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Abstract 

The function(s) of sleep would probably be better understood if the metabolic processes taking place within the central nervous system 
(CNS) during sleep were known in greater detail. The general pattern of the energy requirements of the brain during sleep is now outlined. 
Brain energy metabolism dramatically decreases during slow wave sleep (SWS) whereas, during rapid eye movement sleep (REMS), 
the level of metabolism is similar to that of wakefulness. However, these modifications of the energy metabolism, in good agreement 
with intracerebral recordings of neuronal firing, do not help in identifying the function(s) of sleep, since they are in line with several 
theories of sleep function(s) (protection, energy conservation, brain cooling, tissue restitution). On the other hand, several studies of 
brain basal metabolism suggest an enhanced synthesis of macromolecules such as nucleic acids and proteins in the brain during sleep. 
However, up to now, these data remain scarce and controversial. As a consequence, the research in the field of the brain metabolism 
during sleep has now come to a turning point, since the confirmation of sizeable cerebral anabolic processes would provide an out- 
standing argument in favour of the restorative theory of sleep. In this case, a hypothesis, based on clinical findings and preliminary 
metabolic data, might be further proposed. The putative biosynthetic processes would not equally benefit all the components of the 
CNS but would primarily be devoted to the maintenance of an optimal synaptic function. 

Key words: Sleep; Sleep function; Slow wave sleep; Rapid eye movement sleep; Brain metabolism; Cerebral energy metabolism; Cerebral 
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1. Introduction 

Sleep probably has an important physiological function. 

This is suggested by two main lines of arguments. First, 

sleep is widely spread in the animal kingdom [75]. Be- 
cause sleep periods have persisted in a large number of 

species despite the apparent danger of  recurrent periods of  
reduced awareness, it is believed that sleep provides them 

with an outstanding adaptive advantage. Secondly, sleep 
deprivation has deleterious effects on animals [54] and, to 

a minor degree, on man [29]. 

It is still debated whether sleep is necessary to the whole 

body or whether particular organs - among which is the 
central nervous system - are the primary targets of the 

sleep processes. On the one hand, total sleep deprivation 

leads rats to death in 10-30 days [17]. The genuine cause 
of the death is not clear: it is ascribed to prominent sys- 
temic effects suggestive of  an alteration in energy regula- 
tion [4] while there is no definite evidence that the brain 
function is impaired in the sleep deprived rats [54]. On the 

* Corresponding author. Fax: + 32 (41) 56 29 46; e-mail: maquet@ 
pet.crc.ulg.ac.be 

0166-4328/95/$9.50 © 1995 Elsevier Science B.V. All rights reserved 
SSDI 0 1 6 6 - 4 3 2 8 ( 9 5 ) 0 0 0 1 7 - 8  

other hand, many arguments, reviewed extensively by 

Horne [30], suggest that the brain is the organ which most 
needs sleep. In humans, total sleep deprivation does not 

seem to substantially modify parameters such as the se- 

cretion of various hormones, the general body metabolism, 
the physical work capacity, the cardiovascular function 

[28,29], but does alter the CNS function as suggested by 
the modifications in eleetroencephalographic recordings 

[7] as well as the deterioration of several cognitive per- 
formances [ 31,32 ]. 

In any case, the central nervous system is the organ, the 

function of which is most deeply modified by the occur- 

rence of sleep periods. Consequently, the study of cerebral 

metabolism appears as a critical issue to better understand 
the function of sleep. 

An exhaustive survey of the metabolism of the brain 
during sleep is beyond the scope of this paper. We could 
not describe in detail the influences of sleep on each ce- 
rebral metabolic pathway. Instead, we will focus on the net 
amount of molecules that are used or synthetized by the 
brain to maintain its function during the sleep/wakefulness 
cycle. We shall mainly speak about cerebral metabolism in 
terms of f lux  o f  energy or rate of biochemical processes. 
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Furthermore, as far as possible, we will restrict most of our 
discussion to experimental facts that have been firmly 
established and/or yield some clues in the understanding 
of the functions of sleep. 

2. Cerebral energy metabolism during sleep 

The central nervous system is characterised by a high 
energetic demand: although it weights only 2 ~o of the body 
mass, it consumes nearly 20~o of the total body oxygen 
consumption [66]. A first step in the understanding of 
sleep logically consists in the measurement of the energy 
requirements of the brain during the various stages of 
sleep. The first attempts used conventional biochemical 
methods and basically measured the concentration of vari- 
ous cerebral metabolites ex vivo. The exploration of the 
energy metabolism of the brain was greatly facilitated by 
the development of tracer techniques and in vivo neuroim- 
aging techniques (autoradiography, single photon emis- 
sion tomography and positron emission tomography). 
These methods are particularly suited to measuring the 
dynamic processes taking place within the brain. During 
the last decade, they have contributed a great deal to the 
description of the metabolic pattern of the energetic meta- 
bolism of the brain during sleep in mammals. 

Two main parameters of the cerebral energy metabolism 
were measured during the sleep/wakefulness cycle: the 
glucose utilization and the oxygen uptake. The rate of 
cerebral glucose phosphorylation was estimated on a re- 
gional basis in animals using the deoxyglucose autoradio- 
graphic method of Sokoloff et al. [67] and in humans 
using the fluorodeoxyglucose technique and positron emis- 
sion tomography [51]. These methods are precise and 
accurate, provided that the cerebral metabolism remains 
in a steady state during the 45 min uptake period [67,33]. 
The cerebral rates of oxygen utilisation were determined, 
on a whole brain basis, by measuring the arterio-venous 
(arterio-jugular) difference of oxygen and the cerebral 
blood flow (CBF). Various techniques were used to de- 
termine the CBF (electromagnetic probes, microspheres, 
the Kety-Schmidt technique with nitrous oxide inhalation 
or the 133Xe infusion). 

2.1. Slow wave sleep 

During SWS, the energy metabolism of the brain pro- 
gressively decreases and reaches a minimum during its 
deepest stages. 

2.1. I. Cerebral glucose metabolism 
Some studies explored stages of sleep that were too 

unsteady to provide consistent results [50] and will not be 
further discussed. 

In the cat, Ramm and Frost [52] circumvented the issue 
of frequent changes in stages of sleep by calculating the 
product moment correlation between the amount of SWS 
observed during the uptake period of the deoxyglucose 
and the level of metabolism. They found a negative cor- 
relation between the cerebral glucose utilisation and the 
amount of SWS (r= 0.72; slope = - 0.70; P<0.05). 

During stable SWS (on the average, 23 of the 30 min 
of the uptake period were spent in SWS), Kennedy et al. 
[37] showed, in four monkeys, that the cerebral glucose 
metabolism was 30~o lower than during wakefulness. The 
variation was significant in 44 of the 75 regions explored. 

The study of the cerebral glucose metabolism during 
sleep in man was conducted by two groups using positron 
emission tomography. Using paired (wakefulness/sleep) 
studies, Maquet et al. [47] showed in six subjects that, 
during stage 2 sleep, the cerebral glucose metabolism did 
not significantly differ from the waking level although it 
tended to decrease ( - 11 ~o)- When stage 2 sleep was mixed 
with deeper stages of sleep (predominantly stage 3 SWS), 
a 23 ~o decrease was observed in comparison to a control 
waking group (12 subjects) by Buchsbaum et al. [9]. 
During deep SWS (stages 3 and 4) a significant 40~o 
decrease was reported (five paired studies, four of which 
are published [46]). 

Although some regional differences were observed, it 
should be emphasized that these modifications of glucose 
metabolism basically involved a large part of the cere- 
brum. 

2.1.2. Cerebral oxygen metabolism 

The study of Mangold et al. [45], using the inhalation 
of nitrous oxide and the Kety-Schmidt method [39], was, 
for some time, the only one that provided a direct mea- 
surement of the cerebral metabolism during sleep. Their 
results led to the widespread belief that there was no 
change in brain metabolism during sleep [38]. In six out 
of 50 subjects, a significant 9~o increase of CBF was 
observed but no significant variation of either arterio- 
venous difference for oxygen or the cerebral oxygen up- 
take. As mentioned by Kennedy et al. [37] and thereafter 
by several authors [21,27,44], a closer examination of the 
results showed that the cerebral oxygen utilisation signifi- 
cantly decreased in five of the six subjects during sleep 
(-11~o). 

In five goats, Santiago et al. [59] measured the cerebral 
oxygen arterio-venous difference and CBF (with electro- 
magnetic probes implanted in the internal maxillary 
artery). During SWS as compared to wakefulness, CBF 
increased and the arterio-venous difference for oxygen de- 
creased, but not significantly. In contrast, the resulting 
cerebral oxygen uptake was significantly lower during SWS 
than during wakefulness. 
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In normal human subjects, Madsen and coworkers ap- 
plied the Kety-Schmidt technique in the desaturation mode 
using the intravenous infusion of ~33Xe to determine CBF. 
In stage 2 sleep (eight subjects), no modification of CBF 
was observed (+ 1 ~0, NS) while the arterio-venous dif- 
ference for oxygen and the cerebral oxygen uptake de- 
creased significantly (-5~o each [42]). In deep stages of 
sleep (nine subjects), a significant decrease in CBF 
(-189o), in the arterio-venous difference of oxygen 
( -  103/o ) and in cerebral oxygen uptake (-25 ~o) was ob- 
served [43]. 

Takahashi et al. [73] conducted paired (sleep-wakeful- 
ness) determinations of CBF and cerebral oxygen utilisa- 
tion in man using positron emission tomography and con- 
tinuous inhalation of C1502 then of 1502 [20]. The sleep 
studies were carried out mainly during light 'sleep' (stages 
l and 2). A significant decrease in CBF (-109o) and 
cerebral oxygen utilisation ( -7.8 ~o) was observed as com- 
pared to wakefulness, without any modification of the 
cerebral oxygen extraction ratio. 

2.1.3. Other metabolic parameters 
The brain lactate level was shown to decrease during 

sleep in rodents by Richter and Dawson [57], Cocks [11] 
and Van den Noort and Brine [76], but these results were 
challenged by Shimizu et al. [63] who did not find any 
significant variation of brain lactate concentration during 
sleep. Reich et al. [55] found a possible answer to this 
issue when they observed that cerebral lactate levels de- 
creased during SWS as compared to the waking level in 
rats acclimatised to the experimental settings whereas they 
increased in non-acclimatised animals. 

Karnovsky et al. [36] showed in rats that the brain 
glycogen level rose during the first minutes of SWS. The 
repetition of SWS periods did not further increase the 
cerebral glycogen content. In contrast, arousal from sleep 
was followed by a decrease in glycogen level in a few 
minutes. 

Low concentrations of lactate and high levels of glyco- 
gen are both arguments in favour of a decreased energy 
metabolism during SWS. 

2.2. Rapid eve movement sleep 

During REMS, the level of the energy metabolism is 
similar to or slightly higher than that of wakefulness. 

2.2. I. Cerebral glucose metabolism 
Because of the shortness of REMS episodes in animals, 

few direct measurements of cerebral glucose metabolism 
are available during that stage of sleep. In the cat, Ramm 
and Frost [52] used the deoxyglucose autoradiographic 
technique and failed to observe any correlation between 

the amount of REMS and cerebral metabolism. Abrams 
et al. [1] used the same technique but with foetal sheep 
preparations. They took advantage of the huge amount of 
activated sleep observed in the mammalian foetus, a type 
of sleep that resembles REMS of the adult [2]. In ten 
foetal sheep studied in utero, they found a significant posi- 
tive correlation between the amount of activated sleep and 
the level of cerebral glucose utilisation in 31/45 regions of 
interest. Similarly, Chao et al. [ 10] measured the regional 
CBF using the microsphere technique and arteriovenous 
difference for glucose in foetal sheep during high and low- 
voltage electrocortical states. The cerebral glucose uptake 
was significantly higher (37~o, P<0.05) during low volt- 
age (26 ktmol/100 g.min) than in the high-voltage state 
(19/~mol/100 g.min). 

In man, the paired study of five subjects (four studies 
published in [46]) showed similar levels of cerebral meta- 
bolism during REMS and wakefulness (3~o variation). 
Buchsbaum et al. [9] noted that "the subjects in REMS 
tended to have a higher cortical metabolism than awake 
subjects". 

Again, the bulk of the metabolic processes seem to in- 
volve a large part of the brain, although some regional 
variations do exist. For instance, the metabolism of vari- 
ous cholinergic nuclei of the reticular formation is signifi- 
cantly increased during REMS [41]. 

2.2.2. Cerebral oxygen metabolism 

Santiago et al. [59] used the microsphere technique to 
quantify the CBF in five goats and simultaneously mea- 
sured the arterio-jugular difference for oxygen. They found 
an increase in blood flow and a diminution of the arterio- 
venous difference for oxygen. The resulting whole brain 
oxygen uptake was similar to the waking level. 

In man, Madsen et al. [43] observed in nine subjects a 
small non-significant increase in CBF and a significant 
decrease in the arterio-jugular difference for oxygen 
(-9~o). The whole brain oxygen uptake did not differ 
significantly from the waking level ( -6~ o). 

As for the cerebral glucose utilisation, the cerebral oxy- 
gen consumption was determined during the low-volt- 
age high-frequency sleep state of the foetal Mammal. 
Richardson et al. [56] measured the cerebral oxidative 
metabolism in the preterm foetal lamb using the labelled 
microsphere technique and brain oxygen arterio-venous 
difference. They found that CBF and cerebral oxygen up- 
take were significantly increased during low-voltage sleep 
(152/~mol/100 g.min) as compared to high-voltage sleep 
(126 #mol/100 g.min). With a similar experimental setting, 
Chao et al. [ 10] confirmed a significant 14'j~o increase of 
cerebral oxygen uptake during the low-voltage pattern as 
compared to the high-voltage state. 

Some indirect arguments also suggest a high level of 
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cerebral energy metabolism during REMS. For instance, 
the oxidation of the cytochrome aa3 increases in the cortex 
of the cat during REMS [77]. 

2.3. Cerebral energy metabolism and synaptic activity 

About half of cerebral glucose and oxygen metabolism 
is used to meet the energy requirements of the ionic pumps 
that maintain the ionic gradients across cellular mem- 
branes [16]. These gradients are continuously disturbed 
by the action potentials and the field potentials which in 
turn depend on the ongoing activity of neurotransmission. 
Therefore, it seems warranted to relate the modifications 
of cerebral energy metabolism to the variations of the 
average rate of synaptic events. This hypothesis is sup- 
ported both by some direct measurements of the rate of 
release of acetylcholine during sleep and by neurophysi- 
ological data. 

Jasper and Tessier [34] sampled the exsudate of the pial 
surface of the cortex of seven freely moving cats (nine 
experiments) during 5 min periods of SWS, REMS or 
wakefulness. The rate of liberation of acetylcholine was 
2.1 ng/min/cm [2] during wakefulness, decreased to 1 ng/ 
min/cm [2] during SWS and increased to waking levels 
during REMS at 2.2 ng/min/cm [2]. Similar results were 
reported by Gadea-Ciria et al. [23] in the caudate nucleus 
of the cat. The output of the acetylcholine in the striatum 
was 3.4 ng/2 rain during wakefulness, decreased to 
2.5 ng/2 min during SWS and increased to 4.5 ng/2 min 
during REMS. Sleep values were significantly different 
from wakefulness (P < 0.01). 

Neurophysiological data also depicted a pattern of neu- 
ronal activity that is decreasing during SWS and increas- 
ing again to the waking level during REMS. Recent re- 
views have thoroughly covered this topic [ 68-71 ]. In short, 
the similarities of neuronal firing during REMS and wake- 
fulness are emphasised by a desynchronised EEG pattern, 
by the presence of a 40 Hz rhythm and by the tonic firing 
of the reticular core and of thalamo-cortical and cortical 
neurones. In contrast, SWS is linked to a drastically dif- 
ferent, oscillatory, mode of firing due to the loss of tonic 
activation by the rostral reticular formation, to the intrinsic 
properties of thalamic (reticular and relay) neurones and 
to GABAergic inhibitory influences of thalamic and cor- 
tical networks. This firing mode leads to different rhythms 
(spindles, delta and slow rhythms) characterised by a de- 
cline in the average firing rate as compared to 'activated 
states' [72]. Most importantly, these modes of firing seem 
to involve large populations of neurones. 

These considerations lead us to raise the basic issue: 
what is the fundamental adaptive advantage provided by 
the recurrent and impressive modifications of cerebral en- 
ergy metabolism and of neuronal firing rates? The study of 

the oxidative metabolism does not - alas - provide any 
answer to that question. Indeed, the decrease in metabo- 
lism during SWS fits several proposed hypotheses (for a 
review, see [79]). Consistent with the theory of energy 
conservation, recurrent drastic decreases in synaptic ac- 
tivity would compel the animal to rest, protecting him (and 
its brain) from unnecessary energetic exhaustion. It might 
be a way to keep the brain temperature to a low level [48]. 
It might also herald or accompany a re-orientation of the 
neuronal metabolism towards synthetic processes as sug- 
gested by the restorative theory of sleep. This consider- 
ation emphasizes the primary importance of the studies 
exploring the cerebral 'basal metabolism' during sleep - in 
particular the anabolic processes. 

3. Cerebral synthetic processes during sleep 

One of the most widely spread theories of sleep suggests 
that sleep restores the integrity of the tissues (notably of 
the CNS) which is supposedly deteriorated during wake- 
fulness. We ignore what is altered by prolonged wakeful- 
ness and restored by sleep. We also ignore the mecha- 
nisms by which tissue restitution might occur. However, 
this hypothesis may be tested. The restitution of the cere- 
bral tissue should most probably need the synthesis of new 
macromolecules, in particular nucleic acids and proteins. 
This anabolic activity would meet favourable conditions, 
since an increase in cellular energy charge was reported in 
the brain during sleep [ 15], although this point remains 
controversial [55]. The observation of a net increase in 
cerebral anabolism during sleep would be an outstanding 
argument in favour of the restorative theory of sleep. In 
contrast, if no net change in the rate of synthesis is ob- 
served, the theory could not be discarded because a lim- 
ited amount of some critical molecules could be synthe- 
tized without modifying the overall biosynthetic balance of 
the brain. 

3. I. Cerebral synthesis of nucleic acids 

Vitale-Neugebauer et al. [78] studied the incorporation 
of subarachnoid [14C]orotate in sleeping and waking rab- 
bits. After 60 or 105 min, the animals were killed and the 
RNA extracted and fractionated by centrifugation in a 
sucrose density gradient. The authors compared the RNA 
radioactivity of the gradient region enriched with riboso- 
mal RNA (rRNA, 28-50 S) with the radioactivity present 
in a gradient region containing heterogeneous RNA 
(hRNA, > 50 S). A negative correlation was observed 
between the 28 S-  50 S />  50 S ratio and the percent EEG 
synchronisation determined during the incorporation 
period. The effect was more evident for the group with the 
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long uptake period (105 min). These variations suggest 
that the rate of formation of rRNA becomes lower than the 
rate of synthesis of hRNA during SWS. 

In a second step, Giuditta et al. [25] studied the bio- 
synthesis of RNA in two purified nuclear fractions of rab- 
bit cortex during sleep after the intracerebro-ventricular 
administration of [14C]orotate. They found that the 
amount of newly synthetized RNA was positively corre- 
lated to the percent EEG synchronisation (r=0.43; 
P <  0.05), but only in large nuclei of neuronal (and astro- 
glial) origin. Moreover, in these nuclei, the amount of 
(32 S and 45 S) preribosomal RNA was significantly lower 
in sleeping animals than in waking controls. The rate of 
conversion of preribosomal RNA to rRNA (estimated by 
the ratio 28 S/32 S) was significantly smaller in the group 
of sleeping rabbits. 

In a third experiment, Giuditta et al. [26] localised the 
newly synthesised RNA in the neuronal nuclear fraction, 
while in the neuronal cytoplasm, the relative specific ac- 
tivity slightly decreased with increasing EEG synchroni- 
sation. 

In summary, these results strongly suggest that tran- 
scription processes are modulated in the brain during the 
sleep/wakefulness cycle in a cell-specific fashion. During 
NREMS, neuronal (astroglial) nuclei accumulate newly 
synthesised RNA (presumably heterogeneous, hRNA) at 
a faster rate than during wakefulness. Heterogeneous RNA 
is known to be involved in the regulation and processing 
of messenger RNA (mRNA). In contrast, the synthesis, 
processing and transfer to cytoplasm of rRNA seem to 
decrease during SWS. 

3.2. Cerebral protein synthesis 

Proteins play a fundamental role in cellular structure 
and function. Yet, very few studies tried to estimate the 
effects of sleep on brain protein synthesis and their results 
are controversial. 

Shapot [62] was the first to estimate the rate of cerebral 
protein synthesis during sleep. He performed a subarach- 
noid injection of [35S]methionine in different groups of 
rats, including control animals, rats excited by phenamine 
and teased to exhaustion and rats exhausted in the same 
way but allowed to sleep. Sleep was seemingly assessed on 
a behavioural basis. The animals were killed 30 min after 
the injection of the isotope. He found that the incorpora- 
tion was increased in the sleeping rats in comparison both 
with the exhausted and with the control animals. 

Bobillier et al. [5] measured the incorporation of ami- 
noacids during sleep in cats that had previously been de- 
prived of REMS using parachlorophenylalanine (PCPA). 
Three groups of animals were formed: nine control ani- 
mals received an intraperitoneal injection of saline with- 

out PCPA, eight animals received an intraperitoneal in- 
jection of PCPA followed by an injection of NaC1, eight 
animals received PCPA followed by 5-hydroxytryptophan 
(5-HTP). [35S ]Methionine was injected 2 h later into both 
lateral ventricles. In the cats receiving PCPA and 5-HTP, 
there was a significant correlation between the duration of 
REMS and the incorporation of amino acids within the 
proteins of the telencephalon (r= 0.93, P<0.001). Like- 
wise, a significant, although weaker correlation, was found 
between NREMS and the incorporation of aminoacids in 
the protein of the telencephalon (r = 0.77; P<0.05). Fur- 
thermore, following polyacrylamide gel electrophoresis 
of telencephalic soluble proteins, an acidic high molecu- 
lar weight protein fraction was specifically present in 
PCPA + 5-HTP treated animals. This finding was thought 
to indicate that the recovery of sleep restored genuine 
functional cellular processes that require the synthesis of 
protein compounds. 

Controversial results were reported by Brodskii et al. 
[8]. Using paired measurements in the cat, these authors 
contrasted the incorporation of [3H]leucine in cortex 
samples obtained specifically during NREMS or REMS 
to that observed during wakefulness. The biopsies were 
performed on average after 20 min of NREMS, 1.5 rain 
of REMS and 20 min of wakefulness. The cortical samples 
were immediately bathed for 45 rain in a solution contain- 
ing [3H]leucine. Proteins were then extracted and their 
activity measured. The results showed that the incorpo- 
ration of leucine was significantly lower in NREMS 
(25 cats) than in REMS (41 cats) and wakefulness. No 
significant change was observed between REMS and 
wakefulness, nor between two successive phases of wake- 
fulness. Although the reproducibility of the method was 
assessed, the interpretation of this experiment should re- 
main cautious because it is not known whether the meta- 
bolism of cerebral tissue withdrawn from a sleeping (or 
waking) brain is similar to cortical metabolism in vivo. 

Cerebral protein synthesis during sleep was also mea- 
sured by two independent groups using the autoradio- 
graphic method with [laC]leucine. Unfortunately, these 
results are not conclusive. Nakanishi et al. [49] studied 
five awake and seven sleeping adult rhesus monkeys. They 
were placed in a restraining chair and allowed to sleep for 
1-3 h before the injection of [14C]leucine. The control 
monkeys were awakened after the first REMS period and 
kept awake by gentle jostling. They were injected 
1-18 rain after awakening. Sleeping monkeys were in- 
jected while asleep. The percent weighted time in NREMS 
ranged from 72 to 990/0 of the incorporation period. How- 
ever, a sizeable portion of the uptake period was spent in 
light SWS, since the weighted percent time in deep SWS 
was low, ranging from 19 to 30~o in four monkeys (74 and 
82 ~o in two other animals, no determination in the seventh 
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animal). This mixing of light and deep stages of SWS 
might, in part, explain why no significant modification of 
cerebral protein synthesis was revealed between sleeping 
and awake monkeys. Interestingly, in the awake animals, 
the authors found a significant negative correlation be- 
tween the rate of cerebral protein synthesis and the delay 
between the awakening and the administration of labelled 
leucine. This suggests that the rate of cerebral protein 
synthesis tends to be higher during sleep but might re- 
spond with a lag to a change in the state of vigilance. 

Ramm and Smith [53] determined the rate of incorpo- 
ration of [14C]leucine during the sleep/wakefulness cycle 
in the rat. After a 28-72-h period of REMS deprivation, 
rats were injected after 5 h of light, irrespective of their 
state of vigilance. Equal numbers of rats were injected 
during wakefulness, SWS and REMS. The authors cal- 
culated the product moment correlation between the up- 
take of labelled leucine and the percent weighted time 
spent in SWS or REMS. They observed a weak, although 
significant positive correlation between the incorporation 
of leucine and SWS (r=0.54, P<0.05). Likewise, a 
Student t-test comparing animals with high SWS score 
(percent weighted time in SWS >__ 50~o) to those with low 
SWS score (percent weighted time in SWS <50~o) 
showed that the former had a lower average rate of incor- 
poration of leucine into cerebral protein that the latter 
(P< 0.05). In contrast, there was no significant correlation 
between protein synthesis and wakefulness or REMS 
periods. 

From these data, it appears that an increase in cerebral 
protein synthesis during sleep remains controversial. 
Methodological issues might explain part of these discrep- 
ancies (such as the metabolism and recycling of amino 
acids in the leucine autoradiographic technique; for de- 
tails, see [65]). However, it should be emphasised that 
physiological uncertainties also hamper the determination 
of cerebral protein synthesis during sleep. We ignore which 
stage of sleep is likely to be linked to a variation of cere- 
bral protein synthesis. On one hand, SWS appears in long 
episodes that would allow a slow process such as protein 
synthesis to occur and fully develop. Furthermore, the 
amount of SWS and its depth (as estimated by the power 
of delta activity) is related to the length of previous wake- 
fulness [7]. In line with the restorative theory of sleep, this 
might indicate that a metabolic process counteracts the 
'degradation' due to the previous waking period. On the 
other hand, despite the shortness of REMS episodes, in- 
direct arguments also exist in favour of an increased pro- 
tein synthesis during REMS. This stage of sleep appears 
in large amount in young mammals at a time when during 
wakefulness, cerebral protein synthesis is important [ 14]. 
In the adults, it could also be argued that REMS inter- 
venes in the stabilisation of memory traces [ 19,64], which 

in turn, is linked to protein synthesis [3]. A third possi- 
bility would be that SWS followed by REMS forms a 
unitary functional sequence that might be required for 
optimal biosynthetic processes to occur [24]. 

Circadian variations in the rate of cerebral incorpora- 
tion of amino acids may also confound the assessment of 
the effects of sleep on cerebral protein synthesis. The peak 
incorporation of[14C] and [3H] tyrosine [58], of [35S]me - 
thionine [74] and of [ 14C]leucine [ 12] is usually observed 
during the rest period in rodents. Finally, other indepen- 
dent parameters may alter cerebral protein synthesis 
during sleep: mental stress and the previous waking ex- 
perience [6,61]; central temperature [60] and drugs [40]. 

3.3. Conclusions 

At the present time, a general picture of the modifica- 
tions of the brain basal metabolism during sleep is not 
available. Several lines suggest that biosynthetic processes 
are actively taking place in brain during sleep. However, 
they remain in limited number and are challenged by con- 
troversial results. Further observations are needed to more 
accurately delineate the basal brain metabolism during 
sleep. 

4. Hypothesis 

In the preceding paragraphs, we presented evidence 
from metabolic studies indicating that the average rate of 
synaptic activity is reduced during NREM S and increased 
during REM S, in good agreement with neurophysiological 
data. In terms of cerebral metabolism, deep SWS seems 
to be linked to a mode of cerebral function which is quite 
different from wakefulness, light SWS or REMS. 

The adaptive advantage provided by the recurrent 
modifications of transmission remains unknown. Looking 
for a possible restorative function of sleep, we presented 
some evidence of an increase in brain biosynthetic activ- 
ity during sleep. The data remain scarce and the results 
controversial. At the present time, we are still facing issues 
such as: is there any net change in the rate of anabolic 
processes within the brain during sleep? During which 
stage of sleep? Which biosynthetic processes are involved? 
Do they represent a global non-specific renewal of the 
neuronal structure or are they restricted to highly specia- 
lised molecules necessary, for instance, for an adequate 
synaptic function? Why do such possible modifications 
occur specifically during sleep periods? 

If it turns out that the synthesis of macromolecules is 
actually enhanced during sleep, then the restorative theory 
of sleep should be further considered and refined. In par- 
ticular, it might be suggested that sleep processes would not 
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equally benefit to all the components o f  the central nervous 

system but mainly to those necessary f o r  an optimal synap- 

tic function. 

This hypothes is  is suppor ted  by the following findings. 

(1) The  supposed  degrada t ion  of  the C N S  componen t s  

due to the 'wear  and tear '  o f  p ro longed  wakefulness  re- 

mains  poor ly  unders tood .  In  the rat, R E M S  depr ivat ion  

leads to an increase  in the content  of  sulfhydryl groups in 

the (membrane)  prote ins  o fmesencepha l i c  and  d iencepha-  

lic homogena tes  indicat ing an al terat ion o f  these proteins.  

The dena tura t ion  of  cerebral  membrane  prote ins  was also 

suggested by the modif icat ion of  their t inctorial  propert ies .  

Interest ingly,  these modif icat ions were observed only in 

synap tosomal  and nuclear  fract ions (for a review, see 

[13]). The crude b iochemical  methods  used and the lack 

of  a control  s t ressed popula t ion  impedes  any general isa-  

t ion of  these findings, but  they certainly deserve replica-  

tion. (2) It is no tewor thy  that  the ontogenic  evolution of  

slow wave activity during sleep paral lels  that  of  synaptic  

densi ty  o f  the prefrontal  cor tex during the first two de- 

cades  of  life, both  pa ramete r s  being precisely fitted by a 7 

function [18]. This finding suggests the existence of  a 

funct ional  re la t ionship between the cellular processes  oc- 

curring during sleep, more  specifically during deep S W S  

and the deve lopment  of  cort ical  connectivity,  taken  as an 

index of  synapt ic  activity. This suggestion is consis tent  

with the results reviewed in this paper  indicat ing that  this 

stage of  sleep is l inked to a specific pat tern  of  energy 

metabol i sm and to a par t icular  mode  of  neuronal  firing. (3) 

Prefrontal  cortex integrates converging s t reams o f  infor- 

mat ion  s temming from other  cort ical  and  subcort ical  areas 

and provides  appropr ia t e  c o m m a n d s  to several effectors 

[22]. It is charac ter i sed  by a profusion o f  afferent and 

efferent connec t ions  and as a consequence,  by a high 

rate  o f  synapt ic  events. Interest ingly,  the earliest  signs of  

neuropsychologica l  impa i rment  after a pro longed  wake-  

fulness indicate  a dysfunct ion of  prefrontal  cortex [31 ] as 

if prefrontal  cortex par t icular ly  benefited from sleep pro-  

cesses [32]. 

Whether  the main tenance  of  an opt imal  synapt ic  func- 

tion would mainly be devoted  to individual  genetic pro-  

g ramming [35 ], to the s tabi l isat ion of  newly acquired ma-  

terial [24,64] or both  should be de termined in a second,  

more  teleological step. 
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