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Spike-wave discharges and sleep 
spindles in rats 
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6500 HE Nijmegen, The Netherlands, Email: luijtelaar@nici.kun.nl 

Abstract. Sleep spindles and spike-wave discharges are thought to originate 
from the same thalamic pacemaker. In the present work it is investigated 
whether sleep spindles and spike-wave discharges are also sensitive for the 
same drugs. Adult male WAGIRij rats were chronically implanted with 
frontal and occipital EEG electrode pairs. Rats were intraperitoneally injected 
with clonidine (0.00625 mgkg), phenobarbital (20 mgkg), flunitrazepam 
(0.1 88 mgkg). Frontal and occipital sleep spindles and mainly frontal 
spike-wave discharges were seen in the electroencephalogram. Phenobarbital 
and flunitrazepam reduced the number of spike-wave discharges and 
enhanced frontal sleep spindles, while clonidine facilitated spike-wave 
discharges and reduced frontal sleep spindles. The results of these three drugs 
indicate a reciprocal relationship between the number of frontal sleep spindles 
and the number of spike-wave discharges. Only clonidine facilitated occipital 
sleep spindles without an effect on spike-wave discharges. It can be 
concluded that frontal and occipital sleep spindles have a different 
pharmacological profile. Futhermore, the inverse relationship between frontal 
sleep spindles and spike-wave discharges may suggest that sleep spindles and 
spike-wave discharges are controlled by a single controlling system. 
However, in order to explain the clonidine data on occipital sleep spindles 
another factor must be incorporated in properties of the mechanism(s) 
involved in EEG oscillations. 

Key words: sleep spindles, spike-wave discharges, thalamic pacemaker, rats, 
electroencephalography, barbiturates, benzodiazepines, a2-agonist clonidine 
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INTRODUCTION 

The interest in the pacemaker involved in the gener- 
ation of sleep spindles has increased abundantly since 
the work of mainly Steriade, Llinis, McCormick and co- 
laborators (Steriade and Llinis 1988, Steriade et al. 
1993, von Krosigk et al. 1993, Steriade et al. 1994). 
These authors have described extensively properties of 
thalamic relay cells and their interactions with neurons 
from the reticular thalamic nucleus in vivo and in vitro. 
It is suggested in their work that sleep spindles and spike- 
wave discharges are originating from the same thalamic 
pacemaker and that self-sustained afterdischarges may 
develop in a further synchronization process towards the 
characteristic for absence epilepsy, spike-wave dischar- 
ges. Also others have studied the relationship between 
spike-wave discharges and sleep spindles. Gloor and 
colleagues (Gloor 1979, Gloor et al. 1979, Kostopoulos 
and Gloor 1982, Gloor and Fariello 1988, Gloor 1995) 
have demonstrated in the feline penicillin model that 
spike-wave discharges have their origin in thalamic 
sleep spindles. Thalamic spindles are transferred to cor- 
tical neurons through the axons of relay neurons and 
transformed into spike-wave discharges when the cortex 
is in a hyperexcitable state. 

Almost all above mentioned work has been done in 
cats, few papers have explicitly aimed their research ef- 
forts towards the relation between sleep spindles and 
spike-wave discharges in other species, such as in rats. 
A complicating factor is the existence of two types of 
sleep spindles in rats: Terrier and Gottesmann (1978) 
and Gandolfo et al. (1985) showed the existence of fron- 
tal and occipital spindles. It is of interest that also in hu- 
mans two (anterior and posterior) types of sleep spindles 
have been described (Gibbs and Gibbs 1950, Jankel and 
Niedermeyer 1985, Scheuler 1990-1 991, Jobert et al. 
1992). This raises the question whether spike-wave dis- 
charges are indeed related to frontal sleep spindles and 
if so, what is the role of the occipital sleep spindles? 

Rats of the WAGIRij strain spontaneously show, next 
to sleep spindles, also hundreds trains of spike-wave dis- 
charges per day and these spike-wave have a pharmaco- 
logical profile similar to absence epilepsy in man 
(Peeters et al. 1988). Therefore these rats are considered 
as a valid model for generalized absence epilepsy (van 
Luijtelaar and Coenen 1986, 1989, Coenen et al. 1991). 
The WAGlRij model is very close to Vergnes and Ma- 
rescaux GAERS model (e.g. Marescaux et al. 1984) and 
the morphology of the spike-wave discharges and its 

pharmacological profile seem to be identical in the two 
models. The primary purpose of the present paper is to 
describe some characteristics of the frontal and occipilal 
sleep spindles and spike-wave discharges in WAGIRij 
rats. The second purpose is to investigate pharmacologi- 
cal properties of these EEG transient phenomena. Three 
commonly used drugs known to be sensitive for sleep 
spindles were used: the barbiturate phenobarbital, the 
benzodiazepine flunitrazepam and the noradrenergic 
alpha-2 agonist clonidine. Although drug effects on 
some of these EEG phenomena were earlier studied 
(Kleinlogel et al. 1975, Peeters et al. 1988, Coenen and 
van Luijtelaar 1989, BuzsAki et al. 1991 ), sleep spindles 
and spike-wave discharges have not been investigated 
together and at the same time in rats. The results might 
shed some light on recent theories on the thalamic pace- 
maker of sleep spindles and spike-wave discharges 
(S teriade and LlinAs 1988, Steriade and Buzsiki 1990). 

METHODS 

One year old male WAGIRij rats served as subjects. 
They were housed in groups until surgery, then they 
were singly housed. At the time of surgery they weighed 
between 307 and 384 g. Animals were maintained on a 
12- 12 h light-dark (LD) regime, with white lights on at 
20.00 h. The experiment took place in freely moving ani- 
mals during the dark phase of the LD cycle and drugs 
were always given at 1 1 .OO h. 

Two EEG electrode sets were permanently implanted 
under pentobarbital anesthesia (60 mglkg). Two frontal 
electrodes connected to a bipolar electrode set (Plastic 
One, MS 30311) were placed at coordinates A 2.0, L ;!. 1 
and A 2.0, L 1.9 respectively. Two other electrodes be- 
longing to a tripolar set (Plastic One, MS 33312-A) were 
placed on area 17 (occipital cortex) with coordinates A 
-5.5, L 2.1 for the first, and A -5.5, L 2.3 for the second 
electrode. The ground electrode was placed above the 
cerebellum. All coordinates were measured in mm with 
skull surface flat and bregma 0.0. This set-up allowed the 
recording of a local frontal and occipital EEG. Following 
surgery, subjects were allowed to recover for at least 10 days. 

Phenobarbital, flunitrazepam and clonidine were ~ n -  
traperitoneally injected at a volume of 2 mllkg body 
weight. Rats were random chosen from the population of 
operated animals. Phenobarbital (n = 8) was injected in 
a dose of 20 mglkg, flunitrazepam (12 = 6) in a dose of 
0.188 mglkg, and clonidine (n = 7) in a dose of 0.00625 
mglkg. Control groups for phenobarbital and clonidine 
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received saline, the control group for flunitrazepam re- 
ceived its solvent, a mixture of propyleneglycol(40%), 
ethanol (lo%), sodiumbenzoate (5%) and distilled water 
(45%) in the same volume. The wash-out period was at 
least one week. 

The animals were connected to the recording leads for 
adaptation 16 h prior to the base-line recording. The 
base-line was always recorded between 10.00 and 11 .OO 
h (n = lo), drug and solvent injections always occurred 
at 11.00 h. All EEG sessions lasted one hour. 

The EEG signals were amplified and filtered by an 
Elema-Schonander polygraph and freqcencies between 
1 and 70 Hz were allowed to pass. In order to facilitate 
the detection of sleep spindles the frontal and occipital 
EEG was led through a band-pass filter 7 Hz (24 dB/oct) 
- 14 Hz (30 dB/oct). The EEG's were subsequently 
stored in digitised form on a magneto-optical disk 
(DATA Instruments, AT-CODAS). Spike-wave dis- 
charges were visually scored according to criteria de- 
scribed earlier (for examples see van Luijtelaar and 
Coenen 1986). In brief, the minimum duration of a group 
of sharp peaks and slow waves must be one second, the 
amplitude of the spikes must be twice the amplitude of 
the background EEG, the frequency of the spike-wave 
discharges must be between 7.5 and 11 Hz and the mor- 
phology must be asymmetrical with respect to the base- 
line. Sleep spindles were also analysed visually and 
scoring was facilitated by the 7- 14 Hz band-pass filter. 
Sleep spindles were identified if there was a group of 
rhythmic waves in the band pass filtered EEG channel 
which had to be symmetrical, a waxing and waning mor- 
phology with round peaks and valley's with a frequency 
between 8 and 14 Hz without a concomitant of spike- 
wave discharges in the normal (1-70 Hz) channel. The 
minimal duration had to be larger than 0.5 s. It had to be 
admitted that is was sometimes difficult to quantify the 
different types of EEG oscillations. There were also 
EEG oscillations not completely fulfilling the criteria for 
spike-wave discharges. For reasons of clarity it was de- 
cided not to report them. 

RESULTS 

Both frontal and occipital sleep spindles were found; 
although both type of sleep spindles showed the pro- 
gressively increasing then decreasing amplitude enve- 
lop, the ideal shape was not always present (see also 
Jankel and Niedermeyer 1985). Frontal spindles had a 
larger amplitude than the occipital spindles. An over- 

TABLE I 

Number and duration of frontal and occipital sleep spindles 
(A) and spike-wave discharges (B) during the base-line peri- 
od. Total number and divided into three subcategories (1) the 
EEG transient is restricted to that area, (2) another type of EEG 
transient is concomittantly present in the other EEG lead, (3) 
a similar type of transient is concomittantly present in the 
other EEG lead, are given 

A: Sleep spindles 
Frontal sleep spindles Occipital sleep spindles 

Total number 25.7 + 2.1 Total number 15.6 f 2.9 
mean duration 1.0 f 0.0 mean duration 0.8 f 0.0 

spindles restricted to frontal spindles restricted to occipital 
area: area: 
number 23 .7 f3 .8  number 9.9 f 1.5 
mean duration 0.9 f 0.0 mean duration 0.7 f 0.1 

spindles with concomitant: spindles with concomitant 
occipital SWD: frontal SWD: 
number 0 .1k0 .1  nummer 3.9 f 0.8 
mean duration 0.3 f 0.2 mean duration 0.8 f 0.2 

spindles with concomitant spindles with concomitant 
occipital spindle: frontal spindle: 
number 1.9 f 0.6 number 1.8 f 0.6 
mean duration 1 .0 f 0.1 mean duration 0.7 f 0.2 

B: Spike-wave discharges (SWD) 
Frontal SWD Occipital SWD 

Total number 20.5 + 6.7 Total number 2.8 f 2.3 
mean duration 6.6 f 0.3 mean duration 1.0 f 0.2 

SWD restricted to frontal SWD restricted to occipital 
area: area: 
number 15.8k3.8 number 1.3 f 0.3 
mean duration 5.7 f 0.8 mean duration 1 .0 f 0.1 

SWD with concomitant S WD with concomitant 
occipital SWD: frontal SWD: 
number 0.8 f 0.4 nummer 1.0 f 0.2 
mean duration 2.0 f 2.2 mean duration 1.0 f 0.2 

SWD with concomitant SWD with concomitant 
occipital spindle: frontal spindle: 
number 3.7 f 2.0 number 0.1 f 0 . l  
mean duration 4.7 f 1.1 mean duration 1.0 f 0.1 
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view of the data obtained under base-line condition is 
presented in Table I. T-tests for dependent groups 
showed that there were more frontal than occipital sleep 
spindles: 25.7 + 2.1 (mean and S E M )  vs. 15.9 + 2.9 
(P<0.05). Frontal sleep spindles were only rarely (8%) 
accompanied by a concomitant occipital sleep spindle or 
a spike-wave discharge. 

Occipital sleep spindles were in 36% accompanied by 
a frontal oscillation, most often a spike-wave discharge. 
It was also clear that frontal and occipital sleep spindles 
could occur independently. The mean duration of the 

frontal spindles was 1.0 rt 0.1 s, the occipital spindlles 
were slightly shorter 0.8 + 0.1 s (P<0.05). 

The number of spike-wave discharges in the base-line 
period was 20.5 + 6.7, the mean duration was 6.6 rt 0.3 s. 
These spike-wave discharges were pre-dominantly 
(77%) restricted to the frontal lead. Occasionally a fron- 
tal spike-wave discharge was accompanied by an occipi- 
tal sleep spindle. There were only a few occipital 
spike-wave discharges: 2.8 + 2.3. The mean duration of 
the occipital spike-wave discharges (1.0) was shorter 
(P<0.01) than the mean duration of the frontal spike- 

TABLE I1 

Drug effects on sleep spindles and spike-wave discharges. Mean number and SEM of frontal and occipital spindles and spike- 
wave discharges (SWDs) after control (C) injection and after one of the following drugs (D): phenobarbital, flunitrazepam and 
clonidine, all were administered i.p. 

Frontal Spindles 
C D 

Occipital Spindles 
C D 

''rug 
Phenobarbital (n = 8)  
number 29.0 f 5.5 64.3 f 10.2"" 18.5 f 6.6 11.5 f 5.9 
duration 0.9 f 0.0 1.0 f 0.0 0.7 f 0.2 0.6 f 0.2 

Flunitrazepam (n = 6 )  
number 16.0 f 2.4 58.3 f 7.9** 10.3 f 7.4 9.3 f 3.6 
duration 0.8 f 0.1 0.9 f 0.0 0.6 f 0.4 0.8 f 0.1 

Clonidine (n = 7 )  
number 21.8 f 5.4 9.1 f 0.7** 18.7 f 8.2 63.5 f 15.9" 
duration 0.9 f 0.0 0.9 f 0.1 0.7 f 0.2 1.3 f 0.1"" 

Frontal SWDs Occipital SWDs 
Phenobarbital 
number 
duration 

Flunitrazepam 
number 
duration 

Clonidine 
number 
duration 

Statistical (t-test for independent groups) difference between control and drug: *P<0.05, ** P<0.01, *** P<0.001. 
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wave discharges. Spike-wave discharges were rarely were found. Therefore only the categories with a sub- 
present at the occipital site only. stantial number of EEG transients are presented in Table 

An overview of the results of the effects of the three 11. Since the drug injected animals were not the same 
drugs is presented in Fig. 1 and Table 11. In some of the subjects as in the control group, t-tests for independent 
categories of EEG transients no or only a few transients groups were used. 

80 phenobarbital 
A 

control 

frontal swd frontal spindles 
100 1 

B control 
flunitrazepam 

frontal swd frontal spindles 

occipital swd occipital spindles 

lUU I control 

80 1 6 flunitrazepam 

occipital swd occipital spindles 

frontal swd frontal spindles occipital swd occipital spindles 

Fig. 1. a, drug effects on number of frontal sleep spindles and frontal spike-wave discharges (swd). After A, phenobarbital; B, 
flunitrazepam; C, clonidine; b, drug effects on number of occipital sleep spindles and occipital spike-wave discharges. After 
A, phenobarbital; B, flunitrazepam; C, clonidine. Depicted are mean and SEM. 
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In rats which received phenobarbital, the number of 
frontal spike-wave discharges (P<0.01) was smaller 
compared to its own control group. On the other hand, 
the number of frontal sleep spindles was higher after 
phenobarbital than after the control injection (P<0.01). 
The rats which had received phenobarbital showed a 
shorter mean duration of the spike-wave discharges 
(P<O.Ol) than the control rats. The number and duration 
of the occipital sleep spindles was not different for the 
phenobarbital and control group. 

After flunitrazepam the number (P<0.001) and dura- 
tion (P<0.01) of the frontal spike-wave discharges was 
lower than in the control group. The number of frontal 
sleep spindles (P<0.05) was higher than in the control 
group. The number and duration of occipital sleep spindles 
was not different for the flunitrazepam and control group. 

After clonidine the number (P<0.01) of frontal spike- 
wave discharges was higher that the control group, the 
number of frontal sleep spindles (P<0.01) was lower 
than that in the control group. The number (P<0.05) and 
duration (P<0.01) of occipital sleep spindles was higher 
after clonidine than after the control injection. 

The EEG oscillations not completely fulfilling the 
criteria for spike-wave discharges showed the same drug 
effects as the spike-wave discharges. 

DISCUSSION 

Two types of sleep spindles were found in WAGIRij 
rats. The vast majority of the frontal spindles was seen 
without an occipital EEG oscillation and only in 7.8% of 
the cases, a frontal spindle was accompanied by an oc- 
cipital spindle. In contrast, occipital spindles were often 
accompanied (61.3%) by a frontal oscillation. These 
data confirm and extend the results described by Terrier 
and Gottesmann (1978). These authors emphasised the 
existence of the two types of independently occurring 
sleep spindles. Now this is also found in this particular 
inbred strain of rats. The existence of different types of 
sleep spindles in humans is acknowledged by quite a few 
authors (Gibbs and Gibbs 1950, Matsubayashi et al. 
1981, Hori et al. 1990, Scheuler et al. 1990, Scheuler 
1990- 199 1, Jobert et al. 1992). The independence of the 
frontal and occipital spindles was one of the reasons for 
Gandolfo et al. (1985) to assume the existence of two dif- 
ferent pace-makers for sleep spindles in rats: one in the 
thalamus and one in the hippocampus. 

Spike-wave discharges predominantly occurred in the 
frontal EEG, while independently occurring occipital 

spike-wave discharges were much less often present. 
Rarely, an independently occurring occipital spike-wave 
was found, identical with respect to morphology as de- 
scribed earlier, then it was described as a type I1 phe- 
nomenon (van Luijtelaar and Coenen 1986). A striking 
difference between the frontal and these occipital spike- 
wave discharges is, besides the direction of the pea~ks, 
that frontal spike-wave discharges last about five times 
as long as type 11, occipital spike-wave discharges. It 
needs to be emphasised that two active electrodes were 
at a distance of 1.5 mm. When the active electrodes are 
widely apart it can be demonstrated that spike-wave dis- 
charges are generalized with a large involvement of the 
frontal, central and parietal rather than the occipital re- 
gion (Buzs& et al. 1988, van Luijtelaar and Coenen 198'9). 

The drugs induced mainly significant effects on the 
number of EEG transients, although sometimes also the 
mean duration was changed. Generally, the effects on 
duration went in the same direction as the effects on the 
number. Drug effects on sleep spindles will be discussed 
first, followed by effects on spike-wave discharges. 
Phenobarbital increased the number of frontal sleep 
spindles and no change in the number of occipital spirtd- 
les was found. The first effect is well known: barbitur- 
ates are traditionally used to evoke sleep spindles in c,ats 
(Gottesmann 1964, Andersen et al. 1967, Gusselnikov et 
al. 1973). Now it seems that only frontal sleep spindles 
are sensitive for barbiturates considering the lack of ire- 
sponse of the occipital sleep spindles. Although in man 
spindle augmentation occurs after barbiturates (Soldai os 
et al. 1977), it needs to be established whether occipital 
sleep spindles are also not sensitive for barbiturates, as 
was found here. Also the benzodiazepine flunitrazepam 
augmented the number of sleep spindles in the present 
study. This is in agreement with many other studies in 
different species (Gusselnikov et al. 1973, Monti and 
Altier 1973, Johnson et al. 1976, Soldatos et al. 1977, 
Scheuler 1990- 199 1, Gandolfo and Gottesmann 199 1, 
Jobert et al. 1992). And again, the occipital sleep spindles 
were unaltered. Of interest is that Scheuler (1990-19911) 
found that frontal sleep spindles are more sensitive for 
the effects of benzodiazepines that occipital sleep spin~d- 
les, suggesting that frontal sleep spindles have different 
pharmacological characteristics than occipital sleep 
spindles. In the light of Scheuler's result it is not surpris- 
ing that frontal and occipital sleep spindles have a differ- 
ent pharmacological profile in rats as well. This was 
actually also found after clonidine. This drug reduced the 
number of frontal sleep spindles, in agreement with ear- 
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lier results (Kleinlogel et al. 1975), but an opposite reac- 
tion was found for the number of occipital sleep spindles: 
its number was enhanced after clonidine. It was the only 
drug used in th s  experiment which modulates occipital 
sleep spindles. 

Spike-wave discharges were suppressed by fluni- 
trazepam and phenobarbital and this in agreement with 
previous results obtained with barbiturates and benzo- 
diazepines (Peeters et al. 1988, Coenen and van Luijtelaar 
1989). Spike-waye discharges were found to be en- 
hanced after clonidine. This confirms the results of the 
BuzsAki et al. 1991 study. The occipital spike-wave dis- 
charges were small in number and did not seem to be en- 
hanced by any of the drugs. 

The three different drugs induce inverse effects on the 
number of frontal EEG oscillations: the increase in the 
number of sleep spindles induced by flunitrazepam and 
phenobarbital is accompanied by a decrease in the num- 
ber of spike-wave discharges and the decrease in the 
number of sleep spindles induced by clonidine is accom- 
panied by an increase in the number of spike-wave dis- 
charges. This suggests a reciprocal relationship between 
frontal sleep spindles and spike-wave discharges. The 
present data are the first which showed an inverse rela- 
tionship between the number of frontal sleep spindles 
and spike-wave discharges in rats. Kellaway et al. (1990) 
found also a reciprocal relationship between spindles 
and spike-wave discharges in a clinical study. 

In the present study it was also found that the pharma- 
cological properties of occipital sleep spindles are differ- 
ent from the properties of the frontal sleep spindles. 
Occipital sleep spindles were not effected by the barbi- 
turate or the benzodiazepine, their occurrence was facili- 
tated by the alpha-2 agonist clonidine. Frontal sleep 
spindles are sensitive for barbiturates and benzodiazepines. 
Occipital spike-wave discharges were small in number and 
there were no drug effects. In contrast to what has been 
found for the frontal sleep spindles, there is no reciprocal 
relationship between occipital sleep spindles and occipi- 
tal or the total number of spike-wave discharges. 

The present data might have some consequences for 
theories about the thalamic pace-maker in cats and ro- 
dents. A single thalamic pace-maker is assumed for 
spike-wave discharges and sleep spindles (Steriade and 
Llinhs 1988, Steriade and Buzsiki 1990, Buzsaki 199 I), 
although Steriade studied EEG oscillations in cats which 
don't have spontaneously occurring spike-wave dischar- 
ges. Also based on the work of Gloor (1995) in cats, as- 
suming that spike-wave discharges are indeed transformed 

sleep spindles and assuming that sleep spindles and 
spike-wave discharges have a common pacemaker, one 
might expect an inverse relationship between the number 
of sleep spindles and spike-wave discharges. The pres- 
ently found inverse relationship between the number of 
(frontal) sleep spindles and spike-wave discharges might 
fit into this view. However, the presence of inde- 
pendently occurring occipital sleep spindles and the dif- 
ferential sensitivity of clonidine for occipital sleep 
spindles do not fit into a one pacemaker theory. In order 
to explain this, one must assume either a second pace- 
maker or at least a second occipital sleep spindle control 
system. The localisation of the second pace-maker is un- 
known and even a thalamic origin is not certain since 
synchronisation of thalamic units is rather general al- 
though there are parts of the thalamus (anterior part and 
epithalamus) which are naturally deprived of afferents 
from the reticular thalamic nucleus (Steriade and Llinas 
1988). Thalamic lesion studies are needed to investigate 
whether frontal and occipital EEG oscillations are both 
under the control of the same pacemaker. 

In all, our data confirm the existence of two types of 
sleep spindles in the rat. Besides a different topographi- 
cal organisation they seem to have a distinct pharmaco- 
logical profile. The frontal sleep spindles are sensitive 
for barbiturates and benzodiazepines, occipital sleep 
spindles are sensitive for clonidine. Frontal sleep spind- 
les show an inverse relationship with spike-wave dis- 
charges in accordance with major theories on the origin 
of cortical EEG oscillations in cats and rats. The increase 
of occipital sleep spindles after clonidine does not seem 
to fit easily into a single pace-maker model. 
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