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Abstract

The effects of ketamine, a noncompetitive antagonist at the NMDA receptor, were studied on the EEG and in the open field in a genetic

animal model of generalized absence epilepsy—the WAG/Rij rat strain. Animals of this strain display spontaneous occurring generalized

spike-wave discharges (SWDs) in the EEG. Ketamine was systemically administered in a dose range from 3 to 30 mg/kg. Biphasic effects of

ketamine were observed in the EEG. The first phase was a dose-dependent suppression of SWDs, followed by a second phase characterized

by the facilitation of SWDs. This increase was expressed first as an increased number of SWDs, and later on as a significant prolongation of

individual discharges and decrease in frequency of SWDs. An obvious amplitude modulation of the discharges was also found. During the

period of suppression of SWDs, a new phenomenon was observed: quasi-periodic groups of spikes or wave spikes, with an internal frequency

of 4–5 Hz and a periodicity of about 5 s. That quasi-periodic activity vanished a few minutes prior to the recovery of the classical SWDs.

However, a specific 5-s amplitude modulation of SWDs remained present in the recovery period. The propensity of that specific ketamine-

induced activity was found to be correlated with propensity of SWDs in background EEGs of drug-free animals. Ketamine also produced a

dose-related initial behavioral excitation, a decrease of muscle tone in hind quarters, followed by front quarters and head, and an absence of

locomotor activity. However, the time course of the behavioral changes cannot explain the effects on the EEG. It can be concluded that

ketamine has more effects on the EEG than previously assumed which cannot be explained by a simple blockade of the NMDA receptor. It is

proposed that the obtained specific dynamics of SWDs’ frequency may be caused by changes in the activity of the thalamo–cortical

pacemaker that is generating SWDs.

D 2004 Elsevier Inc. All rights reserved.
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1. Introduction

For more than three decades, ketamine was used in the

clinic as a short-term and well-tolerated anesthetic for short-

lasting surgeries and patient inspection (Wilson et al., 1969).

It is now widely used in veterinary medicine and also often

in many neurophysiological studies, mainly in cats in
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combination with xylazine to study intracellular recordings

in thalamo–cortical cells (e.g., Amzica et al., 2002). The

admissibility and limitations of this anesthetic in patients

have been discussed quickly after its introduction, including

its usage in epileptic patients (Corssen et al., 1974; Kugler

and Doenicke, 1994; Detsch and Kochs, 1997; Kaube et al.,

2000; Borris et al., 2000). However, whether ketamine

induces epileptiformic activities in epileptic patients or not,

is not immediately clear, partly because few EEG-controlled

studies were done at that time. Moreover, there are no

documented EEG-controlled cases of absence epileptic

patients after ketamine administration. In a recent review,
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Bruder and Bonnet (2001) discuss some cases in patients in

which a low dose of ketamine may stimulate a subcortical

limbic area of which the activity did not always spread to

the cortex. They suggest that a low dose of ketamine

produces only a subcortical type of epilepsy; a higher dose

is necessary to induce a cortical seizure. In animals, the

epileptogenic character of ketamine has been established in

subcortical, mainly, limbic parts of the brain (Manocha et

al., 2001; Ferrer-Allado et al., 1973). However, in the

maximal electroshock test, ketamine produces a dose-

dependent protection against hind limb extension (Manohar

et al., 1972), as well as in seizures induced by pentylenete-

trazol (Herink, 1997). Therefore, it can be concluded that

ketamine has antiepileptiformic effects in some models but

proepileptiformic effects in others. Whether ketamine is

effective in absence epilepsy cannot be predicted based on

the abovementioned studies.

All rats of the WAG/Rij strain display spontaneous

widely generalized spike-wave discharges (SWDs) charac-

terizing absence epilepsy in their EEGs. Many behavioral,

pharmacological and EEG studies proved the validity of the

model (e.g., Coenen and Van Luijtelaar, 2003; Van

Luijtelaar et al., 2002; Drinkenburg et al., 2003). The

effects of ketamine on SWDs have not been studied in

genetic absence models. Nevertheless, it is expected that this

noncompetitive NMDA antagonist, similar to other NMDA

antagonists, would reduce SWD activity in WAG/Rij rats

(Peeters et al., 1990). In the present experiment, ketamine

was used in relatively small doses (3–30 mg/kg), which are

subanesthetic for rats. Special attention was paid to analysis

of dynamics of amplitude and frequency characteristics of

paroxysmal phenomena detected in EEG after injection of

various doses of ketamine.

Considering that SWDs preferably occur during behav-

ioral states with a low level of alertness or vigilance and the

intimate relationship between vigilance and SWDs (Van

Luijtelaar et al., 1991; Coenen and Van Luijtelaar, 2003),

the effects of ketamine on behavior were also investigated to

see whether putative changes in number of SWDs could be

ascribed to changes in behavior.
2. Methods

Male and female WAG/Rij rats, 6–7 months old and

weighing 270–350 g, were used . Rats were housed under a

natural light–dark cycle. Food and water were continuously

available. Experiments were carried out in accordance with

the European Communities Council Directive 86/609. EEGs

were recorded with the aid of Bioscript BST-2000 ence-

phalograph (time constant 0.3 s and low pass frequency to

70–200 Hz). Monopolar EEG registrations were made. The

digitized EEG was fed to a PC for storage and off-line data

analysis.

Rats were scalped and equipped with electrodes under

chloralhydrate (4% solution, 1 ml/100 g ip) and local
novocaine (2%) anesthesia. The electrodes (150 Am
nichrome wires or stainless screws) were placed epidural

over the frontal, parietal and occipital area. The reference

electrodes were put over the cerebellum. Animals were

left to recover for 7–10 days after surgery. Baseline EEGs

were recorded in 2–3 sessions (40–90 min each, some-

times 4 h). To assess the epileptic activity, the number

and duration of SWDs were quantified by an expert from

the EEG based on criteria elaborated elsewhere (Van

Luijtelaar and Coenen, 1986, 1997). The SWD index was

calculated as a percentage of time occupied by SWDs.

This SWD index was calculated per 20-min period after

ketamine administration. Ketamine (3, 6, 15 and 30 mg/

kg) or saline was given intraperitoneally in a volume of

0.1 ml (n=6–7 rats per dose). The order of the dose of

ketamine was randomized. The interval between two

ketamine injections was minimally 1 week. Predrug

EEG was recorded for 20–30 min prior to injection.

The postinjection EEG was registered during the next

1.5–2 h, several rats were recorded for 4 h, and some

others were recorded for 24 h after injection. Special

attention was paid to the evolution of the shape and the

frequency of SWD and/or appearance of new types of

epileptiformic activity.

To visualize the dynamical changes in characteristics of

SWDs, a wavelet analysis was applied to raw EEG

recordings (Bosnyakova and Gabova, 2004). Statistical

analysis was performed using Statistica version 5.0.

Other rats were tested individually in the open-field test.

Rats were placed in a circular arena (diameter 1.1 m, height

of the wall was 30 cm) in a dimly lit room. They were first

allowed to habituate to the test environment for 10 min.

Next, they (group size n=7 per dose) were either injected

with saline, 3, 6, 15 or 30 mg/kg ketamine ip, at a volume of

0.1 ml. Animals were used four times, with an interval of

10–15 days; the order of the dose of ketamine was

counterbalanced. Behavior was recorded with a video and

analyzed by two independent observers. The mean score of

the observers was used for statistical analyses. Because

many of the behavioral categories were only present in the

ketamine-injected animals and not in the saline group, it was

decided to test dose effects in the ketamine groups only.

First, a MANOVAwas used to establish whether there were

dose effects for all variables, followed by univariate

analyses of dose effects per behavioral category and if

necessary, by conservative post hoc tests according to

Scheffé (Winer, 1971).
3. Results

Ketamine produced several effects on the ECoG: it

suppressed the normal SWDs, and this was subsequently

followed by a rebound; it induced clear behavioral

abnormalities; and in higher doses, 5 Hz oscillations

occurred in the EEG, which appeared quasi-periodically.



Fig. 2. Dynamics of SWDs for five groups (saline, 3, 6, 15 and 30 mg/kg

ketamine) of animals during 80 min after injection. x axis: time after

ketamine injection, y axis: time occupied by SWDs per 20 min (in

percentage). The average preinjection SWD level was accepted as 100%.
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3.1. SWD index during baseline

Fig. 1 shows the diagrams for typical baseline EEGs,

recorded for 5 h in two WAG/Rij rats, and examples of

separate SWDs as obtained during different time points of

the baseline EEGs. The shape or architecture appearance of

SWDs is stable over time; only the number of SWDs

fluctuates somewhat over time.

3.2. SWD index after ketamine

The data of all five groups (3, 6, 15 and 30 mg/kg, and

saline) were complete for the first 80 min postinjection

(n=5–7). Data are presented in Fig. 2. The two-way

repeated-measures ANOVAwith dose (five levels) and time

(four levels, i.e., four 20-min episodes) showed a significant

dose effect (F=6.59, df=4,26, Pb.001), a significant time

effect (F=17.31, df=3,78, Pb.0001) and an interaction

between time and dose (F=5.16, df=12,78, Pb.0001).

The significant interaction prompted us to analyze the

data per 20-min episode. A one-way (dose, five levels)

ANOVA for the first episode postinjection showed a

significant dose effect (F=70,17, df=4,26, Pb.001): post

hoc tests showed that the effects of an injection of ketamine

in a dose of 6 mg/kg was already enough to induce a

decrease in SWD index. In the first 20 min, the SWD index

for all doses differed from each other except for the two

highest doses; both showed complete suppression. The
Fig. 1. Characteristics of SWD in long-term background experiments.

Examples of typical discharges in different periods of the baseline,

calibration of EEG—500 mcV, 1 s. Lower part: histogram with dynamics

of SWD index during the baseline in a 5-h recording period (n�2). Every

column of the diagram—% of discharge duration time in every 20 min.
results can be summarized by stating that there is a dose–

response relationship (suppression) within the first 20 min.

In the second 20 min, there was also a significant effect

of the dose of ketamine (F=7.18, df=4,26, Pb.001). The

post hoc tests showed a significant lower SWD index after

15 and 30 mg/kg compared to saline and 6 mg/kg.

In the third 20-min episode, ketamine was still effective

(F=8.71, df=4,26, Pb.001). Its effects were now diverse: 6

mg/kg ketamine enhanced the SWD index compared to all

other groups, but the SWD index was lower after 30 mg/kg
Fig. 3. Dynamics of SWDs after ketamine for four groups during 120 min

(saline, doses of 3, 15 and 30 mg/kg; n=7). x axis: time after ketamine

injection, y axis: time occupied by SWDs per 20 min (in percentage). The

average preinjection SWD level was accepted as 100%.



Fig. 4. Examples of time of SWD evolution in three rats injected with

ketamine. Upper: 6 mg/kg; middle: 15 mg/kg; lower: 30 mg/kg. x axis:

time, vertical arrows indicate injection time. y axis: total time of SWDs per

minute. Additional diagrams on middle and lower diagrams represent

number of quasi-periodic episodes that appeared during the period that

SWDs were suppressed (each diagram column is the number of episodes for

10 min).

Fig. 5. Examples of SWD and quasi-periodic activity. (À) Different

moments of the same experiment. (1) SWD before ketamine injection. (2, 3,

4) Examples of quasi-periodic ketamine activity during the period of SWD

supression. (5) SWD during recovering period. Calibration 500 mcV, 1 s, is

the same for all records. (B) Simultaneous recordings of quasi-periodical

ketamine activity from frontal (1), parietal (2) and occipital (3) cortex.

Calibration 500 mcV, 1 s.
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compared to saline, 3, 6 and 15 mg/kg. The effects faded

away in the fourth 20-min episode.

A second repeated-measures ANOVA (two-way) was

used for the rats with complete data during 120 min

postinjection (3, 15 and 30 mg/kg). Significant time

(F=10.50, df=5,70, Pb.001) and interaction (Time-
�Dose; F=6.43, df=10,70, Pb.001) effects were found.

Post hoc tests showed that the SWD index was initially (1–

60 min postinjection) dose dependently decreased, and next

increased. Even a rebound occurred with the dose of 30 mg/

kg of ketamine (Fig. 3).

The effects can be summarized by stating that ketamine

initially suppressed SWD dose dependently and that the

duration of this suppression was related to the dose of

ketamine: 6 mg/kg produced SWDs’ suppression until 21–
30 min after injection; 15 or 30 mg/kg led to disappearance

of SWDs for more than 1 h (61–80 min). Finally, this

suppression was followed by a rebound of SWD index.

Appearance and the timing of the rebound seem to be

related to the dose of ketamine.

Examples of the SWDs’ individual dynamics after various

doses of ketamine are presented in Fig. 4. The duration of the

full suppression period increased with the dose. The

subsequent augmenting SWDs might achieve 400% in

individual rats given ketamine 30 mg/kg, as shown in Fig. 4.

The recovery of SWDs was preceded by the appearance

of short (2–4 s) SWDs; their number gradually increased in

the course of time. Later on, the duration of SWDs

significantly increased (up to 40–80 s and more). The

histograms of duration of SWDs were constructed for the

baseline and rebound periods; their comparison showed a

significant difference between the distributions of the

duration of the discharges in the baseline EEG and in the

recovery period (v2=169.64, df=51, Pb.0001).
Thus, a significant enlargement of SWD index in

comparison to baseline was obtained for the dose of 30

mg/kg. After 2–3 h, this SWD activity started to decrease

and recordings made 24 h after injection did not display a

significant difference compared to preinjection baseline.



Fig. 6. The least square approximation of the dependence between SWD

index (x axis), before ketamine administration and number of quasi-

periodic episodes ( y axis). The quasi-periodic episodes’ calculation was

done per 10-min time intervals (n/10V) during total SWD suppression. The

dose of ketamine was 30 mg/kg; r=.83. Data were obtained from 26

subjects.

Fig. 7. Typical bhead–tailedQ discharge, registered during recovery period of
SWDs (upper picture) calibration 500 mcV, 1 s, and wavelet transform of

the discharge (lower picture).
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During the recovery period, the shape of SWDs differed

markedly from regular baseline SWD. These peculiarities

will be discussed below.

3.3. Quasi-periodical activity induced by ketamine

During the period of complete SWDs suppression (for

the vast majority of cases, this occurred within 4–5 min),

occasional groups of slow waves (3–4 Hz) appeared in the

beginning and then complexes of waves and spikes (4–5

Hz) or groups of spikes (4–5 Hz) were recorded (Fig. 5A;

Traces 2–4). In 10–15 min after injection, a phenomenon of

quasi-periodical regime occurred: the groups of spikes or

waves and spikes started to appear almost every 5 s. The

most prominent periodicity was noted at about 20 min after

the injection of 30 mg/kg of ketamine.

It was noticed that these periodical phenomena are more

clear pronounced in occipital (lowest trace Fig. 5B) and

parietal (middle trace B) areas of the neocortex than in the

frontal one (upper trace B, Fig. 4). The additional histo-

grams in Fig. 4 show that the appearance of these

phenomena coincided with a period of full suppression of

SWDs. The propensity of these periodical phenomena

depended on the dose of ketamine: 3 mg/kg produced

almost no effects in comparison with dosages of 15 or 30

mg/kg. We did not obtain dose dependence between groups

of 15 and 30 mg/kg (only a tendency, Pb.1 for a period from

20 to 30 min after injection). Time dependence, however,

was significant (F=18.5, df=5,50, Pb.0001). The quasi-

periodicity vanished just a few minutes before the beginning

of recovery of SWDs.

We obtained a significant correlation between the indi-

vidual SWD index, calculated for the baseline periods and

number of the 5 Hz quasi-periodical phenomena: r=.83 in the

case of 30 mg/kg and r=.61 in the case of 15 mg/kg. The least

square approximation for 30 mg/kg is shown in Fig. 6.
3.4. SWD in recovery period

As was mentioned above, the duration of the period of

suppression of SWDs depended on the dose of ketamine that

was administered. However, the recovery period had uni-

form features for all the dosage tested. Very short

btransitional stageQ with unusually shaped SWDs was typical

for the beginning of recovery. These discharges consisted of

two parts. The first part was ba headQ of high amplitude of

spike-wave complexes (6–7 Hz) with duration of 1–1.5 s.

The second part was ba tailQ composed of waves and very

low amplitude spikes with frequency of 9 Hz. A typical

example of such a discharge, as well as its wavelet graph, is

shown in Fig. 7. The two parts of the discharge have very

distinct characteristics. The transition from the bheadQ part to
the btailQ part is abrupt and without intermediate steps. Not

any quasi-periodicity of the appearance was obtained for

these bhead–tailQ discharges. In 2–5 min, the next phase

started: the duration of the discharges significantly increased,

and the amplitude of the spikes and waves start to increase to

baseline values. These SWDs had relatively low frequency in

the beginning of the discharge (about 7 Hz instead of the

usual 9–10 Hz). However, in 2–3 s, the frequency increased

up to 9 Hz (Fig. 5A, the lowest trace).

During these prolonged SWDs, some spike’s frequency

transformations were noticed: the wave components

appeared regularly but spikes occurred irregularly and in

some SWDs, only every second or third spike developed to

a full range. The spikes’ transformation was still observed

24 h after ketamine administration.
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It was also found that these prolonged discharges during

the recovery period had one more peculiar feature,

illustrated with the wavelet transform. Three examples of

wavelet images are presented in Fig. 8: three- and two-

dimensional diagrams for a typical SWD (A), for the

ketamine-induced quasi-periodical aberrant (B), and for an

SWD during the rebound period (C). The wavelet images

show a 5-s periodicity, clearly expressed in the ketamine-

induced aberrant (Fig. 8B), this exists even during the

rebound phase as a 5-s modulation during prolonged SWDs

(Fig. 8C).

3.5. Effects of ketamine on behavior

Saline injection provoked only a short increase (mean

23 s, range 10–45 s) in locomotor activity. The dose of 3

mg/kg led to behavioral excitation, which was undistin-

guishable from excitation induced by saline. No observable

changes in the movement coordination were found. On the

other hand, injections with 6–30 mg/kg ketamine provoked

behavioral consequences that developed in several typical

phases. In the beginning, a strong general excitation—air

sniffing, grooming and rearing—was observed. With a

latency of 0.5–4 min (dose dependently), fast running

appeared. Against this horizontal displacement, a gradual

decrease of muscle tone was noticed. First, the hind legs

showed an instable pattern of movements; later on, full
Fig. 8. Wavelet transforms of EEG from three different parts of the

experiment with ketamine. (A) SWD in background EEG before ketamine

injection. (B) Quasi-periodic activity during SWD suppression. (C) SWD in

recovery period. There are three-dimensional diagrams in the left.

Horizontal axes—time in minutes, frequency in Hz. Vertical axis—

amplitude of frequency components in relative units. To the right are the

same wavelet transforms in the two-dimensional representation. The axes

show time in minutes and frequency in Hz. Maximum amplitude is shown

in white colour.
atonia of hind legs developed. The rats kept moving,

which resulted in rotation around immovable caudal body

parts. Next, the front legs showed loss of tonus. The

animals were then still excited and made head weaning or

pendulum movements. Complete immobility occurred dose

dependently: in all rats after 30 mg/kg; in two out of seven

rats after 15 mg/kg, and in none of rats after injection with

6 mg/kg. The latencies of recovery of muscle tonus and

normal locomotion were 126 (range 77–180), 76 (range

35–150) and 27 (range 10–38) min, respectively, for 30, 15

and 3 mg/kg.

The MANOVA showed a clear dose effect (Pillai’s Trace

.991, F=5.86, df=22,18, Pb.0001). For all behavioral

categories, a significant dose effect was found (FsN5.26,

Psb.02), except for full atonia of the hind legs, where only a

tendency (Pb.10) was found. Post hoc tests confirmed the

presence of a dose-related effect in the sense that the group

with the largest dose differed from at least the group with the

lowest dose of ketamine for 8 of the 10 behavioral categories.
4. Discussion

The results obtained in the present experiment revealed

biphasic effects of ketamine administration on SWDs: initial

suppression followed by a recovery period and a rebound

with significantly prolonged discharges. A dose-dependent

response was observed for the immediate suppression of

SWDs, the duration of the period of the suppression of

SWDs, as well as for the propensity of the epileptic activity

(SWDs) in the recovery stage. It is widely discussed in the

literature whether ketamine should be considered as an

anticonvulsive drug, or it has rather proconvulsive actions

(Bennet and Bullimore, 1973; Ferrer-Allado et al., 1973;

Corssen et al., 1974; Black et al., 1980; Myslobodsky et al.,

1981; Gourie et al., 1983; Kugler and Doenicke, 1994). It is

noticed, that the effect of ketamine administration might be

different depending on the dosages used and on type of

epileptic activity (Bourn et al., 1983; Myslobodsky et al.,

1981; Velisek et al., 1993). Ketamine provoked seizure

phenomena and disinhibition of concealed sources of

pathological activity (Manohar et al., 1972; Ferrer-Allado

et al., 1973; Bruder and Bonnet, 2001). Now, it is clear that

absence seizures are initially dose dependently decreased,

followed by an increase of SWD activity. The decrease and

increase after ketamine are likely to be drug related, and not

due to circadian or diurnal changes in the number of SWDs.

A slow increase in the number of SWDs occurs during the

light period as the daily minimum occurs at the beginning of

the light period under physiological conditions (Van

Luijtelaar and Coenen, 1988; Midzyanovskaya et al.,

2004). Ketamine showed a decrease followed by an increase

and a prolongation of the duration of the SWDs, next to the

appearance of de novo ECoG phenomena.

The decrease after systemic administration was earlier

described for the strong noncompetitive antagonist at the
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NMDA receptor, MK-801 (Peeters et al., 1989). However,

this decrease was accompanied by huge behavioral abnor-

malities (head weaving, pivoting and agitation) which made

the interpretation of the decrease of SWDs after MK-801

problematic. An intracerebroventricular injection of the

competitive antagonist NMDA receptor APH reduced dose

dependently both number and mean duration of SWDs

while NMDA enhanced SWDs. Behavioral abnormalities

were smaller, however, and not absent (Peeters et al., 1990).

In GAERS, an almost similar model of absence epilepsy,

intrathalamic injections of NMDA reduced SWDs but

facilitated seizures while all competitive and noncompeti-

tive NMDA antagonists injected peripherally, intracerebro-

ventricularly or intrathalamically reduced dose dependently

the SWD (Koerner et al., 1996). The only exception is

eliprodil, an NMDA antagonist which enhances dose

dependently SWD activity in WAG/Rij rats (Van Luijtelaar

et al., 2002). Investigators usually limited themselves by

observing only suppression effects of different seizure types

after administration of NMDA receptor antagonists (Chap-

man and Meldrum, 1989; Peeters et al., 1989; Koerner et al.,

1996). The most parsimonious explanation for the suppres-

sion after ketamine is that the NMDA receptors are blocked

by this noncompetitive NMDA antagonist (Bespalov and

Zvartau, 2000).

SWDs rarely occur during periods of mental and or

physical activity (Van Luijtelaar et al., 1991). Therefore, it

can be thought that the dose-dependent decrease in the

number of SWDs is due to the motor excitement that we

obtained in agreement with observations from others

(Danysz et al., 1994). We think, however, that the dose-

dependent decrease is not likely to be fully ascribed to this

excitation because all signs of excitation had completely

disappeared within 15 min for the two highest doses while

the dose–response suppression of SWDs was fully present

during the first and second 20-min episode after ketamine

injection. Moreover, the rebound in SWD occurred while

animals were recovering from the anesthesia. All these

demonstrate that the suppression and subsequent rebound of

SWDs is not due to the behavior as displayed by the animal

but that the reduction and rebound was controlled by direct

effects of the anesthetic on the brain.

Formally, the period of facilitated prolonged discharges

might be considered as a breboundQ. However, this is an

oversimplification because the rebound is preceded by 5-Hz

oscillations, and accompanied by a gradual increase in

duration of the SWDs, the appearance of head–tail SWDs

and spike transformation. A simple explanation in terms of

an NMDA receptor blockade is not sufficient to understand

the abovementioned complicated spike-wave activity evo-

lution. More sophisticated schemes should be involved. We

propose an interaction of different mediator systems.

The data about an interaction of the glutamatergic and

dopaminergic systems might be of interest for the dynamics

of SWDs after ketamine because dopamine is important in

modulating absence seizures (Warter et al., 1988, Deransart
et al., 2000; Midzyanovskaya et al., 2001; De Bruin et al.,

2002). Ketamine induced an increase of dopamine in

thalamus and hypothalamus during the first 10–30 min

after injection (Glisson et al., 1976). Ylitalo et al. (1976) did

not observe alterations in dopamine content during this

period but marked that after 15 min, the content of

homovanillic acid increased in the striatum, demonstrating

a rise in dopamine turnover. Others noticed a decrease of

dopamine in the whole brain or in structures, such as

nucleus caudatus and midbrain, in a more late (30–120 min)

period after ketamine injection (Kari et al., 1978; Sung et

al., 1978; Glisson et al., 1976). The typical behavioral

syndrome appearing after NMDA antagonists, such as

ketamine and MK-801 (e.g., Myslobodsky et al., 1979;

Peeters et al., 1989; Salonin et al., 2002), is at least partly

the result of an interaction between glutamatergic and

dopaminergic transmission (Loscher and Honack, 1992).

Therefore, it might be possible that the glutamatergic and

dopaminergic systems of the brain interact and might be

involved in the complicated dynamics of paroxysmal

activity after ketamine administration. Of course, it cannot

be excluded that other mediatory and modulatory systems,

such as the serotonergic and noradrenergic systems, are

involved in the dynamics of ketamine (Ylitalo et al., 1976;

Glisson et al., 1976; Kari et al., 1978; Kerkerian et al.,

1987; Loscher et al., 1992; Lannes et al., 1992; Iversen,

1995; Detsch and Kochs, 1997; Mochri et al., 2001).

Ketamine-induced spike groups or wave-and-spike com-

plexes, as observed in the present experiment, should be

related to brain pathology in WAG/Rij rats (absence

epilepsy). This view is supported by the positive correlation

between SWD index made during the baseline and the

ketamine-induced spike activity. However, it must be

noticed that these are different phenomena. The local-

izations in the neocortex of these two phenomena are

different. The SWDs are better pronounced at the fronto–

parietal cortex, but the quasi-periodic activity is most

prominent at the parieto–occipital one (Midzyanovskaya et

al., 2001; Meeren et al., 2002). In addition, the high

variability of ketamine-induced complexes’ shape and

frequency might be opposed to rather stable characteristics

of SWDs. It is important to notice that the ketamine-induced

quasi-periodic activity and SWDs alternate each other:

SWDs reappeared quickly after group of spikes had

vanished. Interestingly, some WAG/Rij rats have a second

type of SWD which is expressed at the occipital–parietal

cortex and the dopamine agonist apomorphine enhances this

type of SWD, while classical-type SWDs are inhibited by

this DA agonist (Midzyanovskaya et al., 2001). Therefore, a

relationship of these quasi-periodic short-lasting abberants

and Type II SWD cannot be excluded.

One can find in the literature a rather wide range for

periodicity of specific ketamine-induced activity in the

EEG: from 2 up to 10 s (Manohar et al., 1972; Celesia et al.,

1975; Corssen et al., 1974; Myslobodsky et al., 1981).

WAG/Rij rats revealed a quite stable periodicity of 5 (or
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divisible to 5) s. There are several types of evidence of 5-s

periodicity in brain activity without ketamine administra-

tion. Steriade (1999) discussed a similar 5-s periodicity in

appearance of sleep spindles in cats and refers to the same

periodicity for sleep spindles in humans (Ackermann and

Borbely, 1997). This rhythmic oscillator has most likely a

cortical origin (Steriade, 1999). It might be fruitful to

compare such periodic EEG events in the seconds range

with other oscillations with similar periodicities. Shvets-

Teneta-Gurii and Ivanova-Annenskaya (1997) reported

synchronized oscillation of the redox potential of the

neocortex during Nembutal narcosis, also with a period

length of several seconds. Others described periodicities of

seconds and deca-seconds (including the 5-s one) in super-

slow nonelectrical oscillations in the brain (Grechin et al.,

1979). These authors proposed that such periodicity would

be revealed in a wide variety of the brain processes.

However, up to now, these directions have not attracted

much attention of electrophysiologists.

We propose that the ketamine quasi-periodicity is a result

of enhancement of a preexisting periodicity. In case of

epileptiformic activity, induced by systemic injections of

pentylenetetrazol or picrotoxin, ketamine provoked periodic

appearance of paroxysmal activity. The quasi-periodic

activity produced by ketamine probably acts as a vehicle

for temporary epileptiformic activity, bchainingQ it into its

own unique stereotypic pattern (Myslobodsky et al., 1981).

In WAG/Rij rats, ketamine provokes a very regular

periodicity (bketamine clockQ) of spiky groups or wave-

and-spike complexes. The 5-s periodicity might be detected

even during the recovery phase, as modulation of SWDs’

amplitude.

SWDs in WAG/Rij rats have a stable average frequency

and frequency dynamics: 9–11 Hz in the beginning and

slowing down to 7 Hz by the end of an SWD (Drinkenburg

et al., 1993). This can be seen in SWDs recorded during the

baseline period (Fig. 1). In the present study, the frequency

dynamics of SWDs were disturbed. First, short discharges

of unusual, bhead–tailQ shape appeared in the recovery

period. The beginning frequency of more prolonged

discharges is much lower: 6–7 Hz instead of 9–11 Hz in

classical SWDs. Later on, the frequency tends to increase,

but still remains unstable. It is thought that the SWDs’

frequency is determined by physic bursting of both reticular

thalamic nucleus and thalamic relay cells (McCormick and

Pape, 1990). The burst of action potentials in the reticular

thalamic nucleus induces rhythmic and synchronized IPSPs

in a large number of thalamo–cortical relay neurons. The

size and duration of the hyperpolarization, for which the

activity of Ih channels are crucial, is the main determinant of

the intraspike frequency. Thus, the SWDs’ frequency

evolution during the postketamine recovery phase might

represent a prolongation of the period of inhibition next to

an unstable situation of the thalamo–cortical pacemaker.

It can be concluded that ketamine suppresses SWDs dose

dependently. Ketamine is further characterized by a recov-
ery of SWDs; however, other alternations during the

recovery have also been found, such as bhead–tailQ
discharges in the beginning of recovery, unusual frequency

changes during the prolonged discharges and spikes’ trans-

formation phenomena. The obtained specific dynamics of

SWDs reveal long-lasting ketamine-induced alterations that

are likely to originate in the cortex and thalamus, which

contain both local circuits involved in generating and

synchronizing burst activity.
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