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Study Objectives: The main energy reserve of the brain is glycogen, which is almost exclusively localized in astrocytes. We previously reported
that cerebral expression of certain genes related to glycogen metabolism changed following instrumental sleep deprivation in mice. Here, we
extended our investigations to another set of genes related to glycogen and glucose metabolism. We also compared the effect of instrumentally
and pharmacologically induced prolonged wakefulness, followed (or not) by 3 hours of sleep recovery, on the expression of genes related to brain
energy metabolism.

Design: Sleep deprivation for 6-7 hours.

Setting: Animal sleep research laboratory.

Participants: Adults OF1 mice.

Interventions: Wakefulness was maintained by “gentle sleep deprivation” method (GSD) or by administration of the wakefulness-promoting drug
modafinil (MOD) (200 mg/kg i.p.).

Measurements and Results: Levels of mMRNAs encoding proteins related to energy metabolism were measured by quantitative real-time PCR in
the cerebral cortex. The mRNAs encoding protein targeting to glycogen (PTG) and the glial glucose transporter were significantly increased fol-
lowing both procedures used to prolong wakefulness. Glycogenin mRNA levels were increased only after GSD, while neuronal glucose transporter
mRNA only after MOD. These effects were reversed after sleep recovery. A significant enhancement of glycogen synthase activity without any
changes in glycogen levels was observed in both conditions.

Conclusions: These results indicate the existence of a metabolic adaptation of astrocytes aimed at maintaining brain energy homeostasis during

the sleep-wake cycle.
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THERE IS GROWING EVIDENCE INDICATING THAT
NEURONAL MECHANISMS THAT CONTROL THE
SLEEP-WAKING CYCLE ARE INTERCONNECTED WITH
the mechanisms that regulate energy homeostasis.'? Moreover,
the homeostatic regulation of sleep fits the canonical view that
the role of sleep to restore brain energy homeostasis, most
recently reformulated by Benington and Heller.? In this view,
sleep, and in particular slow wave sleep (SWS), might serve
to replenish glycogen stores depleted during the waking pe-
riod, thus defining an anabolic state of the brain during sleep.
Glycogen constitutes the main brain energy reserve under the
form of branched chains of glycosyl units.* In the cerebral cor-
tex, glycogen is exclusively localized in astrocytes and its lev-
els are tightly regulated by neuronally derived signals, such as
the neurotransmitters vasoactive intestinal peptide (VIP) and
noradrenaline.’ These modalities of regulation represent one
of the many examples of neuron-glia metabolic coupling.® We
have previously observed the existence of a metabolic plastic-
ity for certain genes related to glycogen metabolism.” Thus
we have shown that the level of expression of genes encoding

Submitted for publication June, 2009

Submitted in final revised form April, 2010

Accepted for publication April, 2010

Address correspondence to: Jean-Marie Petit and Pierre J. Magistretti
LNDC, Brain-Mind Institute, SV, EPFL, Station 19, 1015 Lausanne, Swit-
zerland; E-mail: jean-marie.petit@epfl.ch

SLEEP, Vol. 33, No. 7, 2010

glycogen synthase (GSynt), glycogen phosphorylase (GPhos)
and protein targeting to glycogen (PTG) were modulated
throughout the sleep-waking cycle and after 6 h of “gentle”
sleep deprivation (GSD) in the cerebral cortex. The GSynt
and GPhos are the enzymes responsible for glycogen synthe-
sis and degradation respectively. PTG is a regulatory subunit
of the protein phosphatasel known to activate GSynt and to
inactivate GPhos in peripheral tissues®® as well as in primary
culture of astrocytes.'” Here we have extended our analysis to
the gene encoding glycogenin, the protein that acts as primer
for glycogen granules,' as well as to other genes involved in
neuron-glia metabolic coupling such as glucose transporters
(Glutl and Glut3) and Hexokinase 1 (HeK1). We also exam-
ined whether the changes in neuron-glia metabolic induced
by GSD can be generalized to pharmacological induction of
sleep deprivation, such as for example with the one induced
by the wakefulness-promoting drug Modafinil. Moreover,
we also assessed the effect of sleep recovery on the expres-
sion level of the same set of genes. Because different factors
such as animal activity, blood glucose, and stress can affect
peripheral as well as brain glycogen levels,'>"* we determined
cerebrocortical glycogen levels, locomotor activity, plasma
cortisol levels and glycemia in the same experimental condi-
tions. Results indicate that sleep deprivation, independent of
the method used, leads to a similar pattern of gene activation
functionally characterized by an orientation of glycogen me-
tabolism towards its synthesis and to the facilitation of glu-
cose entry into the brain parenchyma.
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MATERIALS AND METHODS

Animals

Experiments were performed using adult male OF1 mice
(8-9 weeks of age, 39.5 + 2.7g at the time of experiment)
(Charles River, St Genis/I’ Arbresle, France). Mice were kept
individually in standard conditions (23 + 2.0°C; 12:12h L:D;
light on at 06:00 or 07:00) with access to food and water ad libi-
tum. After 2 weeks of habituation to these conditions, they were
randomly divided into 3 groups. The experiments were carried
out according to the European Community’s Council Directive
(86/609/EEC) and with the authorization of the veterinary ser-
vices of the Canton of Zurich and Geneva.

Drugs

Modafinil was a gift from Cephalon-France (Maisons-Alfort,
France). It was prepared according to the protocol given by the
supplier. A suspension was obtained in sterile water after disso-
lution in 0.25% of Arabic gum (Sigma-Aldrich, Buchs, Switzer-
land). The suspension was injected i.p. just after its preparation
in a volume of 10 mL/kg of body weight. Based on the results
of a pilot study indicating that a dose of 200 mg/kg i.p. was
appropriate to induce 6-7 h of waking in mice, this dosage was
used in all experiments.

Sleep Deprivation Procedure

For all experiments, drug injection and gentle sleep depriva-
tion started at light onset, corresponding to zeitgeber time zero
(ZT0). The control group (CTL) corresponds to mice which re-
mained undisturbed in their home cage. Mice belonging to the
gentle sleep-deprived group (GSD) or to the modafinil (MOD)-
treated one, were moved to an adjacent room and continuously
observed. GSD was performed according to the method previ-
ously described,”"* According to this method, the animals were
kept wake by providing new nesting material or new objects
into their home cage when they adopted a sleeping posture and
immobility. Mice were not handled, touched, or stimulated by
cage moving. They were not disturbed when they were drink-
ing or eating. In order to optimize comparisons between the
experimental conditions in the MOD and GSD groups, mice
from the GSD group also received an injection of solvent at
the beginning of the sleep deprivation period. When an animal
from the MOD group fell asleep (i.e., when the mouse remained
immobile for 2-3 min in a sleeping posture), it was rapidly sac-
rificed within 2-3 min. Then, a mouse from the GSD group and
a mouse from the CTL group were immediately sacrificed. In
this way, a similar range of sleep deprivation time was obtained
in the MOD and GSD groups. A similar protocol was followed
for sleep recovery study. In this case, 3 groups of animals were
used : (1) Gently sleep deprived mice left undisturbed in their
cage for 3 h from the moment they fell asleep (GSD-SR group),
(2) Modafinil treated mice left undisturbed in their cage for 3
h from the moment they fell asleep (MOD-SR group), and (3)
mice left undisturbed throughout the experiment and sacrificed
at the same time as animals of the GSD-SR or MOD-SR groups
(CTL-SR). This group corresponds to the circadian control be-
tween ZT9 and ZT10. To assess the sleep recovery efficiency,
locomotor activity of the GSD-SR and MOD-SR animals was
recorded throughout the recovery period.
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Sample Collections

Mice were sacrificed by decapitation, the brain rapidly re-
moved, and the cerebral cortex dissected on ice. The samples
were placed in 3.5 mL of chilled TRIzol reagent (Life Technolo-
gies, Basel, Switzerland) and homogenized samples were stored
at —80°C until RNA extraction. About one-fourth of the cortex
was put into 300 pLL of homogenization buffer (for GSynt activ-
ity) and stored at —80°C until assays were performed. For glyco-
gen determination experiments, mice were rapidly anesthetized
with isoflurane (4.5%) and were sacrificed using a focused mi-
crowave fixation device irradiating the brain at 4 kW for 0.6 s
(Gerling Applied Engineering, Inc., Modesto, CA, USA). This
device allows inactivating cerebral enzymes in 2 s and there-
fore recovering of labile metabolites such as glycogen. Then
the brain was removed and cerebral cortex was dissected out,
cut sagittally in 2 parts, frozen in liquid nitrogen, and stored at
—80°C until glycogen and protein assays were performed. Trunk
blood was collected into heparinized microtubes (Microvettes,
Sarstedt, Germany) for glycemia determination. Plasma was
separated by centrifugation (6000 rpm for 5 min at room tem-
perature), and frozen at —80° for corticosterone assays.

Quantitative RT-PCR experiments

Total RNA was extracted from tissue samples according
to the manufacturer’s (TRIzol) protocol. The concentration
of each sample was measured with NanoDrop (NanoDrop
Technologies, Wilmington, DE, USA), and the purity was as-
sessed using the ratios of optic density at (260/280) nm and
(260/230) nm. Finally, the RNA integrity was assessed using
the 2100-Bioanalyzer (Agilent Technologies, Waldbronn, Ger-
many). The first strand of cDNA was synthesized from 200ng
of total RNA using TagMan RT-reagents (Applied Biosystem,
Foster City, USA) after incubation during 45 min at 48°C fol-
lowed by 5 min at 95°C and finally stored at 4°C. Then, 2 pL
of RT-reagents were added to 0.5 puL of forward and reverse
primers and to 23 pL of Sybr-Green PCR MasterMix (Applied
Biosystem, Foster City, USA) following manufacturer’s in-
structions. Forty cycles of amplification were then performed
in an ABI Prism 7900 (Applied Biosystem, Foster City, USA)
with 384-well plate, which allowed the analysis of 4 genes si-
multaneously including B-actin for normalization in each plate.
Each RT (from the cortex of one animal) was tested in trip-
licate. Primer sequences were designed using Primer Express
(3.0) software (Applied Biosystem, Foster City, USA). Oligo-
nucleotides primers were synthesized by Microsynth (Balgach,
Switzerland) and designed according to the published cDNA
sequences (NCBI database) (primer sequences are shown in
Table 1). Finally, data were obtained using the SDS sequence
detector software (Applied Biosystem, Foster City, USA). To
determine the expression of the different genes, the mean of
the ACt of each gene was divided by the mean of ACt obtained
for the B-actin, a housekeeping gene classically used in sleep
deprivation experiments to normalize data. Final results were
expressed as percentage of change relative to the control group.

Glycogen Synthase Activity Assay

The activity of GSynt was measured using the method of
Thomas et al. based on the UDP-"*Cglucose incorporation into
glycogen." Briefly, the samples were centrifuged and enzyme
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activity was determined in the superna- Table 1—Gene primers sequences
tant. Following incorporation of UDP-
1Cglucose into glycogen at 30°C for one Genes GeneBank
hour, the reaction mixture was deposed (nomenclature name)  Accession No. Sequences
onto a small picce of paper (Whatman | 1orp Forward: 5-GCTTCTTTGCAGCTCCTTCGT-
E31), and the "Cglucose incorporated | sy NM 007393 Reverse: 3-CAAGCGGTACCTACTGCTATA-
into glycogen was finally determined
with a B counter. The total activity of the GSynt NM 030678 Forward: 5 GCTGGACAAGGAGGACTTCACT-
GSynt corresponding to the sum of the (Gys1) Reverse: 3-CAGAAAGGGTGGTCACACGT-
unphosphorylated active form of QSynt GPhos Forward: 5-GCTGCTCAACTGCCTACACATT-
(GSynt @) and the phosphorylated inac- | (pygp) NM153761 Reverse: 3-GGAAACACGGGTCCTGACAA
tive form of GSynt (GSynt b) was deter-
mined using saturating concentration of Glgn NM 013755 Forward: 5-ACACCTTCACCACCAACGTCTT-
G6P (10 mM) in the reaction mixture. (Gyg) Reverse: 3-TACTACCTTGTACAGAGTCCTCG-
The activity of the non-phosphorylated | prg Forward: 5-TGCCTCTCGGTCCAATGAG-
active form (GSynt a) was determined |  (Pppir3c) NM 016854 Reverse: 3-AACTGTTCAAGGCAGTACGG-
without GOP. The ratio GSynt af(GSynt Glutt Forward: 5-CCAGCTGGGAATCGTCGTT:
+ nt b) wa to indicate the ac- e )
fivat(i}osnystafe) of tshlelsgrgy(r)lt ircli t(l:le esarrfplg. (Slc2a1) NM 011400 Reverse: 3-AGGTAGTACCCGTTACGTC-
» _ Glut3 M75135 Forward: 5-TCAGCAGCTCTCTGGGATCA
Locomotor Activity Recording (Slc2a3) Reverse: 3-CCGCGTCCTTGAAGATTCC
Locomotor activity was assessed in a
selection of mice bei,onging to all 3 ex- HeK1 NM 010438 Forward: §-ACAGTGTGAAGTCGGCCTGAT-
. (Hk1) Reverse: 3-TACCTCCTTGACGCTGTGTAG-
perimental groups used to measure gly-
cemia, corticosterone, and glycogen. c-fos V00727 Forward: 5-CGGAGGAGGGAGCTGACA
Measurements were made using an in- (Fos) Reverse: 3-CTGCAACGCAGACTTCTCATCT
frared sensor placed above each cage.
These sensors detect lateral movements Primers used for qRT-PCR experiments. Each amplicon generated extends over two exons to avoid
with a magnitude greater than 1-2 cmand | genomic DNA interference.

rearing along the walls. Grooming is not
detected. Data from sensors were col-
lected and summed over a period of 15 min with the “NEPAAL”
device made by the electronic workshop of the Department of
Physiology of the Lausanne University (Switzerland). Locomo-
tor activity was recorded during the first 6 h, corresponding to
the sleep deprivation period (CTL: n = 4; MOD: n = 3; GSD:
n = 4). Visual observation of sleep deprived mice was also per-
formed during the sleep deprivation period.

Glycemia and Plasma Corticosterone Determination

Glucose concentration was determined in 10 pL of blood
using a Precision-Xtra glucometer (Abbott-Medisense, Baar,
Switzerland). After plasma was separated by centrifugation
(6000 rpm for 5 min at room temperature), it was deep frozen
at —80° until corticosterone assay. Plasma corticosterone con-
centration was determined using an EIA kit according to the
protocol provided by the supplier (Assay Designs, Ann Arbor,
USA). All samples were run on the same assay in order to avoid
inter-assay variability.

Cortical Glycogen Level Determination

Cortical samples were disrupted by sonication in 500 pL of
0.IN NaOH. Then 50 puL of homogenate was taken for protein
determination and kept at —20°C until assays were performed.
The homogenate was boiled for 10 min and centrifuged at 4°C
at 13000 rpm for 5 min. The supernatant was divided in four 50
uL aliquots which were neutralized by 50 pL of HCI 0.1N. Two
sets of two 100 uL aliquots for each sample were processed in
parallel for glycogen assay as previously described.'® Thus, 300
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pL of acetate buffer (0.1 M, pH 4.65) was added to the first set of
duplicate, and 300 pL of the same acetate buffer containing 1%
(v/v) amyloglucosidase (140 U/mL) was added to the second
set of duplicate. After incubation (30 min at room temperature)
2 mL of Tris-HCI buffer (0.1 mM, pH 8.1) containing 3.3 mM
MgCl12, 0.2 mM ATP, 25 pg/mL NADP, 0.7 U/mL hexokinase,
and 0.35 U/mL glucose-6-phosphate dehydrogenase were added
to all duplicates, and the mixture was incubated for 30 min at
room temperature. The fluorescence of the NADPH formed was
read at 340/450 nm (excitation/ emission) with a fluorometer
with an appropriate standard curve (using glucose as a standard).
The fluorescent signal in the first set of aliquots corresponds to
the amounts of glucose and glucose-6-phosphate, while the fluo-
rescent signal in the second set of aliquots corresponds to the
amounts of glycosyl units from glycogen plus glucose and glu-
cose-6-phosphate. The amount of glycogen is determined by the
difference between the 2 sets of aliquots. Protein quantity was
determined in each sample using the method of Bradford.!” The
glycogen content in cortical samples was expressed as micromol
of glycosyl units per grams of protein.

Statistics

GraphPad-Instat 3.0 or Prism 5.0 for Windows was used for the
statistical analysis. The change in gene expression was analyzed
with one-way ANOVA. Significant differences between groups
were assessed using a Dunnett #-test as post hoc test. Significance
was accepted at P <0.05. If the data within each group did not fol-
low a Gaussian distribution or if their standard deviation was too
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Figure 1—Cortical levels of mMRNAs encoding genes directly involved in
A) glycogen metabolism and B) glucose transport and phosphorylation,
measured by gRT-PCR from undisturbed animals (CTL), or sleep
deprived animals by the gentle sleep deprivation method (GSD) or by
administration of modafinil (MOD). Significant increases were observed
for PTG mRNA levels in the MOD group (145% + 13%) and in the GSD
group (161% % 16%), glycogenin mRNA levels in the GSD group (137%
+ 6%), Glut! mRNA levels in the GSD and MOD groups ([156% + 14%]
and [145% + 12%), respectively), and for Glut3 mRNA levels in MOD
group (148% + 14%). Bars represent the mean of the fold change relative
to actin mRNA levels of each group expressed as a percentage of the
mean value of the CTL group. Bars represent mean values and SEM. (n =
8 per group). **P < 0.01; *P < 0.05, comparison of MOD and GSD groups
with the CTL group; Dunnett t-test after significance in a one-way ANOVA.
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Figure 2—Cortical levels of mMRNAs encoding genes directly involved in
(A) glycogen metabolism and (B) glucose transport and phosphorylation,
measured by qRT-PCR from animals maintained awake with modafinil
administration followed by 3 h of sleep recovery (MOD-SR), from animals
that underwent a gentle sleep deprivation followed by 3 h of sleep
recovery (GSD-SR), and from undisturbed animals sacrificed at the same
time point (CTL-SR). No significant change was observed for any gene
analyzed. Bars represent the mean of the fold change relative to actin
mRNA levels of each group expressed as a percentage of the mean value
of the CTL group. Bars represent mean values and SEM (n = 8 or 7 per
group). Comparison of MOD-SR and GSD-SR groups with the CTL-SR
group: Dunnett t-test after significance in a one-way ANOVA.

different (assessed by the method of Barlett), they were statistical-
ly analyzed using the Kruskal-Wallis test (nonparametric ANO-
VA) followed by post hoc by a Dunn multiple comparisons test.
In the results section, all values are expressed as mean + SEM.

RESULTS

Sleep Deprivation

In groups tested for gene expression and GSynt activity as-
says, the mean waking duration obtained for each sleep deprived
group was: MOD 429 + 21 min, n = 12; and GSD 394 + 21 min,
n = 8. Only animals with sleep latency greater than 275 min
were selected for gene expression analysis and GSynt activity
assay. Both sleep deprivation protocols induced a large increase
in cortical c-fos gene expression: 445% + 32% in the GSD group
and 374% =+ 42% in the MOD group (P < 0.001 for CTL vs.
MOD and CTL vs. GSD, n = 8 in each group). For the sleep de-
prived animals used for glycemia, glycogen levels and locomo-

SLEEP, Vol. 33, No. 7, 2010

tor activity measurements, the mean waking durations in Mod
and GSD groups were: MOD (380 + 15 min, n = 9) and GSD
(382 £ 14 min, n = 8). In sleep recovery experiments, the mean
waking duration was 475 + 33 min (n = 7) for the MOD-SR and
475 4+ 42 min (n = 7) for the GSD-SR group. Locomotor activity
recordings indicated that time without movements corresponded
to 94% = 3% and 98% = 1% of the 3 h of sleep recovery period
for the MOD-SR and the GSD-SR groups, respectively.

Expression of Genes Related to Glycogen Metabolism

A similar profile of induction of PTG mRNA levels was
found in MOD (P < 0.05) and GSD (P < 0.01) groups in ref-
erence to the control group. Glycogenin mRNA levels were
significantly increased following GSD (P < 0.05) but not after
modafinil administration. No significant changes in the GSynt
mRNA levels were observed following modafinil administration
or GSD (Figure 1A). The GPhos mRNA levels remained un-
changed following modafinil administration or following GSD

904 Sleep and Homeostasis of Astrocyte-Neuron Metabolic Coupling—Petit et al
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Figure 3—(A) Activity of the glycogen synthase measured at the end of
the sleep deprivation period from undisturbed animals (CTL), or animals
sleep deprived by the gentle sleep deprivation method (GSD) or by
administration of modafinil (MOD). The GSynt activity was measured as
the ratio between the active form of the GSynt and the total form of the
enzyme. The ratio was significantly increased in GSD group (0.32 + 0.03)
and in MOD group (0.25 £ 0.04). Bars represent the mean of this ratio in
each group. Vertical lines represent the SEM. n = 7 in each group. **P <
0.01; *P < 0.05. The statistical significance was determined by a Dunnett
t-test after a one-way ANOVA. MOD and GSD groups were compared to
CTL group. (B) Cortical glycogen levels expressed as pmol of glycosyl
units per gram of protein. Bars represent the mean of this ratio in each
group. Vertical lines represent the SEM n = 5 for CTL and GSD groups
and n = 6 for MOD group. The statistical significance was determined by
a Kruskal-Wallis test.

(Figure 1A). The levels of mRNA encoding the glucose trans-
porter Glutl were significantly increased in the GSD (P < 0.01)
and in the MOD (P < 0.05) groups relative to the control group
(Figure 1B), whereas Glut3 mRNA levels were only induced
following modafinil administration (+48%, P < 0.01) (Figure
1B). Hexokinase 1 mRNA levels were not significantly modi-
fied by sleep deprivation protocols. After a period of 3 hours of
sleep recovery, the levels of mRNA encoding metabolic genes
exhibited no significant change relative to the circadian control
group (Figure 2).

Glycogen Synthase Activity Assay

As mentioned earlier, the GSynt @/(GSynt a + GSynt b) ratio
is an index of the activation state of the GSynt. Samples from
the same animals were used for the mRNAs and GSynt assays;
the latter were processed in duplicate (n =7 in each group). The
ratio GSynt a/(GSynt a + GSynt b) was significantly increased
by both sleep deprivation methods (Figure 3A). A significant

SLEEP, Vol. 33, No. 7, 2010

800 7

600 1

400 4+

200 1+

Locomotor activity
(arbitrary units)

04
0h00 1h00 2h00 3h00 4h00 5h00 6h00

Duration of experiement

Figure 4—Locomotor activity measured by infrared sensors during the
6 h of a separate sleep deprivation experiment. Each point represents
a mean 15-min value and SEM for each group. Diamonds: CTL group
(undisturbed control animals; n = 4), Triangles: MOD group (mice treated
with modafinil; n = 3); Squares: GSD group (mice sleep deprived by the
gentle sleep deprivation method; n = 4).

Table 2—Plasma parameters

Plasma glucose CTL GSD MOoD
mean = SEM (mM) 95+0.3 10.1+0.3 1003
Plasma corticosterone
mean = SEM (pg/mL)  44.8+3.9 945+99 (™) 41146

Plasma levels of (A) glucose and (B) corticosterone, measured at the
end of the sleep deprivation period. CTL: undisturbed animals (n = 9);
GSD: sleep deprived animals by “gentle sleep deprivation” method (n =
9 for glucose determination and n = 8 for corticosterone determination)
and MOD: sleep deprived animals by administration of modafinil (n = 9).
**P <0.01 for CTL vs GSD, Dunnett t-test after significance in a one-way
ANOVA.

increase (153% =+ 23%) was observed in the modafinil treated
mice, and a more pronounced induction (197% + 16%) was ob-
served in the GSD group (P < 0.05 and P < 0.01 for MOD vs.
CTL and GSD vs. CTL, respectively). No significant variation
in the total form of the GSynt; i.e., (GSynta + GSyntb) was
observed in either treatment.

Locomotor Activity

Asignificant increase in locomotor activity was observed fol-
lowing modafinil treatment compared to the locomotor activity
displayed by the GSD group (Kruskal-Wallis test P < 0.001)
(Figure 4). Direct visual observation of the mice after both
treatments confirmed that the increased locomotion was not due
to stereotypical or other abnormal behaviors.

Glycemia and Plasma Corticosterone

No significant effect of GSD or modafinil on glycemia was
observed at the end of the sleep deprivation period (Table 2). A
two-fold increase in plasma corticosterone concentration was
observed in the GSD group but not in the MOD group (Table 2).

Glycogen Levels
Glycogen levels were measured in the cerebral cortex. For
this brain region, a mix of samples from right and left hemi-
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spheres was used to avoid any effect of lateralization. No signif-
icant change in glycogen levels was observed following sleep
deprivation induced by either GSD or modafinil. The mean lev-
els of glycogen expressed as micromol of glycosyl units per
grams of protein were 18.6 + 2.8 in CTL group, 22.4 + 1.5 in
MOD group, and 17.7 = 2.5 in GSD group (Figure 3B).

DISCUSSION

A first conclusion of this study is the common impact of
wakefulness induced by modafinil or GSD on cortical glycogen
metabolism. Both treatments also elicited an increase in corti-
cal levels of c-fos mRNA, consistent with previous reports.'s!”

Effects of Modafinil and GSD on Plasma Corticosterone Levels
and Glycemia

The plasma corticosterone levels were not increased at the
end of the wakefulness induced by modafinil. Interestingly,
as previously reported in young and adult rats®® as well as in
mice?! submitted to a similar GSD protocol, plasma corticoste-
rone was enhanced in our gently sleep-deprived mice compared
to undisturbed ones. However, the magnitude of this increase
was moderate in comparison to the effect of an intense stressor,
such as immobilization.”! Since modafinil and GSD exerted a
similar influence on gene expression and glycogen levels, it is
unlikely that the mild stress induced by GSD was involved in
these effects. The unchanged levels of glycemia following GSD
or modafinil suggest that the parameters related to brain glyco-
gen metabolism measured here were not influenced by periph-
eral glucose concentration. These results also suggest that the
induction of glucose transporter nRNAs was likely driven by a
central signal rather than changes in circulating glucose.

Effects of Modafinil and GSD on the Expression of Genes
Encoding Glucose Transporters

Our results corroborate the increase in cortical levels of
Glutl mRNA observed after sleep deprivation or a spontaneous
waking period in the rat.?? Notably, Glut] mRNA enhancement
was observed independent of the sleep deprivation method, in-
dicating that an increase in GlutlmRNA might be part of the
metabolic response triggered by prolonged wakefulness. In-
deed, in our study, cortical Glutl and Glut3 mRNA levels were
enhanced by modafinil, while only Glutl gene expression was
increased after GSD. It has been shown that Glutl is highly
expressed at the blood brain barrier and in astrocytes, whereas
Glut3 is enriched on neuronal membranes.” This observation
suggests a specific metabolic action of modafinil at the neuro-
nal level which is of particular interest since modafinil displays
cognitive enhancing properties in sleep deprived as well as
non-sleep deprived human or animals.*** Interestingly, induc-
tion of Glutl and Glut3 mRNAs was not maintained after the
3-h sleep recovery period, suggesting that it is likely linked to
the energy need created by the sustained cortical activity asso-
ciated with prolonged wakefulness.

Effect of GSD on Cortical Glycogen Metabolism

As we have reported previously, 6 h of GSD induced an
increase in cortical PTG mRNA levels accompanied by an
increase in GSynt activity. PTG is a non-catalytic subunit of
protein phosphatase 1 that binds GSynt and GlyP and targets
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this molecular scaffold to glycogen.**?” Overexpression of PTG
in hepatocytes or in human muscle cells activates glycogen syn-
thesis through an increase in the active form of GSynt.** A
similar role in the brain is largely suggested by results obtained
in primary cultures of astrocytes.'® In the present study, GSynt
and GlyP mRNA were unaffected, while we reported a mod-
erate decrease in our initial study,” where the mRNAs levels
were assayed by Northern blot, a technique less sensitive than
the quantitative RT-PCR. Moreover, since the total form of the
GSynt reflects the quantity of this enzyme, the stability of its
level reported here is coherent with the absence of change in
the GSynt mRNA. Interestingly, glycogenin (Glgn) mRNA was
also induced by GSD, whereas modafinil administration failed
to change its mRNA levels. In skeletal muscle, Glgn mRNA and
protein increase together to facilitate glycogen resynthesis fol-
lowing prolonged intense exercise.*® Indeed, Glgn is required to
form new glycogen particles named proglycogen (Mr 400kDa),
in astrocytes.’! Thus, the induction of Glgn mRNA levels could
result in an increase in number of glycogen particles in cortical
astrocytes during GSD. As we observed for the mRNA encod-
ing the glucose transporters, the levels of mRNAs encoding
glycogen related genes returned to baseline following the sleep
recovery period subsequent to GSD. This is in agreement with
our previous observation where a similar pattern was displayed
by the GSynt activity.® Therefore, when sensorimotor activities
end, glycogen metabolism stops to be directed towards a syn-
thetic mode.

Modafinil Exerts Effects on Cortical Glycogen Metabolism
Similar to GSD

Interestingly, our results indicate that modafinil, which acts
on EEG slow wave activity in sleep in a manner similar to
GSD,*? also triggers the expression of cortical PTG mRNA and
an increase in GSynt activity. The similarity in the two wakeful-
ness-promoting manipulations on expression of certain genes
was also observed in a transcriptome analysis. Furthermore,
similarly to GSD, genes upregulated at the end of the wakeful-
ness period induced by modafinil returned to their basal levels
after 3 hours of sleep recovery. Different hypotheses have been
proposed for the wakefulness-promoting action of modafinil
including increase in serotonin or glutamate release in various
brain regions,*** activation of orexinergic neurons* and poten-
tiation of noradrenergic transmission.*® Moreover, a stimula-
tion of the dopaminergic system has been also suggested by
different studies®”* but still inconclusive concerning the exact
mechanism. As a result, it is unknown if a neuronal mechanism
involving modafinil could increase glycogenesis in astrocytes,
although the increase in noradrenergic transmission could play
this role, since noradrenaline markedly stimulates PTG mRNA
expression and glycogen levels in primary cultures of mouse
astrocytes.!04!

Changes in Energy Metabolism as a Signature of Sleep
Deprivation

At the end of the sleep deprivation period, cortical glyco-
gen levels exhibited no change in the present experiments. This
fits with results on glycogen content observed following a 6-h
gentle sleep deprivation in flies, rats, and in different strains
of mice.** Indeed, brain glycogen regulation depends on the
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time-scale that is considered. In rats, 15 minutes of sensory
stimulation induced glycogenolysis in the corresponding so-
matosensory cortex* indicating a role of astrocytic glycogen as
an energy buffer during sustained neuronal activity. One would
therefore predict that prolonging sensorimotor stimulation by
sleep deprivation should induce a massive glycogen mobiliza-
tion in the entire cortex. Contrary to this prediction, the fact that
cortical glycogen levels are unchanged following GSD suggests
that another type of regulation overrides this role for glycogen.
Indeed, in vitro studies indicate that certain neurotransmitters
such as noradrenaline, adenosine, or VIP are able, in addition
to their rapid (within seconds and minutes) glycogenolytic
action, to initiate a series of transcriptional and translational
events leading to a massive glycogen re-synthesis.*'*¢ During
wakefulness this mechanism might progressively change the
balance between synthesis and degradation of cortical glycogen
in favor of its synthesis, as suggested by the fact that highest
levels of PTG are reached at the end of the waking period.’
The unchanged cortical glycogen levels at the end of the sleep
deprivation period in the OF1 mice used here, but also in Akr
and BalbC mice,* could suggest that the increase in glycogen
synthesis balances the increase in glycogen degradation driven
by the sensorimotor stimulation evoked by wakefulness and
by sleep deprivation. Thus cortical glycogen turnover appears
to increase during sleep deprivation. This notion is consistent
with recent data reported by Morgenthaler et al. indicating an
increase in glycogen turnover rate as revealed by 13C-MRS fol-
lowing prolonged wakefulness.*’

In summary, the present study indicates that a mild sleep
deprivation (6 h) induces a specific metabolic response in the
cerebral cortex of mice, independent of the method used. This
metabolic response is characterized by an induction of the ex-
pression of Glutl and PTG genes and an increase in the activity
of GSynt. These changes constitute a coordinated mechanism
whereby the entry of glucose into the brain parenchyma can be
increased in parallel with an enhancement of the mechanisms
that favor glycogen synthesis. This metabolic response to sleep
deprivation pushes astrocytes towards a metabolic profile in
which glycogen levels are maintained constant in spite of an in-
creased glycogen turnover. Results from sleep recovery indicate
that this metabolic response is transient and parallel to sensorim-
otor activation. Altogether, results reported here would tend to
contradict the view according to which sleep serves to replenish
glycogen stores used during wakefulness. They rather suggest
that transcriptionally regulated metabolic adaptations are trig-
gered during wakefulness and by sleep deprivation which al-
low maintaining glycogen levels. This mechanism would ensure
that sufficient glycogen levels are available to meet the energetic
needs of sustained neuronal activity. At the end of wakefulness,
the metabolic profile of astrocytes is geared towards glyco-
gen resynthesis. This is consistent with observations made by
Karnowsky et al.,* showing that glycogen levels are increased
already after a period of sleep as short as 5-11 minutes. This ob-
servation could reflect the existence of a “supercompensation”
induced by the sudden loss of balance between the decrease in
neuronal activation and the metabolic process already directed
towards glycogen synthesis in astrocytes.

Based on in vitro data obtained in cultured astrocytes,*' ¢ it is
likely that the signal for such behaviorally induced changes in
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glycogen metabolism may be provided by those neurotransmit-
ters which induce massive glycogen resynthesis, namely VIP,
adenosine and noradrenaline. Interestingly these neurotransmit-
ters have been shown to play a role in sleep regulation in a
variety of experimental models.*

These results also stress the importance of astrocyte-neuron
metabolic coupling and plasticity to maintain brain energy ho-
meostasis during the sleep-waking cycle. Together with the
recent work of Halassa et al. indicating that purinergic glio-
transmission has an impact on the sleep homeostasis,* these
results suggest that astrocytes could play a important role in the
regulation of the sleep-wake cycle through their direct action
on synaptic plasticity mechanisms and their role on energy me-
tabolism accompanying them. Finally, the induction of GLUT3
mRNA, which is exclusively expressed in neurons, points to an
additional cellular target in modafinil-mediated wakefulness.
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