stimulation they were recorded from all implanted electrodes (Fig. 3).
However, the generalization of OA over the whole cerebral surface
followed more the pattern of a primary-focal secondary generalized
seizure, than the pattern of primary generalized seizure, since even at
advanced stages in the kindling protocol OA started in the vicinity of
stimulating electrode hundreds of milliseconds to seconds before
generalizing to other cortical areas (Fig. 3).

OAwere recorded for up to 2 h and observed throughout the sleep–
wake cycle. At the beginning of OA (first tens of seconds) some cats
displayed eye blinking with frequency of OA. Later on during OA in the
waking state, the cats were conscious, and could eat and walk when
removed from the recording frame. Moreover, during quiet wake state
Fig. 6. Temporo-spatial correlation of outlasting activity (OA). A, Panel depicts field recording
represent: 1. middle associative cortex (area 7 left— ipsilateral to stimulation); 2. posterior as
correlations of traces in panel A calculated from 45 consecutive 4-second windows indica
ipsilateral and contralateral hemispheres.
accompanied with OA the cats displayed isolated, localized, or
generalized muscular jerks and abnormal tail wagging. However
during active wake (walking, eating, etc.) no abnormal muscular ac-
tivity was seen.

Once elicited by the initial acute seizures these activities were
strongly modulated by the state of vigilance the animal undergone
(Fig. 4A). They were obvious during waking state, slightly reduced
during SWS, and were completely abolished during REM sleep, as
revealed by FFT power spectra (Fig. 4B). A quantification of the
modulation of OAs power during different states was performed by
averaging the area under the FFT graph over a window (1–2.5 Hz)
centered on their mean frequency. During early periods of kindling
procedure, in electrodes which displayed OA, this area was significantly
decreased (pb0.05) during REM sleep compared to bothwake and SWS,
to 4.86±0.71mV2×Hzvs. 22.19±4.65mV2×Hzand18.80±2.81mV2×Hz
respectively. Statistical significant differences were also obtained in the
surface of the area between electrodes with and without OA during
wake andSWS (22.19±4.65mV2×Hzvs. 5.1±0.75mV2×Hzduringwake,
and 18.80±2.81 mV2×Hz vs. 12.62±1.37 mV2×Hz respectively during
s of OA from day 5 to day 35 in a chronically kindled cat. Numbers on the left of the EEG
sociative cortex (area 21 right); and 3. posterior associative cortex (area 21 left). B, Cross-
te an increased coherence in time with stimulation from day 5 to day 35, both in the
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SWS, pb0.05). During late stages of kindling, when outlasting activities
were present in all electrodes, the electrophysiological distinction
between SWS and waking states was not always clear. However, during
REM sleep (identified by muscle atonia and ocular saccades) OA were
always absent.

The duration of these rhythmic activities was quantified by mea-
suring the peak correlation amplitude in the time range of 400–700 ms
from 5 s consecutive periods (Fig. 5A) during rhythmic activities with
frequency about 2 Hz. This peak was high (Figs. 5A, B) and if the
rhythmicity was impaired the peak was low. The end of OA was con-
sidered when the polynomial interpolation of auto-correlation peaks
(Fig. 5B) reached 30% of the initialmaximumvalue. The extinction of OAs
in different electrodes took place gradually at the level of EEG, OAs being
slowly replaced by the background activity. However, the polynomial
interpolation crossed the limit, we considered as threshold for OA,
relatively simultaneous for all electrodes (Fig. 5C). Both generalized
convulsive seizures andOA increased theirdurationwith theprogression
in time of the electrical stimulation (Fig. 5D).

We tested whether the coherence of OA was modified as kindling
protocol progressed. Coherence of OAs within cerebral cortex con-
tinuously increased with time being relatively low at the beginning,
increasing with time and reaching maximum at 1 month from the
beginning of stimulating protocol (Fig. 6A). At the samemoment of time
from the beginning of kindling procedure, the correlation over the same
hemisphere was always higher as compared to the correlation between
hemispheres (Fig. 6B).

Dynamic positive or negative peaks of cross-correlations between
different EEG electrodeswere in the range 0.4–0.6 during SWS, 0.4–0.7
during seizures, 0.4–0.6 during focal OA, increasing to 0.65–0.95 when
OA became generalized (Fig. 7). The maximal phase shift between
Fig. 7. Synchronization patterns during slow-wave sleep (SWS), elicited seizures, focal and ge
(day 5) and generalized (day 17) OA respectively. Scatter plots in the B show the maximal
network states. The cross-correlations in each state were calculated from 50 consecutive peri
time and the total duration of segments was ±2000 ms. C, Depicts the cross-correlations fo
electrodeswas observed during the SWS (0.3 s) but varied fromcycle to
cycle. During acute elicited seizures the phase shiftwas eitherminimal,
progressively shifted, or it jumped from cycle to cycle. Finally, during
generalized OA the phase shift was normally minimal 0–0.1 s and
remained stable for the given pair of electrodes (Fig. 7C). Thus, out of
investigated brain states (wake, SWS, electricallyelicited seizures, focal
and generalized outlasting activities), the coherence was highest
during generalized outlasting activities.

Intracellular correlates of OA

Intracellular recordings were performed in the anterior part of the
suprasylvian gyrus near the stimulating electrode. From more than 50
recorded neurons in 3 different animals, 39 were impaled in animals
undergoing OA accompaniedwith body jerks, and 5 neurons responded
to the quality criteria described in themethods. They were all identified
as regular-spiking neurons following depolarizing current pulses
applied to the soma, had similar pattern of discharge during OA, and
were located in infragranular layers (below 1 mm from cortical pia).
Intracellular oscillations during paroxysmal OAs consisted of silence
during depth-positive EEG waves and neuronal discharges during the
depth-negative waves (Fig. 8A), built on the summation of successive
EPSPs and fast-prepotentials (FPPs), entailing an increased dendritic
excitation (Figs. 8B–C).

At variancewith the bimodal distribution of themembrane potential
observed during SWS (see Fig. 5 in Steriade et al., 2001; and Fig. 2 in
Timofeev et al., 2001), here the neurons displayed a unimodal dis-
tribution (Fig. 8D) since the silent periods, virtually deprived of
spontaneous synaptic events, were not accompanied by remarkable
hyperpolarizations.
neralized outlasting activities (OA). A, EEG recordings during SWS, acute seizures, focal
values of cross-correlation amplitude (y-axis) and the delays (x-axis) during different
ods inwhich a maximum of depth negativity on one of the channels was chosen as zero
r all the segments (from 1 to 50).



Fig. 8. Intracellular oscillations during outlasting activities (OA) in a kindled cat (day 10) during wake. A, Intracellular recording during OA in area 5. Electrodes were placed in: 1.
motor cortex (area 4 right); 2. posterior associative cortex (area 21 right); and 3. motor cortex (area 4 left). B, Expanded fragment of one oscillatory cycle shown in A. C, Further
expansion of intracellular trace showing the presence of fast-prepotentials (FPPs). D, Histogram of membrane potential distribution. Note unimodal distribution. E, Peri-event spike
histograms. (1) maximal depth negativity of EEG area 4 right is reference time, (2) EEG area 21 right is reference time and (3) EEG area 21 left is reference time. In day 10 neuron is
firing in phase only with field potential from the same hemisphere.
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The peri-event spike histograms (Fig. 8E) showed that neurons
fired in phase with field potential from the same hemisphere, in
concordance with the high level of correlation observed in the cortical
EEG when OAs were generalized.

Enhanced neuronal excitability in kindled animals during normal
SWS and waking states was reflected by the presence of doublets or
bursts of action potentials in 4/5 stable intracellularly recorded regular-
spikingneurons (Fig. 9A) and in 70% (n=35) extracellular unit recordings
(Fig. 9B). Since the bursting pattern was not elicited by somatically
applied current pulses, we assume that the origin of these bursts was
dendritic. This observation is congruent with previous studies showing
the presence of spontaneous bursts in neocortical neurons during
trauma-induced epileptogenesis in acute (Topolnik et al., 2003; Nita
et al., 2006) and chronic animals (Nita et al., 2007).

Discussion

The major findings reported in the present study are: (1) during
the transition from SWS to waking state cortical electrical stimula-
tion easily elicited acute seizures, (2) acute convulsive seizures were
followed by the prolonged (tens to hundreds of minutes) rhythmic
non-convulsive “outlasting activities” with frequency 1.5–2 Hz,
lasting up to 2 h, (3) during REM sleep the OA were absent, (4)
following acute seizure the OA were local and they spread over all



Fig. 9. Cellular activities of neocortical neurons during outlasting activities in a kindled cat (day 23). A, Intracellular, field recording and EMG during wake. The action potentials are
expanded as indicated by arrow. Note the frequently occurring doublets. Histogram of the inter-spike intervals in the right panel indicates an increased incidence of high-frequency
bursts. B, Upper trace — local field potentials in area 5 left. Lower trace — unit activity obtained by filtering (0.5–10 kHz) of local field potential displayed in the upper trace. The
indicated period is expanded as point out by arrow, and the right panel shows the histogram of the inter-spike intervals in the extracellular unit recording.
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cortical areas in 2–4 weeks from the beginning of kindling pro-
cedure, and (5) similar to SWS, the membrane potential of cortical
neurons uncovered the presence of active and silent states. The silent
states were not accompanied with large hyperpolarizing potentials
and showed unimodal membrane potential distribution, which is
distinct from SWS in which bimodal membrane potential distribu-
tion takes place.

Major features of neocortical kindling

In the majority of previous studies on kindling the parameters of
electrical stimulation were in the order of seconds as time duration,
and in the order of hundreds of microamperes as intensity. However,
in the present study as well as in the first studies reporting kindling
phenomena the pulse-train duration was in order of 1 min (Goddard,
1967). Using standard kindling protocol (1 s, hundreds of micro-
amperes) the first generalized convulsive seizures could be triggered
by amygdala stimulation in 2–4 weeks and by cortical stimulation in
3–8 weeks (Racine, 1978; Racine and Burnham, 1984). In our study,
acute seizures were elicited by cortical stimulation after 5–7 days from
the beginning of the stimulating protocol.

Despitemultiple studies carried out on kindlingmodels, very fewof
them successfully reported recurrent spontaneous paroxysmal events,
even though, it require a long period (months) of observation (Wada
et al., 1974; Wada and Osawa, 1976). In our present work, we did
observe spontaneous paroxysmal events following the first acute
seizures induced by electrical stimulation, with a rhythmic activity at
1.5–2 Hz, whichwe called “outlasting activities”. They appear when the
first acute generalized seizure was triggered by the electrical stim-
ulation of the cortex. Furthermore, OAs were never before observed
following acute electrical stimulation of the cerebral cortex under
anesthesia (neither barbiturate, nor ketamine and xylazine), though
this manipulation constantly elicited seizures (reviewed in Timofeev
and Steriade, 2004).

The membrane potential of neurons during outlasting activities
revealed the presence of active and silent states, but the silent states
were not accompanied with remarked hyperpolarizations, and in fact
the membrane potential distribution of neurons during outlasting
discharges was similar to the one recorded with Cs

+
containing pipettes

during sleep (see Fig. 2 inTimofeevet al., 2001). Sincemost of K
+
currents

are blockedbyacetylcholine (McCormick,1992) and acetylcholine act on
the same channels as intracellular Cs

+
(Metherate et al., 1992) it is easily

predictable that the neuronal silence is not accompanied with large
amplitude hyperpolarizing potentials, because the major hyperpolariz-
ing currents are blocked in awaked animals as in the present study, and
the membrane potential for neurons remains virtually unchanged. This
observation stands in difference with experiments involving cortical
undercuts (Nita et al., 2007). There, all the fibers, including the
cholinergic ones were cut and the periods of neuronal silence could be
found during all states of vigilance and the silent periods were
accompanied with the large amplitude hyperpolarizing potentials.

States of vigilance and neocortical epileptogenesis

Clinically, SWS is considered as a potent activator of epileptiform
discharges (Gigli et al., 1992; Dinner, 2002; Niedermeyer and Lopes da
Silva, 2005) whereas REM sleep, with its asynchronous cellular
discharge pattern, is resistant to the propagation of epileptic EEG
potentials (Shouse et al., 2000). Similarly, results were recently
reported in a chronic model of trauma related epilepsy (Nita et al.,
2007).

We report that the highest probability to induce acute seizures was
observed during the transition from SWS to wake state. Similarly,
spontaneous SW discharges predominantly occurring during light SWS
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andpassivewakefulness, and rarely occurringduringactivewakefulness
and never seen during REM sleep were reported in rats with absence
epilepsy (Drinkenburg et al., 1991). One of the factors which may
account for this phenomena is that during this transitory period basal
forebrain cholinergic neurons, projecting topographically to entire
cerebral cortex, release a large quantity of acetylcholine (Semba, 1991;
Sarter and Bruno, 2000; Steriade, 2004b), and during this state, cortical
acetylcholine is at its highest level (Celesia and Jasper, 1966); leading to
anactivationof the cortex and thalamus, andpossiblya hyperexcitability
and unbalance between the excitatory and a variety of inhibitory
components (Xiang et al., 1998), facilitating the generation of seizures.
The transitions fromwake to SWS and from SWS to REM sleep were not
tested in the present study since they are difficultly predictable.

The sleep–wake cycle significantly influences the expression of
seizures. Cortical seizures with SW complexes prevalently occur during
early SWS stages in behaving monkeys (Steriade, 1974) and the slow
sleep oscillation (0.5–1 Hz) may develop, without discontinuity, into
electrographic seizures in cats (Steriade et al., 1998).

The activating properties of SWS on epileptiform discharges should
be ascribed to highly synchronized oscillations in reciprocal thalamo–
cortico-thalamic systems, which characterize this sleep stage (Steriade
and Contreras,1995), but also to the changes in neuronal excitability due
to the level of different neuromodulators systems. Several studies,
focused on the relationship of epileptic seizures to sleep stages in
humans, have noted that seizures are more common during sleep (Bazil
and Walczak, 1997; Crespel et al., 1998; Minecan et al., 2002).
Furthermore, it has been previously reported in a chronic model of
trauma epilepsy in cats that that most seizures occur during slow-wave
sleep and are completely blocked during REM sleep (Nita et al., 2007).
OA reported here followed the same pattern: they were obvious during
waking state, slightly reduced during SWS, and were completely
abolished during REM sleep.

It has been previously reported in epileptic rats that a cortical focus
is the dominant factor in initiating the paroxysmal oscillation within
the corticothalamic loops, and that the large-scale synchronization is
mediated by extremely fast intracortical spreading of seizures
(Meeren et al., 2002). While, acute elicited seizures appeared
primarily generalized following electrical stimulation of the cortex,
OA appeared first localized in the vicinity of the stimulating electrode
at the beginning of kindling protocol and secondary generalized
following subsequent stimulations. The companion paper further
discusses the relative contribution of the cerebral cortex and thalamus
in the epileptogenesis following kindling, emphasizing the leading
role of the cortex over the thalamus during acute seizures and the
leading role of the thalamus over the cortex during OA (Nita et al.,
2008-this issue).

Mechanisms of neocortical seizures onset

Epilepsy consists of about 40 different clinical syndromes and
apparently many of these have to share common mechanisms (Jacobs
et al., 2001). At the level of neocortical neurons, the major feature of
SWS is the presence of large amplitude hyperpolarizing potentials,
accompanied with neuronal silence, which contributes to the
generation of large amplitude depth-positive EEG waves (Contreras
and Steriade, 1995; Steriade et al., 2001; Timofeev et al., 2001;
Mukovski et al., 2007). The hyperpolarized states of some regular-
spiking cortical neurons favor the induction of burst firing in response
to depolarizing inputs (Wang and McCormick, 1993; Steriade et al.,
1993a; Timofeev et al., 2000a; Steriade, 2004a) and the postsynaptic
influence of the burst is much stronger as compared to a single spike
(Lisman, 1997; Timofeev et al., 2000b). Moreover, extracellular
recordings with ion-sensitive electrodes demonstrated that interictal
spikes determine both a rapid increase in extracellular potassium
concentration and an extracellular alkalinization, phenomena that
further increase neuronal excitability (de Curtis et al., 1998).
It is also known that the repetition of seizures, whether spontaneous
or evoked, leads to lowering down the threshold to elicit following
seizures (McNamara, 1994; Morimoto et al., 2004). Although the
seizures are very powerful and strongly synchronized events, usually
they lasted for only tens of seconds. Thus unlikely they could induce
long-lasting modifications of synaptic or intrinsic efficiency that would
affect the threshold for the onset of seizures. It is very likely that some
long-lasting brain process could be much more efficient in the
promotion of paroxysmal events.

In the present study, we found the presence of long-lasting OA that
maintained an alternation of active and silent states for tens of
minutes or hours. Similarly, during trauma-induced epileptogenesis,
in the areas affected by trauma, we recently reported the presence of
silent periods during both SWS and waking state and to lesser extent
during REM sleep (Nita et al., 2007). The presence of silent periodswas
correlated with increased neuronal excitability.

A long-lasting increase or decrease in neuronal excitation triggers
the onset of homeostatic process, which normally should lead to
decreased or increased neuronal sensitivity to incoming signals, that
would apparently maintain a certain level of network excitability
(Turrigiano et al.,1998;Desai et al.,1999; Turrigiano,1999).However, the
homeostaticmechanisms are not always able to stabilize the network in
a state of “normal” excitability, which leads to the development of
different forms of paroxysmal activities (Houweling et al., 2005).
Therefore, we suggest that silent network states induced by disfacilita-
tion (sleep), deafferentation (cortical trauma) and by kindling (out-
lasting activities) increase the number of burst-firing neurons, which
further induce abnormally strong postsynaptic excitation, which shifts
the balance of excitation and inhibition toward overexcitation leading to
the onset of seizures.

Nevertheless, the enhancement of existing excitatory connections
is only one way to alter activation patterns by reorganizing circuitry. It
is now clear that axonal growth and synaptogenesis can also be
induced by high levels of neural activity in the absence of damage
(reviewed in Morimoto et al., 2004). If the new circuits are functional,
they could contribute to the generation of epileptiform discharge by
creating recurrent excitatory loops or by simply amplifying the
response of the affected region (Morimoto et al., 2004). Indeed,
neocortical kindling induces dynamic modulation of the amount of
apical and basilar dendritic spine density, length, and branching
(Teskey et al., 1999). Some studies reported a decreased apical and
basilar dendritic length in the neocortex following callosal kindling
that returned to baseline levels after several weeks of kindling
procedure (Racine et al., 1975; Teskey et al., 2001). In addition, studies
on piriform cortex (PC) or amygdala-PC slice preparations from
kindled rats showed long-lasting changes in synaptic efficacy in the
ipsilateral PC, including spontaneous discharges and enhanced
susceptibility of PC neurons to evoked burst responses (Bloms-
Funke et al., 1999).

Another factor to be taken into account is the possible alteration
of GABA-ergic inhibition that is crucial for the development of
epileptogenesis, for the generalization and maintenance of seizures,
following persistent slow OA. Some studies showed that GABA-ergic
neurons might be selectively vulnerable to some forms of injury such
as hypoxia (Sloper et al., 1980; Romijn et al., 1988; but see Romijn
et al., 1994), status epilepticus (Franck and Schwartzkroin, 1985;
Ashwood and Wheal, 1986; Obenaus et al., 1993), and neocortical
isolations (Ribak and Reiffenstein, 1982; Avramescu et al., 2007).
Other studies, however, have suggested that GABA-ergic cells are
selectively spared with some kinds of insults (Tecoma and Choi,
1989; Gonzales et al., 1992). Further investigations are needed to
providemore selective details concerning the extent of neuronal loss
and/or gliosis occurring during kindling and following persistent
slow OA.

We conclude that the transitions between states of vigilance,
accompanied by changes of neuronal excitability create conditions in
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which the balance of excitation and inhibition is not always tuned and
these conditions favor the onset of seizures.
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