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Changes in the sleep--waking cycle of freely moving cats were studied during application of excitatory 
amino acid antagonists in the ventro-posterolateral thalamic nuclei by microdialysis. OL-2-Amino-5-phos- 
phono-pentanoic acid (APV), a selective N-methyl-o-aspartate (NMDA) receptor antagonist, produced 
an increase in the deep stages of slow wave sleep and in paradoxical sleep and a decrease in the light stages 
of slow wave sleep (SWS0, while 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), at a concentration selec- 
tive for the non-NMDA receptors, produced a marked increase in SWS~. These results indicate a strong 
sleep-promoting action of excitatory amino acid antagonists and suggest that thalamic NMDA and non- 
NMDA receptors may play different roles in sleep regulation. Thus, changes in the sleep--waking cycle 
should be carefully evaluated when assessing the potential clinical use of excitatory amino acid antago- 
nists. 

A decrease in the sensory input to the brain can induce sleep [1, 15, 20] and the 
thalamus is the first brain area along the sensory pathways where the transmission 
of information is reduced at the sleep onset [20]. Numerous evidence has indicated 
that the sensory (as well as the cortical) input to the majority of the thalamic nuclei 
is mediated by excitatory amino acid(s) via activation of both N-methyl-o-aspartate 
(NMDA) and non-NMDA (i.e. quisqualate and kainate) receptors [6, 7, 12, 16, 17]. 
We now report that both DL-2-amino-5-phosphono-pentanoic acid (APV), a selective 
NMDA receptor antagonist [23], and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) 
[9], used at a concentration selective for the non-NMDA receptors [3, 18], applied 
into the ventro-posterolateral thalamic nuclei (VPL) of freely moving cats by micro- 
dialysis [10, 11, 14], increase sleep. APV produces an increase in the deep stages of 
slow wave sleep (SWSa) and in paradoxical sleep (PS) and a decrease in the light 
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stages of slow wave sleep (SWSI), while the major effect of CNQX is an increase in 
SWSt. 

Experiments were performed on 8 adult cats (2.3-3.4 kg) as described previously 
[10, 11]. Under Nembutal anaesthesia (50 mg/kg i.p.), gold-plated screw electrodes 
were implanted in the frontal and occipital cortex for electroencephalographic (EEG) 
recordings and in the orbital cavity for electrooculographic (EOG) recordings, while 
stainless-steel electrodes were inserted into the neck muscles to record the electro- 
myogram (EMG). Two microdialysis probes [10, 11] were implanted bilaterally into 
the VPL [A: 9, L: 7, V: 0-3) [2]. After implantation, the animals were allowed to 
recover in their moderately light home-cage which was placed in a sound- proof and 
electrically shielded room. During this period they were habituated to the recording 
cables and the connecting tubes which were perfused with artificial cerebrospinal 
fluid (ACSF) containing (in raM): NaC1 142, MgC12 2.2, CaCI2 2.3, KC1 2.8 (pH 7.3) 
and cytosine arabinoside (0.01/~M) to reduce formation of gliosis around the dialysis 
probe [10, 11]. 

Sleep recording was initiated on, or after, the third day following implantation and 
consisted of a 4 h daily session, from 09.00 to 13.00 h, 1 h after feeding. The stages 
of vigilance were differentiated into 4 phases by visual analysis of the EEG, EMG 
and EOG recordings and according to the standard polygraphic criteria [15]: wake- 
fulness (W), SWS~, SWSd and PS. The injection of each excitatory amino acid antago- 
nist was preceeded and followed by a day in which ACSF was injected. The various 
stages of the sleep-waking cycle recorded during these two 'control' days were aver- 
aged and compared with the results obtained during the injection of the excitatory 
amino aci d antagonist. At the end of the experiments (generally 10-12 days after 
implantation) the animals were injected with a high dose of Nembutal and transcar- 
dially perfused with saline. The positions of the dialysis probes were then verified 
on Nissl-stained sections. 

The preparation and use of the microdialysis probes have been described in detail 
elsewhere [11]. Briefly, they were made by inserting two glass capillaries into a Trave- 
nol hollow fibre (outside diameter: 0.2 ram) with a 3 mm distance between their tips, 
thus providing a 3 mm long active surface. Thus, according to the size of the dialysis 
probe, the injection of APV and CNQX was performed around a cylinder shaped 
area, 3 mm long and 0.2 mm wide. The amount of excitatory amino acid antagonist 
pumped out of the dialysis probe was calculated by comparison with dopamine [11]. 
In fact, since at a certain concentration gradient the transport of molecules through 
the dialysis membrane depends only on their molecular weight, compounds with 
similar molecular weights have similar outflows from the probe (molecular weights: 
dopamine 190, APV 197, CNQX: 249). We estimated an outflow of 9 pg/mm2/min 
for APV and CNQX when present in/~M concentration in the perfusion solution. 
Consequently, 500/tM APV or 100/tM CNQX was added to the ACSF providing 
a concentration of 50/~M APV and 10/~M CNQX near the dialysis probe. Since the 
active surface of the dialysis probe is about 0.1 mm 2, the estimated total flux of APV 
and CNQX was 0.9 pg/min. Numerical data are reported in the text as mean + S.E.M. 
and Student's t-test for paired values was used for statistical analysis. 
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Fig. I. Effect of 2-amino-5-phosphono-pentanoic acid (APV, []) and 6-cyano-7-nitroquinoxaline-2,3- 
dione (CNQX, M) on different stages of the sleep-waking cycle. Results are expressed as percentage of 
the control days (see text) when ACSF was injected (n = 8, *P< 0.05; **P< 0.01, ***P< 0.001, in respect 
to the corresponding stage during the control days, Student's t-test). (W, wakefulness; SWSj, light phase 
of slow wave sleep; SWSd, deep phase of slow wave sleep, PS, paradoxical sleep). 

Intrathalamic application of APV produced a statistically significant reduction in 
W and SWSI and an increase in SWSd and in PS (Fig. 1). Thus, the sleep/W ratio 
increased (control: 4.7 + 1.2, APV: 10.8 + 1.9, n = 8, P < 0.05) and the SWSI/SWSd ratio 
decreased (control: 0.7+0.1, APV: 0.3+0.1, n=8,  P<0.005). APV also decreased 
the latency of the first PS episode (control: 54+ 10 min, APV: 26+9 min, n=8,  
P<0.06). In two animals, a 50% reduction in the concentration of APV produced 
similar, though smaller, changes in the various stages of the sleep-waking cycle. A 
more detailed analysis of the sleep profile showed that the reduction in W during ap- 
plication of APV was due mainly to a decrease in the number of W episodes while 
their duration was unchanged (Table I) On the contrary, the increase in SWSd was 
mainly due to an increase in the duration (but not the number) of the individual 
SWSa episodes (Table I). Probably because of small changes in boththeir number 
and duration, the individual episodes of SWSI and PS did not show any statistical 
significance. 

The intrathalamic application of CNQX also decreased W (Fig. 1). The effect of 
CNQX on the sleep pattern, however, was different from the effect of APV. CNQX 
markedly enhanced SWSj but had no effect on SWSd, PS (Fig. 1) or the latency of 
the first PS episode. Thus, the SWSl/SWSd ratio almost doubled from 0.7 + 0.1 in the 
control period to 1.3 _+ 0.2 during CNQX application (n = 8, P <  0.01). This effect of 
CNQX was due to a decrease in the number of W episodes (but not their duration) 
and an increase in the duration (but not the number) of the individual SWS1 episodes 
(Table I). Note that no change in the behaviour and body temperature of the animals 
was observed during or following the application of either antagonist which had no 
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TABLE 1 

EFFECT OF 2-AMINO-5-PHOSPHONO-PENTANOIC ACID (APV) AND 6-CYANO-7-NITRO- 
QUINOXALINE-2,3-DIONE (CNQX) ON THE NUMBER AND DURATION (min) OF INDIVID- 
UAL EPISODES OF THE DIFFERENT SLEEP STAGES 

Values represent mean + S.E.M. n = 8. W, wakefulness; SWSt, light phase of slow wave sleep; SWSd, deep 
phase of slow wave sleep; PS, paradoxical sleep. 

Control APV CNQX 

W 

Number 1 I. 1 + 0.8 8.1 + 0.8* 5.8 + 0.8*** 
Duration 6.3 + 1.1 3.6 _+_ 0.8 5.5 + 1.3 

SWSL 

Number 11.3 + 0.9 10,1 + 1.1 l 1.9 + 1.0 
Duration 5.4 + 0.4 4.4 +_ 0.7 8.7 +_ 1.2"* 

SWSd 

Number 12.1 +0.8 14.3 +_ 1.9 10.4+_0.8 
Duration 8.1 +-0.5 11.6+ 1.7" 9.6+ 1.1 

PS 
Number 5.5 _ 0.5 8.5 _ 1.0 5.4 + 0.7 
Duration 6.6+0.6 6.1 __+0.7 6.8+ 1.1 

* P <  0.05; **P<0.005; ***P<0.001. 

myorelaxant activity. In addition, although the exact concentration and diffusion of 
the two antagonists around the probe are not known, the different effects of APV 
and CNQX on the sleep-waking cycle, the dose-dependent action of APV and the 
lack of any consistent behavioural modification suggest the absence of major non- 
specific actions due to accumulation of the antagonists. 

Other drugs, structurally different from the antagonists tested in this study but all 
known to affect the sleep-waking cycle in experimental animal and in man, have been 
recently shown to interfere with excitatory amino acid mediated transmission. Thus, 
ketamine, a dissociative anaesthetic, has been shown to inhibit excitatory postsynap- 
tic potentials (EPSPs) and NMDA mediated responses in the cortex [22] and thala- 
mus [5, 18] in vitro, while dextromethorphan, an antitussive drug of common clinical 
use that has recently been shown to block NMDA receptors in vitro [4, 24], is known 
to induce drowsiness in man [8]. Furthermore, oral administration of Riluzole has 
been reported to promote sleep in rats [21], though the precise mechanism by which 
this substance affects excitatory amino acid mediated synapses is still controversial. 
The present results, however, represent the first direct evidence linking the two differ- 
ent classes of excitatory amino acid receptors mediating sensory-thalamic and cor- 
tico-thalamic inputs to the sleep-waking cycle. 

The different effects of APV and CNQX on the sleep-waking spectra suggest a dif- 
ferent role for thalamic NMDA and non-NMDA receptors in the sleep-waking cy- 
cle. However, although the relative contribution of the NMDA and non-NMDA 
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component to sensory and cortical EPSPs in the thalamus appear to be different [6, 
7, 12, 16, 17], it is rather difficult, at present, to assign a precise role/function in the 
sleep-waking cycle to each of the two types of excitatory amino acid receptors. A 
likely explanation for the increase in SWS1 by CNQX might be that the reduction 
by this antagonist of the sensory (and cortical) EPSPs in thalamocortical cells will 
result in a decreased input to the cells of the nucleus reticularis thalami [20], thus 
allowing this latter group of cells to express their rhythmic burst behaviour [19, 20] 
which has been suggested to be responsible for spindle activity [19, 20]. 

The interpretation of APV action is complicated by the fact that this antagonist 
affected both SWSt, SWSd and PS. The increase in PS, for instance, might suggest 
that thalamic NMDA receptors are directly involved in the desynchronized activity 
of the EEG characteristic of PS. However, it is more likely that the increase in PS 
following blockade of NMDA receptors might simply be the consequence of the 
increased SWSd since the latter is known to be a prerequisite of PS [15, 20]. As far 
as SWSI and SWSd are concerned, it is possible that NMDA receptors are directly 
involved in the regulation of both, or only in one of them, with the other sleep stage 
changing as an indirect effect. Recent experiments in vivo and in vitro tend to favour 
the latter possibility, i.e. that a reduced NMDA receptor stimulation is the main con- 
tributing factor involved in the deepening of SWS and generation of ~ waves in the 
EEG, while the decrease in SWSI simply represents a consequence of this direct ac- 
tion. In fact, thalamocortical cells in vitro are capable of a slow (2-4 Hz), spontane- 
ous burst firing which is independent of 7-aminobutyric acid (GABA), acetylcholine, 
noradrenaline and non-NMDA receptor activation [5, 13]. The block of NMDA 
receptors changes this pattern of activity into a highly rhythmic, 'pacemaker-like' fir- 
ing with a concomitant decrease in frequency from 2 to 4 Hz to values similar to 
those characteristic of the deepest stages of SWS (0.5-2.5 Hz) [13]. Interestingly, a 
similar, slow (2 Hz), highly rhythmic, burst firing has also been recorded in vivo in 
thalamocortical cells separated from the sensory, cortical and reticularis thalami in- 
puts [19, 20]. Thus, the increase in SWSd by APV observed in this study might be 
explained as if the selective blockade of thalamic NMDA receptors, by releasing tha- 
lamocortical cells from the NMDA component of sensory and cortical EPSPs, is 
allowing these cells to express their intrinsic pattern of spontaneous activity, i.e. that 
observed during the deepest stage of SWS in vivo or the 0.5-2 Hz 'pacemaker-like' 
firing in vitro. 

In conclusion, intrathalamic application of APV or CNQX, two potent and selec- 
tive excitatory amino acid antagonists, reduced W and promoted sleep. This finding 
strongly suggests that both NMDA and non-NMDA receptor mediated inputs to the 
thalamus play a major and different role in sleep regulation. Furthermore, whatever 
the precise role of NMDA and non-NMDA receptors in sleep regulation, the present 
results warrant that changes in the sleep--waking cycle should be carefully evaluated 
when assessing the potential clinical use of excitatory amino acid antagonists. 
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