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Cortical metabolic rates as measured by 2-deoxyglucose-uptake are
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bstract

A recent hypothesis suggests that a major function of sleep is to renormalize synaptic changes that occur during wakefulness as a result of
earning processes [G. Tononi, C. Cirelli, Sleep and synaptic homeostasis: a hypothesis, Brain Res. Bull. 62 (2003) 143–150; G. Tononi, C. Cirelli,
leep function and synaptic homeostasis, Sleep Med. Rev. 10 (2006) 49–62]. Specifically, according to this synaptic homeostasis hypothesis,
akefulness results in a net increase in synaptic strength, while sleep is associated with synaptic downscaling. Since synaptic activity accounts for
large fraction of brain energy metabolism, one of the predictions of the hypothesis is that if synaptic weight increases in the course of wakefulness,
erebral metabolic rates should also increase, while the opposite would happen after a period of sleep. In this study we therefore measured brain
etabolic rate during wakefulness and determined whether it was affected by the previous sleep–wake history. Three groups of mice in which

ehavioral states were determined by visual observation were subjected to 6 h of sleep deprivation (SD). Group 1 was injected with 2-deoxyglucose
2-DG) 45 min before the end of SD, while Group 2 and Group 3 were injected with 2-DG after an additional period (2–3 h) of waking or sleep,
espectively. During the 45-min interval between 2-DG injection and sacrifice all mice were kept awake. We found that in mice that slept ∼2.5 h the

-DG-uptake was globally decreased, on average by 15–20%, compared to the first two groups that were kept awake. On average, Group 2, which
tayed awake ∼2 h more than Group 1, showed only a small further increase in 2-DG-uptake relative to Group 1. Moreover, the brain regions in
hich 2-DG-uptake increased the least when waking was prolonged by ∼2 h showed the most pronounced decrease in DG-uptake after sleep. The
ata are consistent with the prediction that sleep may reset cerebral metabolic rates to a lower level.

2007 Elsevier Inc. All rights reserved.
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. Introduction

A fundamental difference between wakefulness and sleep is

he extent to which the brain is engaged in the acquisition and
rocessing of information. During spontaneous wakefulness,
nimals face environmental challenges that require an adequate

Abbreviations: 2-DG, 2-deoxyglucose; Cg, cingulate cortex; CC, corpus
allosum; RSG, retrosplenial granular cortex; Cpu, caudate putamen; EEG,
lectroencephalogram; EMG, electromyogram; NREM sleep, non-rapid eye
ovement sleep; PB, Probst bundle; PET, positron emission tomography; REM

leep, rapid eye movement sleep; SEM, standard error of the mean; SD, sleep
eprivation; SWA, slow wave activity.
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ehavioral response. Continuous behavioral adjustments would
ecessarily involve learning, associated with neuronal plasticity
36]. It has recently been proposed that waking is associated with
et synaptic potentiation while sleep results in synaptic down-
caling [31,32]. Such regulation would ensure the restoration of
he brain’s ability to learn by preventing synaptic saturation,
nd would maintain an overall balance of space and energy
esources. The latter is especially important since the brain
s the most metabolically expensive tissue in the body [2,3]
nd synaptic activity is responsible for the bulk of the brain’s
nergy consumption (around 75%), largely for synaptic cur-
ents/repolarization and for the propagation of action potentials
3]. It is reasonable to assume therefore, that the higher the

ynaptic weight impinging on a neuron, and hence the higher
ts firing rate, the larger the need for metabolic substrates. If,
s predicted by the synaptic homeostasis hypothesis [31,32],
ynaptic weight increases in the course of normal wakefulness,

mailto:gtononi@wisc.edu
mailto:tobler@pharma.unizh.ch
dx.doi.org/10.1016/j.brainresbull.2007.10.040
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rain metabolism should also increase. Consistent with this pre-
iction, a PET study reported that in humans absolute blood flow
alues were ∼18% higher at the end of the waking day than after
night of sleep, and this was the case almost everywhere in the
rain [5].

In this paper we report experiments which tested the
ypothesis which brain metabolism, as measured by 2-DG
utoradiography, changes depending on sleep–wake history. For
his purpose, we took advantage of the data obtained in a recent
-DG study [34] aimed at quantifying regional effects of uni-
ateral whisker stimulation during sleep deprivation (SD). In
hat study, mice were divided into three groups: Group 1 was
njected with 2-DG immediately at the end of 6 h of SD, while
roup 2 and Group 3 were injected with 2-DG after an addi-

ional period (2–3 h) of waking or sleep, respectively. In the
riginal study, which focused on relative differences in 2-DG-
ptake between stimulated and unstimulated cortical areas, we
oticed that the level of 2-DG-uptake for several cortical and
ubcortical regions seemed to be lower in Group 3, which slept,
elative to Groups 1 and 2, which were always awake before
acrifice. In the present study, we analyzed in detail absolute 2-
G-uptake values (nCi/g) from these three experimental groups.
e expected that the animals which were awake prior to the 2-
G injection would have more 2-DG-uptake than animals which
ere asleep prior to the 2-DG injection.

. Materials and methods

.1. Animals

The details of the methodology are described elsewhere [34]. The experi-
ents were performed in accordance with the European Communities’ Council
irective of 24 November 1986 (86/609/EEC) and were approved by the Can-

onal Veterinary Office of Zurich. All efforts were made to minimize the number
f mice used and their suffering. Adult male B1 mice (n = 25) were used at
he age of 14.4 ± 0.3 weeks. The choice of B1 mice, which have partial or
otal callosal dysgenesis, was due to the original aim of our study [34], where
e investigated the local changes in brain metabolism after unilateral whisker

timulation. These mice show no significant abnormalities in behavior or sleep
rchitecture. Moreover, they exhibit the typical physiological increase in sleep
ntensity after a period of waking, thereby making it possible to generalize the
ata obtained with this strain to other mouse strains and other species. Prior to
nd during the experiment the mice were kept individually in Macrolon cages
36 cm × 20 cm × 35 cm), with food and water available ad libitum, and main-
ained on a 12 h light–12 h dark cycle (daylight type fluorescent tubes, 58 W,
pproximately 30 lx) at 22–24 ◦C ambient temperature.

.2. Experimental protocol and data acquisition

In the present study we used 2-DG as a metabolic marker. After its phos-
horylation by hexokinase to [14C]deoxyglucose-6-phosphate, this marker is
ssentially trapped in the tissue because, unlike glucose-6-phosphate, it cannot
e isomerized to fructose-6-phosphate, a step required for its further metabolism.
he stability of 2-DG in the brain tissue, however, is less than previously
ssumed [30], since it has been shown that 10 min after the injection 2-DG
s lost from the brain at a significant rate [11,12]. In any case, the direct com-
arison of metabolic rates assessed by the 2-DG and 14C-glucose consumption

evealed close correspondence between the two methods for many brain regions
9,10], and 2-DG appears to be a more sensitive marker of regional functional
ctivation after sensory stimulation compared to 14C-glucose [7–9]. Further-
ore, the use of 2-DG enabled us to compare our results with previous reports

25,30,35].
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We exploited a semi-quantitative technique of 2-DG autoradiography
34,35]. The original quantitative 2-DG-autoradiography method developed by
okoloff et al. [30] requires the collection of arterial blood samples through-
ut the experimental period after an intravenous pulse of [14C]DG to determine
rterial blood content of 2-DG and glucose concentration. These measurements,
ogether with their respective kinetic constants of phosphorylation, are subse-
uently used to determine local cerebral glucose utilization in mmol/100 g/min.
s previously done [19,35], we used instead a semi-quantitative technique which
oes not require blood sampling but relies on optical densitometry of the 2-DG
utoradiograms. This approach is based on the observation that regional optical
ensity in the autoradiography images of the brain is proportional to the local
oncentration of the [14C] isotope, which is directly related to regional metabolic
ates [30]. In some cases semi-quantitative techniques require the normalization
f the optical density values to an internal control (e.g. the mean value for the
ntire brain). In other cases, like ours, in order to obtain absolute values of
adioactivity the optical density values were converted into units of nCi/g of
rey matter with the aid of radiological standards that are co-exposed with the
rain sections [19].

On the day before the experiments mice were weighed and placed in new
ages without food 3 h after dark onset (33.2 ± 0.9 g, n = 25). Food deprivation
esults in higher values of 2-DG-uptake [34]. At light onset of the following day
ll mice were subjected to 6 h SD by introducing a variety of objects into the
age (pieces of wood, PVC boxes with small holes, metal grids and tissues). The
eight determined 1–2 h before ending the SD was 29.8 ± 0.8 g.

All mice were injected with 2-DG 45 min before the brains were collected. It
as been shown that 45 min after 2-DG administration its plasma concentration
eaches very low levels, while tissue concentration reaches a maximum [30].
or the injection the mice were transferred to another room and placed in novel
ages. None of the mice slept during the 45-min exposure to 2-DG. The mice
ere subdivided into three groups. Group 1 (n = 9) was injected with 2-DG
5 min before the end of SD, and brains were collected immediately after the
h of SD and thus had been continuously awake for the last 6 h. SD always

tarted at light onset and was performed by introducing novel objects into the
age when the animal assumed a sleep posture, or exhibited behavioral signs
f drowsiness. The animals were not touched or handled directly, and were
ot disturbed when they were spontaneously awake, feeding or drinking. On
verage, the interval between two consecutive interventions varied from 3–5
o 20–30 min. SD was used to further enhance natural sleep pressure, and thus
nsure a consolidated bout of sleep prior to sacrifice in Group 3 (see below).
roup 2 (n = 8) was sleep deprived for an additional 2.3 ± 0.2 h. Mice belonging

o Group 3 (n = 8) prior to 2-DG injection were left undisturbed for 3.5 h after the
h of SD in their home cages, where they were observed constantly. Behavior
as scored three times every 5 min to determine whether the mice slept. Sleep
as scored when the animals adopted a sphinx-like posture, or were curled up and

he eyes were closed. Neither age nor weight differed significantly between the
roups (two-way ANOVAs, interaction ‘group’ × ‘tested variable’ (age, weight),
> 0.3).

The preparation of the brains and autoradiogram analysis was performed
s in previous reports [19,34]. Briefly, a solution of [1-14C]-2-deoxy-d-glucose
n sterile water, radioactivity content 0.1 mCi/ml, concentration 304.1 �g/ml,
adiochemical purity 98.4% (Moravek Biochemical, Inc., 577 Mercury Lane,
rea California 92821, USA) was injected (i.p. dose 16.5 �Ci/100 g) 45 min
rior to perfusion with formaldehyde solution. All sections were exposed
o Roentgen films (Microvision-Ci, Röntgen Bender AG) together with a
et of radiological standards, poly[14C]metacrylate microscales (RPA 504
39.4–1075.1 nCi/g), Amersham Biosciences Europe GmbH), calibrated for
rain grey matter equivalent to 14C concentration (nCi/g of tissue) for 3 weeks
t 5 ◦C. After exposure the sections were Nissl stained (cresyl violet).

The semi-quantitative technique of autoradiography required us to take sev-
ral steps in the data collection and processing to enable us to compare the
bsolute values of 2-DG-uptake among groups. First, the optical density values
rom the digitized images were converted to the concentration of 2-DG (nCi/g
f brain tissue) with aid of calibration curves computed individually for each

lm from a set of radiological standards that were exposed together with the
rain sections (see above). Second, all animals were of the same strain, from
he same breeding colony, and were precisely matched based on their weight
nd age. Furthermore, the amount of injected 2-DG was computed based on
he individual weight of each animal. Finally, the 2-DG injected in all animals



esearch Bulletin 75 (2008) 591–597 593

w
p
fl

2

(
c
b
a
i
r
l
P
s
a
r
w
t
e
f
s
o
o
m
a
s
a
f

c
a
m

3

3

o
i
a
a
s
b
t
p
4
i
t
t
m
p

3

r
a
w
o

Table 1
Regional 2-deoxyglucose-uptake

Region 6 h SD
(Group 1)

Waking
(Group 2)

Sleep (Group 3)

M1 (four sections) 417.4 (9.7) 424.1 (19.8) 351.5 (18.8) a,b
S1 (eight sections) 413.9 (15.4) 421.3 (22.0) 354.1 (20.2)
S2 (eight sections) 413.5 (16.7) 431.7 (26.1) 369.2 (23.4)
Cg (four sections) 436.4 (10.3) 463.9 (23.8) 389.2 (20.5) b
RSG (four sections) 498.2 (19.1) 495.9 (33.8) 405.5 (21.4) a
CPu (four sections) 389.6 (10.5) 408.0 (24.9) 350.6 (20.2)
CC/PB (eight sections) 269.6 (8.3) 275.4 (13.8) 227.9 (10.9) a,b
Entire section (eight

sections)
350.0 (8.7) 371.3 (19.9) 313.7 (17.4) b

Regional 2-DG-uptake (average of left and right hemisphere) in Group 1 (n = 9
mice), Group 2 (n = 8) and Group 3 (n = 8). Values (nCi/g) are mean (±S.E.M.
in parenthesis) calculated by averaging four to eight sections (as indicated in
c
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as from the same stock, injections and perfusions were performed by the same
erson, and perfusions were performed under strict control of the amount and
ow rate of the perfusate.

.3. Data analysis and statistics

Image analysis was performed with a microcomputer imaging device
MCID) image analysis system (Imaging Research, St. Catharines, Ont.). Eight
oronal sections (20 �m thick) between 0.5 mm rostral and 2 mm caudal to
regma were analyzed for every mouse. Regions of interest were outlined on
n image of Nissl-stained section according to the mouse brain atlas [22], and
ncluded cortical areas: motor (M1, four sections), cingulate (Cg, four sections),
etrosplenial (RSG, four sections), and parietal (S1 and S2, eight sections) of the
eft and right hemisphere; subcortical areas: white matter (corpus callosum or
robst bundle: CC or PB, respectively, eight sections) and striatum (CPu, four
ections). 2-DG-uptake (nCi/g of brain tissue) was assessed in the corresponding
utoradiography image. We selected a variety of cortical and subcortical brain
egions with different cytoarchitecture, blood supply and function, to determine
hether any change observed as a result of sleep–wake history was specific for

he grey versus white matter, cortical versus subcortical structures, or more gen-
rally, whether it was widespread or local. An overall value of brain metabolism
or each mouse was obtained by measuring the 2-DG-uptake in the entire brain
ection for each of the eight sections used per animal. 2-DG-uptake (nCi/g
f brain tissue) was assessed in the corresponding autoradiography image. The
riginal design of this study [34] included whisker stimulation and whisker trim-
ing on one side. Previously, we found that these procedures induced a left–right

symmetry only in layer IV of the barrel cortex. In the present study, we rea-
oned that including only the stimulated or non-stimulated side might introduce
bias, and therefore, to rule out potential unilateral effects, we averaged data

rom the left and right hemisphere within an individual for each region.
Regional 2-DG-uptake was compared across groups. The effect of the pre-

eding sleep–wake history was tested by two-way ANOVA with factors ‘region’
nd ‘group’. When ANOVAs reached significance, group differences were deter-
ined by post hoc Tukey’s multiple comparison tests.

. Results

.1. Sleep–wake history differs among the three groups

During the entire duration of the experiment the behavior
f all animals was under constant visual observation. Mice
n Groups 1 and 2 had been continuously awake for 6 h
nd 8.3 ± 0.1 h, respectively, while mice in Group 3 slept on
n average for 2.3 ± 0.2 h prior to sacrifice. The amount of
leep observed in Group 3 prior to the 2-DG injection varied
etween 106.7 and 180.0 min, while most of the remaining
ime was spent in quiet wakefulness (active waking occu-
ied only 10.8 ± 2.9 min). All mice were awake during the
5-min period between the 2-DG injection and sacrifice. Behav-
oral observations confirmed that waking behavior during this
ime was indistinguishable among the three groups. Thus,
he regional changes in 2-DG-uptake described below do not

erely reflect differences in behavioral state during the uptake
eriod.

.2. Sleep–wake history affects regional 2-DG-uptake

Relative values of 2-DG-uptake (% of total uptake) have been

eported elsewhere [34]. In this study we focused instead on the
bsolute values that were not the main focus of our previous
ork. The different approach was necessary since normalization
f the data to the total uptake would have eliminated the differ-
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olumn 1) per animal. Letters indicate significant differences between groups
a: Group 1 vs. Group 3; b: Group 2 vs. Group 3). p ≤ 0.05, Tukey’s multiple
omparison test after significance in one-way ANOVA, factor ‘group’).

nces between the groups. In agreement with previous studies
28,30], we found regional differences in the absolute level of
-DG-uptake, as indicated by the significant difference in the
wo-way ANOVA using the factor “Region”, independent of
he factor “Group” (p < 0.01). As summarized in Table 1 and
ig. 1, in all groups the highest values of 2-DG-uptake were

nvariably observed in the medial cortical areas (retrosplenial
ranular, RSG), while the lowest 2-DG-uptake was measured
n the white matter, as shown previously [16,28]. When 2-DG-
ptake was compared across groups, the most significant result
as the high intensity of 2-DG labelling in mice which were

acrificed after 6 h of wakefulness (Group 1) or when wake-
ulness was prolonged to ∼8.3 h (Group 2) compared to the
nimals which after the 6-h waking period were left undisturbed
nd slept ad libitum for at least ∼1.5 h (Group 3). Two-way
NOVA revealed that the difference across groups was not

egion-specific (factor ‘Group’ and ‘Region’, p < 0.001, inter-
ction, p > 0.9). Post hoc Tukey’s test showed that the absolute
alues (nCi/g) of 2-DG-uptake for most regions differed among
he groups, with Group 3 reaching the lowest values (Fig. 1).
s can be seen from Fig. 1 and Table 1, the values in Group
were lower in all areas and sections, but due to the relatively

mall number of animals significance was reached only where
ariance was sufficiently low. Specifically, 2-DG-uptake values
n Group 3 were significantly below those of Group 1 in RSG,

otor cortex (M1), and white matter (corpus callosum, CC),
nd below those of Group 2 in M1, cingulate cortex (Cg) and
C.

.3. Sleep leads to an overall decrease in 2-DG-uptake in
ortical and subcortical brain regions

To obtain an overall measure of 2-DG-uptake we measured
he 2-DG labelling for each of the eight sections collected for

ach mouse, averaged them to yield a single value of total 2-DG-
ptake per animal, and finally averaged these values within all
he individuals of each experimental group. Three representa-
ive sections, one per Group are shown in Fig. 2A. Mean values
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Fig. 1. Absolute values of 2-DG-uptake (nCi/g) in cortical and subcortical regions. Values are mean (± S.E.M.) for Groups 1–3 (n = 9, 8 and 8, respectively, see
S ps (p
s tor (M
m

f
u
f
h
w

3
f

F
e
i
(

ection 2 for details). Asterisks indicate significant differences between grou
omatosensory areas were averaged. The remaining regions were primary mo
atter (CC).

or the three groups are shown in Fig. 2B. The level of 2-DG-
ptake of Group 1 and Group 2, which had been kept awake

or 6 and 8.3 h, respectively, were comparable (though slightly
igher in Group 2). Values for Group 3, on the other hand,
ere lower (Group 1: 350.0 ± 8.7; Group 2: 371.3 ± 19.9; Group

a
G
c

ig. 2. (A) Pseudocoloured digitized autoradiograms of coronal sections (right hem
xperimental group. Levels of 2-DG-uptake are colour-coded according to scale (nC
ndicates significant difference between groups (p < 0.05, unpaired t-test). (C) Total 2
∼0.5 mm rostral to bregma) to P (∼2 mm caudal to bregma). Values are mean ± S.E
< 0.05, Tukey’s multiple comparison test). Primary (S1) and secondary (S2)
1), cingulate (Cg) and retrosplenial (RSG) cortex, striatum (CPu) and white

: 313.7 ± 17.4 nCi/g; Table 1). The difference was significant
or the Group 2/Group 3 comparison (p < 0.05, unpaired t-test)

nd approached but did not reach statistical significance for the
roup 1/Group 3 comparison (p = 0.07, unpaired t-test). As indi-

ated in Fig. 2C, which shows the mean 2-DG values for each of

isphere) at the level of the barrel cortex from a representative mouse of each
i/g). (B) Total 2-DG-uptake values (mean ± S.E.M.) for Groups 1–3. Asterisk
-DG-uptake computed for eight consecutive equidistant sections taken from A
.M.
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Fig. 3. (A) Mean regional 2-DG-uptake in Groups 2 and 3 shown as percent change relative to Group 1. Abbreviations for the brain regions are as in Fig. 1. (B) The
relationship between the changes in 2-DG-uptake after waking and after sleep across brain regions. Scatter plot of the percent difference in 2-DG-uptake between
mean 2-DG-uptake values of Groups 1 and 3 (Y-axis, decrease after sleep) plotted as a function of the difference between mean 2-DG-uptake values of Groups 1 and
2 ions
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(X-axis, increase after waking). Each symbol represents one of seven brain reg
egression. Pearson correlation coefficient (R) and the corresponding p-value ar

he eight equidistantly taken sections (from ∼0.5 mm rostral to
2 mm caudal to bregma), the reduced 2-DG-uptake in Group
seemed to encompass most of the brain.
As shown in Fig. 3A, the overall decrease in 2-DG-uptake in

roup 3 relative to Group 2 was about 15–20%. Interestingly,
n those regions where 2-DG-uptake increased from Group 1
o Group 2, the decrease from Group 1 to Group 3 was less
ronounced. In contrast, those brain areas, such as RSG and CC,
n which 2-DG values showed a smaller further increase from
roup 1 to Group 2, showed a more pronounced decrease in
-DG-uptake after sleep. This resulted in a significant negative
orrelation between the increase in 2-DG-uptake after waking
nd decrease after sleep across the brain regions (Fig. 3B).

. Discussion

In the present study, we analyzed data obtained from a previ-
us investigation [34] to ask whether cerebral metabolic rates,
uantified as absolute values of 2-DG-uptake, are higher after
period of wakefulness and lower after a period of sleep. This
uestion stemmed from the hypothesis that wakefulness is asso-
iated with a net increase in synaptic weight, whereas sleep is
ssociated with synaptic downscaling [31,32]. Indeed, we found
hat absolute values of 2-DG-uptake were higher in mice which
ere awake for several hours prior to sacrifice, compared to mice
hich were allowed to sleep ad libitum.
These data indicate that sleep–wake history is a major deter-

inant of cerebral metabolic rate. Importantly, our results cannot
e accounted for by differences in vigilance state during the 2-
G-uptake period, because all mice were injected while they
ere awake, and all stayed awake during the 45-min inter-
al between injection and sacrifice. This potential confounding
actor needed to be addressed specifically because there is
xtensive evidence that cerebral metabolic rates depend on the
evels of neuronal activity [2,3] and therefore might be influ-

nced by behavior as well as vigilance state. For example,
arbiturate anaesthesia, which is associated with inhibition of
atecholamine release [14] and marked suppression of neuronal
ctivity [1] is also characterized by lowered cerebral blood flow

t
t
w
s

(abbreviations for the brain regions are as in Fig. 1). Straight line depicts linear
n within the panel.

13,17] and reduced 2-DG utilization [30]. Furthermore, during
REM sleep, 2-DG-uptake is reduced in animals [16,25,26], and
global deactivation of the neocortex and thalamus during sleep
as been demonstrated with PET studies in humans (reviewed
n [20]). Consistently, there is evidence that mRNA and pro-
ein levels of genes involved in cerebral energy metabolism
e.g. mitochondrial enzymes and glucose transporters) are lower
uring sleep than during waking [6,21,23].

An interesting observation was that the effect of the preceding
leep–wake history on 2-DG-uptake was apparent not only in the
erebral cortex (e.g. RSG) but also in the white matter (the corpus
allosum). A previous study in monkeys found that 2-DG-uptake
ecreased during sleep relative to waking by 16–46% in differ-
nt cortical areas, and by ∼20% in the corpus callosum [16].
he magnitude of changes in our study falls within the same

ange, although in our case we measured 2-DG-uptake always
n the awake brain, but after a different sleep–wake history. The-
retical calculations suggested that most energy consumed by
he nervous tissue is related to postsynaptic events related to
lutamate signalling [3]. Since the white matter is devoid of
ynaptic connections, the levels of 2-DG-uptake in this tissue
hould therefore reflect the energy needed for the propagation
f the action potentials [29]. Our data suggest that the need in
nergy substrates after sleep is reduced both in the regions rich
f synaptic connections, such as the cerebral cortex, as well as
n the regions, such as the corpus callosum, crucial for neuronal
rosstalk and dominated by axons. We speculate that the lower 2-
G consumption we found after sleep in the cortex and in white
atter might indicate that fewer action potentials are generated

s a result of postsynaptic glutamate release, and fewer action
otentials propagate between the two cortical hemispheres. Both
hese changes are consistent with a generalized downscaling of
ynaptic strength during sleep [31,32].

We found a significant negative correlation across regions
etween the magnitude of increase in 2-DG-uptake after an addi-

ional waking interval and its decrease after sleep. In other words,
hose brain areas where 2-DG-uptake increased further when the
aking period was prolonged showed less of a decrease after

leep. In contrast, those areas in which 2-DG values showed
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smaller further increase from Group 1 to Group 2 showed
more pronounced decrease in 2-DG-uptake after sleep. This
ay seem surprising, because one might have expected that the

rain regions that upon further waking have on average greater
ncreases in glucose utilization (e.g. secondary somatosensory
nd cingulate cortex and CPu) would show a stronger build-up
f sleep need, and thus a bigger decline in glucose metabolism
uring sleep. However, it is also possible that those regions
e.g. primary motor, somatosensory and retrosplenial cortex)
hat only show small additional increase in 2-DG-uptake did so
ecause their metabolic rate was closer to saturation, and thus
ore in need to decrease during sleep. This interpretation is con-

istent with the synaptic homeostasis hypothesis, because if high
etabolic rates indeed are a result of high net synaptic weight,

ownscaling during sleep would be more efficient. Furthermore,
uch data are consistent with the exponential saturating increase
uring waking of the homeostatic Process S, a marker of sleep
ressure [4] and with the regional differences in sleep inten-
ity [34]. Furthermore, learning prevents further LTP in the rat
otor cortex [27] and hippocampus [36], while the induction

f LTD is facilitated, indicating that in these areas the ability
o further increase synaptic strength during waking may have
eached saturation.

We wish to emphasize that this study has several limitations,
ecause it was not originally designed to test the hypothe-
is that sleep–wake history affects absolute cerebral metabolic
ates. The original aim of the study was to investigate how
he regional pattern of 2-DG-uptake is related to the regional
EG differences between hemispheres and within each hemi-
phere. The group size was small because our previous study
as based on relative values of 2-DG-uptake that significantly

educed variability. Also, we employed a semi-quantitative ver-
ion of the 2-DG autoradiography method, which proved to be
eliable in assessing regional differences in 2-DG-uptake [35].
he original quantitative technique of 2-DG autoradiography

30], however, could provide more accurate measures of cere-
ral glucose consumption because it takes into account not only
ocal tissue concentrations of 2-DG-uptake, as measured in the
resent study, but also the dynamics of its clearance from the
lood. Future studies using the quantitative 2-DG autoradiogra-
hy technique are needed to confirm our results in a larger group
f mice, and possibly in other species as well. Furthermore, mice
n this study were not implanted for polysomnography, to avoid
otential tissue damage due to the electrodes, and we relied on
ontinuous visual observation to score the behavioral state of the
nimals. It cannot be excluded that short sleep attempts remain
nnoticed. Moreover, REM sleep and NREM sleep could not
e reliably scored based on behavioral criteria, thereby preclud-
ng predictions about the specific contribution of different sleep
tates to synaptic downscaling, as well as the role of sleep con-
olidation. Quantitative [6-14C]glucose-autoradiography in cats
as shown that absolute cerebral metabolic rate increases sig-
ificantly during REM sleep in several regions encompassing

he limbic system, hypothalamus and pontine reticular forma-
ion (∼20–40% increase compared to waking) [18], while in the
erebral cortex absolute values of glucose utilization are gen-
rally similar between waking and REM sleep [18]. In future
h Bulletin 75 (2008) 591–597

xperiments the EEG could be recorded from one hemisphere,
hile the other hemisphere could be used for 2-DG measure-
ents. It should be mentioned, however, that total sleep time in
ice includes significantly larger (∼80–85%) portion of NREM

leep compared to REM sleep [15]. Moreover, our recent data
ndicate that synaptic downscaling, measured as a decrease in
he slope of cortical evoked responses, is positively correlated
ith the amount of NREM sleep, but not with that of REM sleep

Vyazovskiy, Cirelli, Tononi, unpublished).
With these caveats in mind, however, the results of this study

re consistent with the predictions of the synaptic homeostasis
ypothesis. Other recent experimental observations also support
his hypothesis. Specifically, we found in synaptoneurosomes
hat suggested molecular markers of synaptic potentiation in
ivo, such as the number of glutamatergic AMPA receptors con-
aining the GluR1 subunit, increase after waking and decrease
fter sleep, while suggested markers of synaptic depression,
uch as the dephosphorylation of GluR1 at Ser845, do the oppo-
ite [24]. Consistently, we also found that electrophysiological
arkers of LTP – the slope and amplitude of cortical evoked

otentials in freely behaving awake rats – increase after a period
f wakefulness and decrease after a period of sleep [33]. Since
ynaptic activity is a major determinant of brain metabolic rates,
he differences in 2-DG-uptake that occur as a result of pre-
eding sleep–wake history may indeed reflect a net increase
n synaptic weight during waking. Furthermore, they also sug-
est that an important function of sleep may be to decrease the
nergy requirements that built up as a result of synaptic potenti-
tion during normal waking. Thus, synaptic downscaling during
leep would maintain the homeostasis of brain metabolism that
s necessary for its normal functioning and plasticity.
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