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Abstract 

Local rates of cerebral protein synthesis (ICPSI,,) were determined with the autoradiographic L-[ 1 -’4C]leucine 
method in seven awake and seven asleep, adult rhesus monkeys conditioned to sleep in a restraining chair in a 
darkened, ventilated chamber while EEG, EOG, and EMG were monitored. Prior to the period of measurement 
all animals slept for 1-4 h. Controls were awakened after at least one period of rapid-eye-movement (REM) 
sleep. Experimental animals were allowed to remain asleep, and they exhibited non-REM sleep for 71-99% of 
the experimental period. Statistically significant differences in ICPS,,, between control and experimental animals 
were found in four of the 57 regions of brain examined, but these effects may have occurred by chance. In the 
sleeping animals, however, correlations between ICPSI,, and percent time in deep sleep were positive in all 
regions and were statistically significant (P s 0.05) in 35 of the regions. When time in deep sleep was weighted 
for the integrated specific activity of leucine in grey matter, positive correlations were statistically significant 
(P s 0.05) in 18 regions in the experimental animals. These results suggest that rates of protein synthesis are 
increased in many regions of the brain during deep sleep compared with light sleep. 

Introduction 

A popular hypothesis regarding the function of sleep is that during 
wakefulness cerebral energy metabolism is used primarily for the 
maintenance of cellular ionic gradients whereas during sleep, when 
energy requirements are reduced, the brain’s energy resources are 
diverted to protein synthesis for the restoration of cell structure and 
function (Adam and Oswald, 1983). Whole brain energy metabolism 
is, indeed, reduced by 25-30% in non rapid-eye movement (NREM) 
sleep compared to the awake state in both monkeys (Kennedy et al., 
1982; Nakamura et al., 1983) and human subjects (Sakai et al., 1980; 
Heiss et al., 1985; Buchsbaum et al., 1989; Maquet et al., 1990, 
1992; Madsen et al., 1991; Boyle et al., 1994). Non-REM sleep 
includes both the light (stages 1 and 2) and deep (stages 3 and 4) 
phases of sleep. Although the energy requirements for biosynthesis 
of proteins are relatively minor, the biosynthetic process is sensitive 
to the cellular energy charge (Chapman et al., 1971; Ayuso-Parrilla 
and Parrilla, 1975), which may be increased in brain during deep or 
slow wave sleep, a state in which the bram is relatively unresponsive 
to outside stimulation. 

The purpose of this study was to determine the effects of natural 
sleep, i.e. sleep with no previous sleep deprivation, on local rates of 

cerebral protein synthesis (lCPS1,,). The study was conducted in the 
adult rhesus monkey because in the monkey, unlike several other 
species, no sleep deprivation is necessary for spontaneous NREM 
sleep periods to be of sufficient duration for the [14C]leucine method 
(Smith et al., 1988) to be applied. 

Materials and methods 

Chemicals 
Chemicals were obtained from the following sources: L-[ l-14C]Leu- 
cine (specific activity, 59 mCi/mmol), Amersham, Arlington Heights, 
IL; L-norleucine, Cyclochemical, Los Angeles, CA; 5-sulphosalicylic 
acid, Fluka Chemie AG, Buchs, Switzerland. 

Animals 
All procedures were carried out in accordance with the National 
Institutes of Health Guidelines on the Care and Use of Animals and 
an animal study protocol approved by the NIMH Animal Care and 
Use Committee. Eighteen adult rhesus monkeys (Macaca mulatta), 
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of both sexes (11 female and seven male), weighing 4.2-6.6 kg were 
prepared several weeks before the experiment by surgical implantation 
under halothane anaesthesia of electrodes for monitoring electroen- 
cephalogram (EEG), electromyogram (EMG), and electro-oculogram 
(EOG). The animals spent daytime hours in individual cages in the 
animal facility under controlled Conditions of normal humidity and 
temperature, with standard alternating 12 h periods of light and 
darkness (light, 0700-1900 h). They were fed Purina Monkey Chow 
once daily and given water ad libitum. At the same time each night, 
animals were gradually conditioned to sleep in a restraining chair in 
a darkened, ventilated chamber in which white noise (70 dB) was 
continuously generated. On the day of the experiment, between 3:OO 
and 5:00 p.m., catheters were inserted into a femoral artery and vein 
under light halothane anaesthesia to permit the administration of 
['4C]leucine and arterial sampling. Following a 3-h recovery period, 
animals were placed in the chamber and allowed to sleep soundly 
for 1-4 h prior to initiation of the measurement of protein synthesis. 
Sleep was monitored by polygraph recordings of EEG, EOG, and 
EMG, and the animal's behaviour was continuously observed by a 
video camera with infrared light. Epochs of 20 or 30 s duration were 
scored as awake, light sleep (stage 1-2), deep sleep (stage 3 4  or 
REM sleep (Crowley et al., 1972). To ensure that animals were 
actually in a prolonged sleep state, the study was not initiated until 
the end of the first extended REM period that followed at least 1 h 
of sleep. At this time experimental animals were allowed to remain 
in NREM sleep and the 1 h study was initiated by the i.v. injection 
of [14C]leucine. Control animals were awakened, administered the 
[14C]leucine, and kept awake, if necessary, by occasional, gentle 
jostling of the chamber. In one of the control animals there was no 
REM period during the 3.5 h of sleep prior to administration of 
[ 14c] leucine. 

Measurement of physiological variables 
Several variables were measured immediately before the pulse of 
['4C]leucine and again 20 min later to evaluate the normalcy of 
each animal's physiological state. Mean arterial blood pressure was 
measured with an air-damped mercury manometer. Arterial blood 
pCOz, pol ,  and pH were determined with a Coming 158 pH/Blood 
Gas Analyzer (Corning Ltd, Halstead, Essex, UK). Arterial blood 
haematocrit was determined in blood samples collected in capillary 
tubes that were subsequently sealed and centrifuged in a Beckman 
Microfuge B (Beckman Instruments, Fullerton, CA). 

Measurement of local rates of leucine incorporation into 
protein 
The experimental period was initiated by an intravenous pulse of [1- 
''C]leucine (100 FCi/kg body weight contained in 0.5-1.0 ml of 
physiological saline). Timed arterial blood samples were collected 
during the following 60 min for determination of the time courses of 
plasma ['4C]leucine and leucine concentrations. The blood samples 
were immediately centrifuged, and the plasma deproteinized at 4°C 
by the addition of a solution of sulphosalicylic acid to make the final 
concentration 4% (wt/vol) sulphosalicylic acid. [ 14C]Leucine and 
leucine concentrations in the acid-soluble fractions were assayed by 
liquid scintillation counting with external standardization and by 
amino acid analysis with norleucine as an internal standard. At the 
end of the 60 min experimental period, the animals were killed by 
an i.v. dose of thiopental immediately followed by a saturated solution 
of KC1 in sufficient amount to stop the heart, and the brain was 
removed rapidly and frozen in isopentane cooled to -40°C with dry 
ice. Coronal brain sections, 20 pm thick, were cut in a cryostat 

maintained at -20°C and prepared for autoradiography as previously 
described (Sun et al., 1992). In each animal local I4C concentrations 
in individual brain regions were determined by analysis of the 
autoradiograms with a computerized image processing system (MI, 
Imaging Research Inc., St Catharines, Ontario, Canada). The concen- 
tration of 14C in each region of interest was determined from the 
regional optical density in the autoradiogram and a 14C concentration- 
optical density calibration curve determined from the autoradiographic 
representations of calibrated ['4C]plastic standards. Local rates of 
leucine incorporation into protein were calculated by means of the 
operational equation ofthe [l-'4C]leucine method (Smith et al., 1988) 
with a value of 0.58 for A,: 

P ; * m  

where Ri is the rate of leucine incorporation into protein in region i ,  
P*i(T, is the 14C-labelled protein concentration in region i at time T, 
C*p and Cp are the concentrations of labelled and unlabelled leucine 
respectively in arterial plasma, T is the time of killing, t is variable 
time, and hi is the fraction of leucine in the precursor pool for protein 
synthesis in the tissue that is derived from the plasma. The factor hi 
is needed in the equation to derive the integrated specific activity of 
leucine in the precursor pool in the tissue from the integrated specific 
activity measured in the arterial plasma; hi corrects for the dilution 
of the labelled leucine entering the precursor pool by unlabelled 
leucine recycled from protein degradation in the tissue. The value of 
hi for the brain as a whole has been determined in the rat (Smith 
et al., 1988) and in the sheep (Abrams et al., 1995) and found to be 
0.58 i: 0.03 (mean % SD) and 0.57 ? 0.07 (mean 2 SD) respectively. 
We have assumed that the value of hi in the monkey is similar to 
that determined in rat and sheep and that it is constant from region 
to region and in asleep and awake states. These are reasonable 
assumptions inasmuch as previous studies in normal, conscious, adult 
rats have shown that the value of hi in most grey matter regions falls 
within t5% of the value of 0.58, the average measured in the brain 
as a whole (Sun et ul., 1992), and remains so even in conditions in 
which lCPSI, has been shown to change, including the regenerating 
hypoglossal nucleus of the adult rat in which lCPSI,, is increased by 
20-30% (Sun et al., 1993). If slow wave sleep were to affect rates 
of protein degradation, the value of hi could be affected, and rates 
of protein synthesis calculated with control values of hi would be in 
error, Significant changes in the value of hi have, however, thus far 
not been observed, except during postnatal development in the rat 
(Sun et al., 1995). 

Measurement of protein synthesis rates was carried out in local 
regions selected so as to survey the major systems of brain and to 
include most of the regions implicated by others as important for 
sleep on the basis of the effects of lesions or of local electrical or 
pharmacological stimulation (Sterman and Clemente 1962; Jouvet, 
1967; Moruzzi, 1972; McGinty et al., 1974; Steriade and Hobson, 
1976; Bremer, 1977; Morrison, 1979; Steriade et al., 1994). These 
regions could be identified in the autoradiograms by comparison with 
the Nissl-stained tissue sections from which the autoradiograms 
were prepared. 

Statistics 
Two control and two experimental animals were not included in the 
analyses because their endogenous plasma leucine concentrations fell 
during the experimental period. Values of lCPS1,, in seven control 
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FIG. 1. Autorahograms of coronal sections of monkey brain labelled with [I-14C]leucine. Sections were fixed and washed with phosphate-buffered formalin to 
wash out free, unincorporated [14Clleucine and possible water-soluble labelled metabolic products in the tissue (Smith et aL, 1988). Four different levels of the 
brain (A-D) are illustrated. Dorsal is up and the right side of the brain is on the right. The scale bar in the lower right hand comer represents 1 cm. Abbreviations: 
SMA, supplementary motor area; Cd, caudate nucleus; Put, putamen; BFB, basal forebrain; CoR, corona radiata; PVN, paraventricular nucleus; SON, supraoptic 
nucleus: OX, optic chiasma: LA, lateral basal amygdala; LGN, lateral geniculate nucleus; SNC, substantia nigra cornpacta; SNR, substantia nigra reticulata; Hi, 
hippocampus; MC, motor cortex; SC, sensory cortex; CR1, cerebellar hemisphere, crus 1; NRM, magnocellular reticular nucleus; 10, inferior olive. 
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FIG. 2. Linear relationship between weighted percent time in deep sleep and 
rate of leucine incorporation into protein in supraoptic nuclei (left) and locus 
coeruleus (right) of sleeping monkeys. Each point represents the result obtained 
in a single monkey. The least squares best-fitting linear regression line is 
shown for illustration. 

(four female and three male) and seven experimental (five female 
and two male) monkeys were compared by means of Student's t- 
tests. Effects of total NREM sleep, light sleep, and deep sleep on 
lCPSI,, were evaluated by correlating ICPSI,, in the experimental 
monkeys with percent time in NREM sleep, light sleep, or deep 
sleep. The controls were excluded from the correlations because these 
animals were awake throughout the leucine study, i.e. in a totally 
different behavioural state from the experimental animals; in the 

awake state protein synthesis could be influenced by factors not 
present during sleep, and such factors could confound the 
correlational analyses. Percent time in NREM sleep, light sleep, 
and deep sleep was weighted for the integrated specific activity 
of leucine present in grey matter during the NREM sleep, light 
sleep, or deep sleep periods (as described by Abrams et al., 1988). 
Grey matter leucine specific activity curves for each monkey were 
generated from the time course of the leucine specific activity 
measured in arterial plasma and the rate constant for the turnover 
of the leucine pool in grey matter: 

where SA(T) represents the leucine specific activity in grey matter at 
time T, k is the rate constant for the turnover of the leucine pool in 
grey matter, C*, and C, are the concentrations of labelled and 
unlabelled leucine, respectively, in arterial plasma, and t is variable 
time. We have used a value of 0.2 min-' for k ,  the average value for 
grey matter regions determined in the conscious, adult rat (Smith, 
1991). This value is equivalent to a 3.5 min half-life  TI,^ = 0.693k). 
Regression lines and correlation coefficients and their P-values 
relating lCPS,,, to the weighted percent time in NREM sleep, light 
sleep, or  deep sleep were calculated by means of a least squares best 
fit weighted for the measured value for lCPS1,,. 
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RG. 3. Linear relationship between weighted percent time in deep sleep and 
rate of leucine incorporation into protein in (from top to bottom rows) limbic 
system, basal ganglia, hypothalamus, thalamus, and brain stem of sleeping 
monkeys. Each point represents the result obtained in a single monkey. The 
best-fitting linear regression lines are shown for illustration. 
P-values are given in Tables 3-5. 

TABLE 1. Physiological variables in awake and sleeping monkeys 

Awake (7) Asleep (7) 

Body weight (kg) 4.97 2 0.33 5.25 2 0.22 
Mean arterial blood pressure (mm Hg) 101 2 3 103 2 4 

Arterial plasma leucine concentration 173 2 9 235 2 41 

Arterial blood 
PH 7.44 2 0.01 7.42 ? 0.01 
POZ (mmHg) 88.0 2 1.3 90.7 5 3.0 
PCOZ (mmHg) 37.1 2 1.2 42.4 2 1.2a 

Haematocrit ( W )  41 5 0.9 39 2 0.5 

(PM) 

Values are means k SEM for the number of monkeys indicated in parentheses. 
Measurements for arterial blood pH were made in only six awake monkeys. 
Measurements for mean arterial blood pressure and plasma leucine 
concentration were made before administration of radiolabelled leucine. 
Measurements for haematocrit, arterial blood pH, p02 , and p C 0 2  were made 
1 0 4 5  min after administration of radiolabelled leucine. 
astatistically significantly different from value in awake monkeys, P < 0.01, 
Student's t-test. 

Results 

Behavioural observations and physiological measurement (Table 1) 
indicated that the monkeys were in a normal physiological state 

during the study except, as expected, the arterial blood pCO2 increased 
significantly in the sleeping animals (Mangold et al., 1955; Birchfield 
et al., 1958). Control monkeys were awake for the entire experimental 
period whereas the experimental animals remained asleep 93% of the 
time (range, 8699%;  Table 2). Only two of the experimental animals 
had epochs of REM sleep during the experimental period, and these 
were relatively short (1-8 rnin). Hence, they spent 90% of the time 
in NREM sleep (range, 71-99%), consisting of light sleep (mean, 
53%; range, 9-89%) and deep sleep (mean, 37%; range, 0434%). 

Rates of leucine incorporation into protein in control and experi- 
mental monkeys were regionally heterogeneous (Fig. 1). Values 
ranged from 12.2 nmoYg per minute in the supraoptic nucleus to 0.9 
nmoVg per minute in the pyramids (Tables 3-5). Relatively high rates 
were found in several other subcortical nuclei (e.g. locus coeruleus, 
dorsal motor nucleus of the vagus, paraventricular nucleus and lateral 
mammillary nucleus). The lCPS1,, in the pineal gland was among 
the four highest found in the 57 regions in which measurements were 
made. Rates in white matter were relatively low, generally one-third 
to one-fifth of those in most grey matter structures. In all but one 
region, the mean lCPSl,, was slightly higher in experimental monkeys 
than in awake controls, but the differences reached the 0.05 level of 
confidence in only four regions: inferior parietal cortex, lateral septum, 
cerebellar hemispheres, and locus coemleus. Taking into account the 
number of regions examined, these effects could have occurred 
by chance. 

The data obtained in the experimental animals were analysed to 
ascertain whether there were any relationships between lCPSl,, and 
the weighted percent time in the different states of sleep. Correlations 
between lCPSI,, and the weighted percent time in total NREM sleep 
were generally positive but statistically significant (P =z 0.05) in only 
three of the 57 regions. Correlations with weighted percent time in 
light sleep were negative in all 57 regions examined; these were 
statistically significant (P & 0.05) in nine of the regions and 
approached statistical significance (P  G 0.10) in six. Finally, the 
correlations with weighted percent time in deep sleep were positive 
in all 57 regions examined; 18 were statistically significant (P 6 
0.05), and 16 more approached statistical significance (P S 0.10) 
(Tables 3-5, Figs 2 and 3). 

Discussion 
The results of the present study suggest that deep sleep, in comparison 
with light sleep, is accompanied by widely distributed increases in 
rates of cerebral protein synthesis. Although no anatomical or func- 
tional system was selectively affected, effects were particularly 
prevalent in the limbic system, basal ganglia, and brain stem. Total 
NREM sleep tended to be positively correlated with 1CPS1,,, and 
correlations of lCPSl,, with light sleep were generally negative, but 
in both cases the correlations were not statistically robust. Effects of 
REM sleep were not analysed because only two of the sleeping 
monkeys had any periods of REM sleep during the experimental 
period. 

The two animals with the greatest (>70%) weighted time in deep 
sleep were the only two of the seven sleeping animals that had any 
REM sleep during the study, but in both cases the duration of REM 
sleep was short and occurred in the later portion of the ['4C]leucine 
clearance curve. Specifically, in the case of SM6, REM sleep occurred 
between 41 and 48 min after the pulse of ['4C]leucine, and in the 
case of SM7, REM sleep occurred between 33 and 36 min and again 
between 37 and 38 min after the pulse. Events later in the clearance 
curve, i.e. 30 min after the pulse, when arterial plasma [14C]leucine 
concentrations have fallen to less than 4% of peak values, have 
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TABLE 2. Behavioural state in sleeping monkeys 

Monkey Time in behavioural state 

Awake Asleep 
~~~ ~~ ~~ 

Light sleepa Deep sleepb Total NREM REM 

Percentage of total experimental time 
SM1 (Fj 1.0 
SM2 (F) 9.0 
SM3 (F) 5 .O 
SM4 (F) 11.0 
SM5 (M) 5 .O 
SM6 (F) 16.0 
SM7 (M) 2.0 
Weighted for integrated tissue Eeucine spec$c activity' 
SM1 (Fj 0.4 
SM2 (F) 13.7 
SM3 (F) 12.2 
SM4 (F) 30.4 
SM5 (M) 4.3 
SM6 (F) 9.1 
SM7 (M) 2.0 

59.0 
52.0 
65.0 
89.0 
64.0 
33.0 
9.0 

67.2 
61.5 
61.5 
68.8 
65.1 
15.2 
6.6 

40.0 
39.0 
30.0 
0.0 

31.0 
38.0 
84.0 

32.4 
24.7 
24.7 
0.0 

30.6 
70.8 
88.3 

99.0 
91.0 
95.0 
89.0 
95.0 
71 .0 
93.0 

99.6 
86.3 
87.8 
69.6 
95.7 
86.0 
94.9 

0.0 
0.0 
0.0 
0.0 
0.0 

13.0 
5.0 

0.0 
0.0 
0.0 
0.0 
0.0 
4.9 
3.1 

F and M denote female and male respectively. 
stages 1 and 2. 

bSleep stages 3 and 4. 
'Percent of the total experimental time weighted for the area under the curve of the time course of the tissue leucine specific activity calculated with a tissue 
leucine half-life of 3.5 min. 

TABLE 3. Telencephalon: local rates of cerebral protein synthesis in sleeping monkeys 

Region Local rate of cerebral protein synthesis 
(nmol leucine/g/minj sleeping monkeys (7) 

Product moment correlations: lCPS1, and deep sleep in 

P-value Awake (7) Asleep (7) ' X Y  

Cortex 
Medial orbital 4.2 ? 0.2 4.6 2 0.3 0.65 0.118 
Supplementary motor area 4.4 ? 0.3 4.1 2 0.3 0.75 0.050 

Premotor 4.0 C 0.3 4.2 5 0.2 0.72 0.069 
Sensory 5.1 2 0.3 5.6 t 0.3 0.58 0.168 
Motor 5.0 ? 0.3 5.2 i- 0.3 0.66 0.108 
Inferior parietal 4.4 ? 0.2 5.1 5 0.2* 0.56 0.190 
Striate 5.9 t 0.3 6.5 t 0.4 0.52 0.229 
Limbic system 
CA1 area of hippocampus 4.2 t 0.2 4.5 i- 0.3 0.68 0.094 
Parahippocampal g y m  4.2 = 0.2 4.4 I 0.3 0.73 0.062 
Medial basal amygdala 3.3 2 0.2 3.4 t 0.2 0.63 0.126 
Lateral b a d  amygdala 4.2 2 0.2 4.4 f 0.3 0.62 0.137 
Lateral septum 3.7 t 0.2 4.1 t 0.2a 0.86 0.013 
Medial septum 3.9 2 0.2 4.3 t 0.3 0.77 0.044 
Basal forebrain 2.9 t 0.2 2.9 t 0.2 0.93 0.003 
Basal ganglia 
Caudate nucleus 3.3 t 0.2 3.4 2 0.2 0.80 0.031 
Putamen 3.6 F 0.2 3.8 ? 0.2 0.83 0.022 
Globus pallidus 2.3 ? 0.1 2.4 2 0.1 0.83 0.021 
White m t t e r  
Corona radiata 1.0 ? 0.1 1.2 ? 0.1 0.70 0.078 
Optic chiasm 1.3 t 0.1 1.5 t 0.1 0.88 0.009 

Values are the means t SEM for the number of monkeys indicated in parentheses except in the optic chiasm in which ICPS,,, could be measured in only six 
of the awake animals. 
aStatistically significantly different from awake animals; P < 0.05, Student's t-test. 

Cingulate 4.3 t 0.3 4.8 i- 0.3 0.67 0.102 

diminishing effects on the determined ICPSI,, because the concentra- 
tion of ['4C]leucine in the tissue is relatively low at this time (see 
Fig. 4). In both SM6 and 7, the integrated specific activity of 

[14C]leucine in the tissue during E M  was less than 5% of the total 
tissue integrated [14C]leucine specific activity. 

The observed effect of deep sleep on lCPSI,, is based on product 
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TABLE 4. Diencephalon and mesencephalon: local rates of cerebral protein synthesis in sleeping monkeys 

Region Local rate of cerebral protein synthesis 
(nmol leucine/g/nin) sleeping monkeys (7) 

Awake (7) Asleep (7) rxY P-value 

Product moment correlations: ICPSI, and deep sleep in 

Diencephalon 
Thalamus 

4.0 ? 0.3 4.2 t 0.3 0.61 0.150 Dorsomedial nucleus 
4.5 t 0.3 4.8 ? 0.3 0.63 0.133 Centrolateral nucleus 

Lateral dorsal 3.5 2 0.2 3.6 ? 0.3 0.57 0.179 
Ventral posterior lateral 4.0 2 0.3 4.1 ? 0.2 0.78 0.038 
Lateral geniculate nucleus 6.7 f 0.4 7.2 t 0.5 0.48 0.278 
Hypothalamus 
Preoptic area 3.0 2 0.2 3.3 2 0.2 0.86 0.013 
Suprachiasmatic nucleus 5.5 2 0.5 5.6 f 0.5 0.85 0.017 

Parventricular nucleus 8.4 -C 0.6 9.5 t 0.7 0.58 0.174 
Anterior hypothalamus 3.6 L 0.2 3.7 5 0.2 0.55 0.203 
Lateral hypothalamus 3.1 ? 0.1 3.3 2 0.1 0.51 0.243 
Ventromedial nucleus 3.8 ? 0.2 4.1 t 0.2 0.73 0.063 
Dorsomedial nucleus 4.5 ? 0.2 4.8 ? 0.3 0.71 0.076 
Median eminence 5.3 t 0.6 5.3 ? 0.3 0.68 0.096 
Arcuate nucleus 6.3 2 0.6 5.7 2 0.4 0.84 0.018 
Ventral anterior nucleus 3.4 ? 0.2 3.6 +- 0.2 0.63 0.132 
Posterior nucleus 3.8 5 0.3 3.9 ? 0.2 0.75 0.050 
Medial mammillary nucleus 5.0 2 0.4 5.2 t 0.4 0.70 0.081 
Lateral mammillary nucleus 7.3 t 0.5 8.0 ? 0.5 0.61 0.145 
Interpeduncular nucleus 3.9 t 0.3 4.4 t 0.2 0.52 0.233 

Supraoptic nucleus 12.2 ? 0.9 13.3 2 0.8 0.94 0.002 

Mesencephalon 
Locus coeruleus 
Dorsal raphe 
Ventral raphe 
Pyramids 

11.1 2 0.7 13.2 t O.ga 
5.4 2 0.4 6.1 2 0.4 
3.6 t 0.4 4.0 ? 0.3 
0.9 5 0.0 0.9 f 0.1 

0.71 0.072 
0.53 0.225 
0.92 0.004 
0.54 0.210 

Values are the means 2 SEM for the number of monkeys indicated in parentheses except in the suprachiasmatic nucleus, median eminence and arcuate nucleus, 
in which ICPS,,, was measured in six, four and five awake monkeys respectively. 
“Statistically significantly different from awake animals, P C 0.05, Student’s t-test. 

moment correlations between the weighted time in deep sleep and 
ICPSI,. The weighted time in deep sleep was calculated for each 
monkey based on the animal’s sleep record and the time course of 
the tissue leucine specific activity which was calculated from the 
time course of the plasma leucine specific activity and the rate 
constant for the turnover of the leucine pool in grey matter (equation 
[2]). The shape of the calculated tissue leucine specific activity curve 
depends on the value assigned to the half-life of the tissue free 
leucine pool (Fig. 4), and the weighted percent time in the various 
phases of sleep depends on the shape of the curve. A value of 3.5 min 
for the half-life of the tissue free leucine pool determined in conscious, 
adult, male rats (Smith, 1991) was initially used for these calculations. 
It is conceivable that in the adult monkey and, in particular, in the 
sleeping monkey the half-life could be longer than 3.5 min. To test 
the dependence of these correlations on the value of the half-life we 
determined the weighted percent time in deep sleep with values of 
0, 6.9, 13.9, and 34.7 min for the half-life of the tissue free leucine 
pool. The results of these analyses show that, with longer half-lives, 
correlations between ICPSI,, and weighted percent time in deep sleep 
remain positive, and statistical significance (P  G 0.05) is reached in 
an increasing number of regions when the curves are calculated with 
longer half-lives; for example, with half-lives of 0 and 34.7 min, 
correlations in 16 and 33 of the 57 regions respectively were 
statistically significant. Correlations between lCPSl,, and unweighted 
time in deep sleep (i.e., with an infinite half-life) correlations were 
significant in 35 regions. Our results (Table 3-5), therefore, are a 
conservative appraisal of the relationship between deep sleep and 

lCPS1,,. It would appear that deep sleep is associated with generalized, 
as opposed to regionally specific, increases in lCPSle,,. 

Rates of protein synthesis determined with the [ l-’4C]leucine 
method are calculated from the regional concentration of 14C fixed 
in the tissue, the time course of the arterial plasma leucine specific 
activity, and h,, a factor in the equation that corrects the integrated 
leucine specific activity calculated from the plasma specific activity 
for dilution by unlabelled leucine derived from the steady state 
breakdown of protein in the tissue (equation [l]). We have not yet 
determined the value of h, in the adult rhesus monkey and have, 
therefore, assumed that the value is similar to that determined in 
conscious, adult rats (Smith et al., 1988) and in conscious sheep 
(Abrams et al., 1995). If the actual value of h, in the monkey is 
higher or lower than the value determined in these two disparate 
species our calculated values for lCPSl, would be over- or under- 
estimates respectively. The error, however, would be expected to be 
similar in all regions and in both control and experimental animals. 
The only circumstance in which an error in our estimate of the value 
of h, would affect the conclusions drawn from the present study 
would be if the value of h, itself were affected by the state of sleep. 
This is unlikely because results of studies in rats show that the value 
of h, is stable under several diverse conditions, e.g., normal ageing 
(Smith et al., 1995b), ketamine anaesthesia (C. B. Smith and Y. Sun, 
unpublished results), repetitive electrical shmulation (Smith et al., 
1992), and neural regeneration (Sun et al., 1993). Only during 
postnatal development were significant changes in the value of h, 
observed (Sun et al., 1995). During normal ageing (Smith et al., 
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TABLE 5. Brain stem, cerebellum and pineal gland: local rates of cerebral protein synthesis in sleeping monkeys 

Region Local rate of cerebral protein synthesis 
(nmol leucine/g/min) 

Product moment correlations: ICPS,,, and deep 
sleep in sleeping monkeys (7) 

P-value Awake (7) Asleep (7) rxY 

Brain Stem 
Pontine nucleus 
Ventral tegmental nucleus 
Gigantocellular tegmental nucleus 
Vestibular nucleus 
Magnocellular reticular nucleus 
Solitary nucleus 
Dorsal motor nucleus of vagus 
Hypoglossal nucleus 
Cerebellum 
Fastigial nucleus 
Interpositus nucleus 
Dentate nucleus 
Cerebellar hemisphere, cms 1 
Pineal ,elan$ 

5.4 ? 0.3 
4.7 2 0.3 
2.6 ? 0.2 
5.2 i- 0.4 
3.5 2 0.2 
4.2 ? 0.2 
9.2 2 0.6 
5.7 ? 0.3 

6.1 rt 0.5 
5.0 2 0.4 
2.9 ? 0.2 
5.9 5 0.5 
3.9 2 0.4 
4.6 2 0.3 

11.0 t 0.8 
6.5 5 0.6 

3.7 -t 0.2 
3.9 ? 0.3 
4.3 2 0.3 
6.4 ? 0.3 
9.1 ? 0.6 

4.1 ? 0.3 
4.4 ? 0.3 
4.6 fi 0.3 
7.5 2 0.5a 

10.1 ? 0.9 

0.70 
0.84 
0.44 
0.67 
0.68 
0.83 
0.76 
0.55 

0.081 
0.018 
0.327 
0.100 
0.09 1 
0.022 
0.045 
0.197 

0.67 0.102 
0.72 0.070 
0.69 0.084 
0.63 0.131 
0.23 0.625 

Values are mean 2 SEM for the number of monkeys indicated in parentheses, except for the pineal gland, in which 1CPS1, was measured in six awake animals. 
aStatistically significantly different from awake animals, P S 0.05, Student's t-test. 

1 .o 

0.8 

0.6 

0.4 

0.2 

0.0 

Sleep State Weighted time 
in deep sleep 

aa % 
Awake 1 6.9 ----- ;:; 1 

13.9 
34 ,, ------------_- 

Light sleep 

I ]  D e e p  sleep 

-1 REM sleep 

83  % 

0 10 20 30 40 50 60 
Time (min) 

RG. 4. Time course of the tissue leucine specific activity for monkey #SM7 calculated with half-lives of 3.5 (solid line) and 34.7 min (dashed line) for the 
tissue free leucine pool. The area under the curve has been hatched vertically, stippled, or left blank to indicate the sleep state of the monkey during the 
experimental interval. 

1995b) and neural regeneration (Sun et al., 1993) the value of hi 
remains constant even when lCPSl,, is decreased or increased 
respectively. 

Direct comparison of the absolute rates of protein synthesis in 
awake and asleep monkeys showed statistically significant effects in 
only four of the 57 regions examined. Taking into account the fact 
that 57 regions were analysed, these effects could have occurred by 
chance. In most regions the means and standard errors were similar 
fol- both groups of animals even though the experimental animals 
were a very heterogeneous group with respect to percent time in deep 
sleep. Awake controls were also heterogeneous with respect to 
drowsiness, the amount of time before the ['4C]leucine injection 

spent in deep sleep, the interval between the last time in deep sleep 
and the ['4C]leucine injection, and the amount of time awake 
immediately before the ['4C]leucine injection. Although none of these 
variables alone appeared to correlate with regional rates of protein 
synthesis in the controls, it is possible that some of them acted in 
concert to affect lCPS1,,. Analysis of these effects, however, would 
require more than seven animals. 

To our knowledge, this is the first report that rates of cerebral 
protein synthesis are increased in naturally occurring deep sleep. 
Positive correlations between weighted time in deep or slow wave 
sleep and lCPSl,, were reported in rats that had been prevlously 
deprived of REM sleep for 48 h (Ramm and Smith, 1990). In that 
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study, correlations were statistically significant in 49 of the 112 
regions examined, and no statistically significant correlations were 
found between weighted time in either wakefulenss or REM sleep 
and lCPS1,. Other studies of the effects of sleep on cerebral protein 
synthesis in rats following REM deprivation (Bobillier et al., 1974; 
Shapiro and Girdwood, 1981 j have yielded variable results, probably 
due to problems in measurement of precursor pool specific activity. 
There is some indirect evidence of a relationship between rates of 
cerebral protein synthesis and sleep. Treatment of rats with inhibitors 
of protein synthesis completely suppressed REM sleep and influenced 
the diurnal variation of slow wave sleep (Uezu et al., 1981). Giuditta 
et al. (1980) observed that after a subarachnoidal injection of 
radiolabelled orotate the concentration of radioactive RNA per nucleus 
increased with the degree of synchronization of the EEG, a measure 
of depth of sleep. Others have reported circadian oscillations in DNA 
synthesis (Zucconi et al., 1988j, RNA synthesis (Memtt and Sulkowsi, 
1970) and protein synthesis (Richardson and Rose, 1971; ter Haar, 
1977) in rat and rabbit brain. 

If future studies confirm our finding that regional rates of cerebral 
protein synthesis are positively correlated with high amplitude, low 
frequency EEG sleep (deep sleep), these results may be consistent 
with the hypothesis that NREM sleep is heterogeneous in appearance 
and function and that deep sleep may be particularly related to the 
so-called restorative functions of sleep. Based partially on the well 
known increase of deep sleep during recovery of sleep following 
sleep deprivation, Feinberg et al. (1974), Borbely et al. (1982) and 
others have suggested that deep sleep reverses the effects of prolonged 
wakefulness. That is, deep sleep and the associated increase in rates 
of cerebral protein synthesis may play a particularly important role 
in the homeostatic function of sleep. There has been widespread 
speculation that memory consolidation requires sleep, and it has been 
shown that inhibitors of protein synthesis block long term memory 
(reviewed by Agranoff, 1981). The results of our study may have 
some relevance for this hypothesis. 

Acknowledgements 
The authors wish to thank Ms J. Jehle for her expert technical assistance in 
the preparation of tissue sections for autoradiography, Ms G. Deibler for 
carrying out the amino acid analyses, Dr K. Pettigrew for advice on statistical 
analyses and Ms K. Schmidt for the program to calculate weighted product 
moment correlation coefficients. These results were presented in part at the 
XNth  International Symposium on Cerebral Blood Flow and Metabolism, 
Bologna, Italy, 1989 (Nakanishi et al.. 1989) and the 25th Annual Meeting of 
the Society for Neuroscience, San Diego, CA, 1995 (Smith ef al., 1995a). 

Abbreviations 
ICPS,,, 
NREM non-rapid eye movement 
REM rapid eye movement 

local rate of incorporation of leucine into protein 

References 
Abrams, R. M., Burchfield, D. J., Sun, Y. and Smith, C. B. (1995) Prenatal 

development and local rates of cerebral protein synthesis (ICPS,,) in sheep. 
FASEB J., 9, A757. 

Abrams, R. M., Hutchinson, A. A,, Jay, T. M., Sokoloff, L. and Kennedy, C. 
(1988) Local cerebral glucose utilization non-selectively evaluated in rapid 
eye movement sleep of the fetus. Dev. Brain Res., 40, 65-70. 

Adam, K. and Oswald, I. (1983) Protein synthesis, bodily renewal and the 
sleepwake cycle. Clin. Sci., 65, 561-567. 

Agranoff, B. W. (1981) Learning and memory: biochemical approaches. In 
Siegel, G. J., Albers, B. W., Agranoff, B. and Katzman, R. (eds), Busic 
Neurochemistry, 3rd edn. Little Brown & Co., Boston, pp. 801-820. 

Ayuso-Panilla, M. S. and Panilla, R. (1975) Control of hepatic protein 

synthesis: differential effects of ATP on the initiation and elongation steps. 
Eul: J. Biochem., 55, 593-599. 

Birchfield, R. I., Sicker, H. 0. and Heyman, A. (1958) Alterations in blood 
gases during natural sleep and narcolepsy. Neurology, 8, 107-112. 

Bobillier, P., Sakai, F., Seguin, S. and Jouvet, M. (1974) The effect of sleep 
deprivation upon the in vivo and in vitro incorporation of tritiated amino 
acids into brain proteins in the rat at three different age levels. J.  Neurochem., 
22,23-3 1 .  

Borbely, A. A. (1982) A two process model of sleep regulation. Hum. 
Neumbiol., 1, 195-204. 

Boyle, P. J., Scott, J. C., Krentz, A. J., Nagy, R. J., Comstock, E. and 
Hoffman, C. (1994) Diminished brain glucose metabolism is a significant 
determinant for falling rates of systemic glucose utilization during sleep in 
normal humans. J. Clin. Invest., 93, 529-535. 

Bremer, F. (1977) Cerebral hypnogenic centers. Ann. Neuml., 2, 1-6. 
Buchsbaum, M. S., Gillin, J. C., Wu, J., Hazlett, E., Sicotte, N., Dupont, 

R. M. and Bunney, W. E., Jr (1989) Regional cerebral glucose metabolic 
rate in human sleep assessed by positron emission tomography. Life Sci., 

Chapman, A. G., Fall, L. and Atkinson, D. E. (1971) Adenylate energy charge 
in Eschen'chia coli during growth and starvation. J. BucterioL, 108, 
1072-1086. 

Crowley, T. J., Kripke, D. F., Halberg, F., Pegram, G. V. and Schildkraut, J. J. 
(1972) Circadian rhythms of Macaca mulatfa: sleep, EEG, body and eye 
movement, and temperature. Primates, 13, 149-168. 

Feinberg, I. (1974) Changes in sleep cycle patterns with age. J. Psychiatr: 
Res., 10, 283-306. 

Giuditta, A,, Rutigliano, B. and Vitale-Neugebauer, A. (1980) Influence of 
synchronized sleep on the biosynthesis of RNA in two nuclear classes 
isolated from rabbit cortex. J. Neurochem., 35, 1259-1266. 

Heiss, W. D., Pawlik, G.,  Herholz, K., Wagner, R. and Wienhard, K. (1985) 
Regional cerebral glucose metabolism in man during wakefulness, sleep, 
and dreaming. Brain Res., 327, 362-366. 

Jouvet, M. (1967) Neurophysiology of the states of sleep. Physiol. Rev., 47, 
117-177. 

Kennedy, C., Gillin, J. C., Mendelson, W., Suda, S., Miyaoka, M., Ito, M., 
Nakamura, R. K., Storch, E I., Pettigrew, K., Mishkin, M. and Sokoloff, L. 
(1982) Local cerebral glucose utilization in non-rapid eye movement sleep. 
Nature, 297, 325-327. 

Madsen, P. L., Schmidt, J. F., Wildschigdtz, G., Friberg, L., IIolm, S., 
Vorstrup, S. and Lassen, N. A. (1991) Cerebral 0 2  metabolism and cerebral 
blood flow in humans during deep and rapid-eye-movement sleep. J. Appl. 

Mangold, R., Sokoloff, L., Conner, E., Kleinennan, J., Therman, P. G. and 
Kety, S. j1955) The effects of sleep and lack of sleep on the cerebral 
circulation and the metabolism of normal young men. J.  Clin. hvest., 34, 
1092-1100. 

Maquet, P., Dive, D., Salmon, E., Sadzot, B., Franco, G., Poirrier, R.. Von 
Frenckell, R. and Franck, G. (1990) Cerebral glucose utilization during 
sleepwake cycle in man determined by positron emission tomography and 
[ 18F]2-fluoro-2-deoxy-~-glucose method. Brain Res., 513, 136-143. 

Maquet, P., Dive, D., Salmon, E., Sadzot, B., Franco, G., Poirrier, R. and 
Franck. G. (1992) Cerebral glucose utilization during stage 2 sleep in man. 
Brain Rex,  571, 149-153. 

McGinty, D. J., Harper, R. M. and Fairbanks, M. K. (1974) Neuronal unit 
activity and control of sleep states. In Weitzman, E. D. (ed. ), Advances in 
Sleep Research, 1. Spectrum Publications Inc., Flushing, NY, pp. 173-216. 

Memtt, J. H. and Sulkowski, T. S. (1970) Rhythmicity of RNA polymerase 
activity and RNA levels in nuclei of rat cerebral cortex. J. Neurochern., 17, 
1327-1328. 

Morrison, A. R. (1979) Brain-stem regulation of behavior during sleep and 
wakefulness. Prog. Psychobiol. Physiol. Psychol., 8, 91-131. 

Momzzi, G. (1972) The sleep-waking cycle. Ergeb. Physiol., 64, 1-165. 
Nakamura, R. K., Kennedy, C., Gillin, J. C., Suda, S . ,  Ito, M., Storch, E I., 

Mendelson, W., Sokoloff, L. and Mishkin, M. (1983) Hypnogenic center 
theory of sleep: no support from metabolic mapping in monkeys. Bruin 
Res., 268, 372-376. 

Nakanishi, H., Kennedy, C., Smith, C. B., Sun, Y., Dang, T. and Sokoloff, L. 
(1989) Local rates of cerebral protein Synthesis in non-REM sleep. J.  Cereb. 
Blood Flow Metub., 9, S737. 

Ramm, P. and Smith, C. T. (1990) Rates of cerebral protein synthesis arc 
linked to slow wave sleep in the rat. Physiol. Behuv., 48, 749-753. 

Richardson, K. and Rose, S. P. R. (1971) A diurnal rhythmicity in incorporation 
of lysine into rat brain regions. Nutiire New Biol., 233, 182-184. 

Sakai, F., Meyer, J. S., Karacan, I., Derman, S. and Yamamoto, M. (1980) 

45, 1349-1356 

Physiol., 70, 2597-2601. 



Protein synthesis in deep sleep 279 

Steriade, M., Contreras, D. and Amzica, E (1994) Synchronized sleep and 
their paradoxical oscillations. Trends Neurosci., 17, 199-208. 

Sterman, M. B. and Clemente, C. D. (1962) Forebrain inhibitory mechanisms: 
cortical synchronization induced by basal forebrain stimulation. Exp. 
Neurol., 6, 91-102. 

Sun, Y., Deibler, G. E., Sokoloff, L. and Smith, C. B. (1992) Determination 
of regional rates of cerebral protein synthesis adjusted for regional 
differences in recycling of leucine derived from protein degradation into 
the precursor pool in conscious adult rats. J. Neurochem., 59. 863-873. 

Sun, Y., Deibler, G. E. and Smith, C. B. (1993) Effects of axotomy on protein 
synthesis in the rat hypoglossal nucleus: examination of the influence of 
local recycling of leucine derived from protein degradation into the precursor 
pool. J. Cereb. Blood Flow Merub., 13, 1006-1012. 

Sun, Y., Deibler, G. E., Jehle, J., Macedonia, J., Dumont, I., Dang, T. and 
Smith, C. B. (1995) Rates of local cerebral protein synthesis in the rat 
during normal postnatal development. Am. J.  Physiol., 268, R549-RS61. 

ter Haar, M. B. (1977) Circadian [3H]leucine incorporation into protein of the 
rat brain. Sex differences. Mol. Cell. Endocrinol., 6, 3 19-325. 

Uezu, E., Sano, A. and Matsumoto, 3. (1981) Effects of inhibitors of protein 
synthesis on sleep in rats. Tokushima J. Exp. Med., 28, 9-16. 

Zucconi, G. G., Menichini, E., Castigli, E., Belia, S. and Giuditta, A. (1988) 
Circadian oscillations of DNA synthesis in rat brain. Brain Res., 447, 
253-261. 

Normal human sleep: regional cerebral hemodynamics. Ann. Neurol., 7, 
471478 

Shapiro, C. and Girdwood, P. (1981) Protein synthesis in rat brain during 
sleep. Neuropharmacology, 20, 457460. 

Smith, C. B. (1991) The measurement of regional rates of cerebral protein 
synthesis in vivo. Neurochem. Rex, 16, 1037-1045. 

Smith, C. B., Deibler, G. E., Eng. N., Schmidt, K. and Sokoloff, L. (1988) 
Measurement of local protein synthesis in vivo: Influence of recycling of 
amino acids derived from protein degradation. Proc. Nutl Acad. Sci. USA, 
85, 9341-9345. 

Smith, C. B., Sun, Y., Kadekaro, M., Deibler, G. and Sokoloff, L. (1992) 
Electrical stimulation of sciatic nerve: effects on protein synthesis. Trans. 
Soc. Neurochem., 23, 307. 

Smith, C. B., Dang, T., Ito, M., Mori, K., Nakanishi, H., Nakamura, R. K., 
Namba, H., Starch, E, Suda, S.: Sun, Y., Gillin, C., Mendelson, W., 
Mishkin, M., Kennedy, C. and Sokoloff, L. (1995a) Local rates of cerebral 
protein synthesis measured in sleeping monkeys are positively correlated 
with percent time in deep sleep. Soc. Neurosci. Abstr., 21, 1495. 

Smith, C. B., Sun, Y. and Sokoloff, L. (1995b) Effects of aging on regional 
rates of cerebral protein synthesis in the Sprague-Dawley rat: Examination 
of the influence of recycling of amino acids derived from protein degradation 
into the precursor pool. Neurochem. Int., 27, 407416.  

Steriade, M. and Hobson, J. A. (1976) Neuronal activity during the sleep- 
waking cycle. Prog. Neurobiol., 6, 155-376. 




