GENES REGULATED IN CORTICAL ASTROCYTES FOLLOWING SLEEP DEPRIVATION IN MICE
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Study Objectives: There is growing evidence indicating that in order to meet the neuronal energy demands, astrocytes provide lactate as an energy
substrate for neurons through a mechanism called “astrocyte-neuron lactate shuttle” (ANLS). Since neuronal activity changes dramatically during
vigilance states, we hypothesized that the ANLS may be regulated during the sleep-wake cycle. To test this hypothesis we investigated the expression
of genes associated with the ANLS specifically in astrocytes following sleep deprivation. Astrocytes were purified by fluorescence-activated cell
sorting from transgenic mice expressing the green fluorescent protein (GFP) under the control of the human astrocytic GFAP-promoter.

Design: 6-hour instrumental sleep deprivation (TSD).

Setting: Animal sleep research laboratory.

Participants: Young (P23-P27) FVB/N-Tg (GFAP-GFP) 14Mes/J (Tg) mice of both sexes and 7-8 week male Tg and FVB/N;j mice.
Interventions: Basal sleep recordings and sleep deprivation achieved using a modified cage where animals were gently forced to move.
Measurements and Results: Since Tg and FVB/Nj mice displayed a similar sleep-wake pattern, we performed a TSD in young Tg mice. Total
RNAwas extracted from the GFP-positive and GFP-negative cells sorted from cerebral cortex. Quantitative RT-PCR analysis showed that levels of
Glut1, a-2-Na/K pump, Glt1, and Ldha mRNAs were significantly increased following TSD in GFP-positive cells. In GFP-negative cells, a tendency
to increase, although not significant, was observed for Ldha, Mct2, and a-3-Na/K pump mRNAs.

Conclusions: This study shows that TSD induces the expression of genes associated with ANLS specifically in astrocytes, underlying the important

role of astrocytes in the maintenance of the neuro-metabolic coupling across the sleep-wake cycle.
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INTRODUCTION

During the last decade a growing body of evidence has
revealed the critical role of astrocytes in brain function'?
and has shed light on their specific role in neuro-metabolic
coupling.* The role of astrocytes in neuro-metabolic coupling is
supported by their anatomical features, whereby their end-feet
wrap the blood capillaries while other processes ensheath the
pre- and post-synaptic elements of the neuropil. Considering
this specific anatomical organization, it is likely that astro-
cytes are ideally suited to provide energy to neuronal cells and
to couple energy to neuronal activity. In this context, experi-
mental evidence supports the view that astrocytes can rapidly
modulate energy substrate production through the mobilization
of glycogen, and the activation of the “astrocyte-neuron lactate
shuttle” (ANLS).>7

Brain glycogen is rapidly mobilized by focal activation® in
order to provide glucose-6-phosphate that subsequently enters
glycolysis to produce ATP. According to the ANLS hypoth-
esis, astrocytic glycolysis is coupled to neuronal activity via
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glutamate uptake and subsequent activation of the Na/K-
ATPase a-2 subunit.*’® The observations that lactate produc-
tion is increased in response to neuronal stimulation'®'" and
that neurons possess inward lactate transport system'? support
the use of lactate as an alternative energy substrate by neurons
during sustained activation. Previous studies have shown that
glycogen mobilization leads to a net production of lactate by
astrocytes.'!* Lactate generated from glycogen breakdown
can be used as fuel by neuronal cells in vitro® and in vivo. In
this regard, glycogen-derived lactate has been shown to be
necessary for the establishment of long-term potentiation and
long-term memory.'¢

During the sleep period, neuronal activity pattern changes
throughout the cortex as assessed by EEG recordings.!” The
decreased neuronal activity is accompanied by a reduction in
global glucose utilization (about 20% to 40% relative to the wake
period) during slow wave sleep stages.'®!'” However, neuronal
activity and glucose consumption increase dramatically during
paradoxical sleep episodes to reach levels higher than those
observed during wakefulness.?® Because of their central role in
coupling neuronal activity to glucose utilization, it is likely that
astrocytic mechanisms that are involved in the neuro-metabolic
coupling are regulated during the sleep-wake cycle.

In a previous study, we found that a 6-hour sleep deprivation
increases glycogen synthase activity and mRNA levels of protein
targeting to glycogen (PTG or Ppplr3c),”' a protein involved
in the synthesis of glycogen. In addition, using a pharmaco-
logical approach to induce sleep deprivation, we showed that
these transcriptional and enzymatic regulations set the cortical
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Figure 1—Schematic representation of the experimental procedure. Animals were habituated for 2-3 days in the CaResS device before sleep deprivation.
After 6 h of sleep deprivation, mice were sacrificed by decapitation and cerebral cortices were dissociated. Cell suspension was purified by FACS in
2 populations: GFP-positive/Pl-negative cells and GFP-negative/Pl-negative cells, based on sequential gating of size, viability (P! fluorescence or y-axis on
the graph), and GFAP-GFP fluorescence (x-axis on the graph), where small dots represent sorted events (=cells). RNA samples from 3 animals were pooled
to obtain sufficient RNA for one replicate, and 5 replicates per experimental group were used to quantify mRNA levels. FACS, fluorescence activated cell
sorting; GFP+ cells, green fluorescent protein expressing cells; GFP- cells, cells that do not express green fluorescent protein; P, propidium iodide.
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glycogen metabolism in a “synthetic mode” that preserves
cortical glycogen levels.”? Since cortical glycogen metabolism
is restricted to glial cells, these results indicate that astrocytic
energy metabolism is regulated by the vigilance states. Gene
expression analysis has been previously used to identify a large
number of genes that are regulated in sleep deprived animals.?*
Among those, a substantial number of genes related to energy
metabolism were found to be up-regulated such as Glutl, the
subunit 1 of cytochrome C oxidase and PTG. However, these
studies did not provide anatomical and cell-type specificity
regarding the expression of the regulated genes.

Generation of transgenic mice that express a fluorescent
protein under the control of astrocyte-specific promoter,?-*
combined with fluorescence-activated cell sorting (FACS)
allows the isolation of cellular fractions highly enriched in astro-
cytes.”*® This experimental strategy has been used to analyze
the astrocytic transcriptome in physiological and pathological
conditions.””? Using this approach, we investigated the regu-
lation of genes encoding molecules involved in the ANLS
in response to a short-term sleep deprivation. To this aim, we
used a newly engineered device (named “CaResS”) designed to
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reduce the stress associated with the sleep-deprivation proce-
dure. Once we established that transgenic mice displayed
similar sleep parameters compared to wild type mice, we exam-
ined the expression of a particular set of astrocyte-specific genes
encoding proteins involved in the ANLS. These genes included
the glutamate transporter 1 (GLT1), the a-2 and a-3 subunits of
the Na/K-ATPase, the A and B forms of the lactate dehydroge-
nase (LDH-A and LDH-B), the monocarboxylate transporters
type 1 (MCT1) and type 2 (MCT2), as well as the glucose trans-
porters 1 and 3 (GLUT1 and GLUT3). Here, we report that a
subset of ANLS-related genes is specifically regulated by sleep
deprivation in astrocytes, supporting the role of astrocytes in
neuro-metabolic coupling associated with vigilance states.

MATERIALS AND METHODS
In Figure 1 is shown a schematic summary of the experi-
mental procedure.

Animals
Transgenic FVB/N-Tg(GFAP-GFP)14Mes/J mice (The
Jackson Laboratory, Bar Harbor, ME) (Tg) expressing the green
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fluorescent protein (GFP) under the control of the human-GFAP
promoter” and wild-type FVB/Nj mice (Wt) (Charles River,
Saint-Germain-sur-1’Arbresle, France) were housed in standard
conditions (light-dark cycle: 12h/12h, temperature: 23 + 1°C,
humidity: 50% + 10%) with food and water ad libitum. The
determination of the sleep-wake patterns of the Tg and Wt
mice were obtained from young adults (7-8 weeks). Tran-
scriptomic analysis of cells obtained by FACS was performed
on post-weaned Tg mice. In this last experiment, mice from
the same litter were isolated (at P20-P23) in “CaResS” cages
and genotyped. After 3-4 days of habituation, 2 Tg littermates
were randomly assigned to sleep deprivation or control groups.
Experiments were performed with juvenile (P23-P27) trans-
genic mice of both sexes. All experiments were performed under
the approval of the Veterinary Service of the Canton de Vaud and
were in accordance with the EEC directive (86/609/EEC).

Sleep Deprivation with the “CaResS” Device

A 6-h sleep deprivation, starting with the onset of the light
period (ZTO for zeitgeber time = 0), was performed using
a homemade device named CaResS (acronym for Cage for
Restriction of Sleep).®® This device has been specifically
designed to diminish sleep deprivation-induced stress.*' Briefly,
CaResS consists of a cylindrical Plexiglas cage (30 cm diameter)
with inner radial walls and a mobile circular floor covered with
bedding. To achieve sleep deprivation, the slow rotation of the
floor (increasing gradually from 1.5 to 2.5 rpm to compensate for
increasing sleep pressure) moves the mouse into contact with the
walls and wakes it up. Control animals were maintained similarly
in CaResS but without rotation of the floor. Mice had free access
to food and water throughout the sleep deprivation protocol.

The efficiency of the device to achieve TSD was tested on
adult Wt and Tg mice equipped for EEG and EMG recordings.

Sleep-Wake Patterns and Sleep Homeostasis in Adult Tg Mice
To determine whether the basal sleep-wake parameters were
modified by the transgene insertion, Tg and Wt mice (Tg male,
n =7, Wt male, n = 6) were implanted for EEG and EMG
recordings 3 weeks before the experiments. Briefly, anes-
thesia was induced with isoflurane 4% and maintained with
a cocktail of Xylazine 8% and Ketamine 9% (10 uL/g i.p).
The skull was drilled to insert 2 gold-covered screws used as
EEG electrodes over the frontal (bregma +1.5 mm and +1 mm
laterally) and parietal cortex (bregma -3 mm and +1 mm later-
ally), respectively. One additional screw was inserted for
implant anchorage. Two gold wire electrodes were placed
into the nuchal muscles for EMG recordings. The EEG and
EMG electrodes were then soldered to a connector and covered
with dental cement (Paladur). Mice were let to recover indi-
vidually in a CaResS cage for one week and then plugged to a
swivel connected-wire to allow free movement of the animal.
The EEG/EMG signals were recorded and digitalized with an
Embla A10 amplifier (Medcare, USA) sampled at 100 Hz and
filtered between 0.5 and 50 Hz. Using the Somnologica soft-
ware (Medcare, USA), 4-sec epochs of the EEG/EMG were
visually scored in 3 vigilance states (wakefulness [W], slow
wave sleep [SWS], and paradoxical sleep [PS]) according to
classical criteria.’*®> Finally, vigilance state parameters were
recorded during 2 periods of 24 h separated by a 1-week
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interval and were averaged over 12-h light and dark periods.
To evaluate the sleep homeostatic regulation in the Tg mice,
we also recorded the vigilance states during the 6-h TSD and
4 h after the end of TSD. Results were obtained from two TSD
sessions performed at 10-day intervals.

Spectral analysis of the EEG signal was performed (i) for
SWS and PS in baseline conditions from ZTO0 to ZT12 (light
period), and (ii) for SWS during the 4 h following the TSD
(ZT6-ZT10) to assess the rebound of slow wave activity
(SWA), the main marker of the sleep homeostasis. Briefly,
after discarding epochs with artifacts, remaining SWS epochs
were Fourier transformed (FFT) using MATLAB (MathWorks
Inc., Natick, USA) embedded FFT function and personalized
routines. For baseline power spectrum analysis, individual
FFT values of 0.25 Hz bins (from 0.25-40 Hz) calculated from
the SWS- and PS-EEG of each mouse, were expressed as a
percentage of the total power of the vigilance state during the
period of analysis (ZT0-ZT12). These values were then aver-
aged by group (Tg and Wt). For the SWA rebound determina-
tion, the power spectrum of each 0.25-Hz bin of the SWS-EEG
of the recovery period was summed from 0.5 Hz to 4 Hz (delta
activity), normalized by the number of SWS epochs, and was
expressed as percentage of the SWA corresponding to the same
baseline period (ZT6-ZT10) in Wt as well as in Tg mice.

Locomotor Activity Recordings of Young Tg Mice during TSD
Since electrodes implantation was not compatible with
the use of recently weaned mice, we performed locomotor
activity recordings in 10 animals in each group, to assess the
sleep deprivation efficacy and reproducibility in weaned Tg
mice used for gene expression analysis. To this aim, infrared
sensors were fixed above CaResS cage. These sensors detected
rearing and lateral movements with a magnitude > 1-2 cm;
neither grooming nor small movements were detected. Data
were collected through a homemade interface and recorded by
bins of 1 min on a computer. On the basis of previous visual
observations of young mice, a bin value superior to 10 (arbi-
trary units) can be considered equivalent to a period of 1 min
wakefulness. The bins where activity values were above this
threshold were summed over a period of 6 h from ZTO (i.e.,
the beginning of the sleep deprivation period). For more accu-
rate activity analysis, raw data from sleep deprived and control
animals were pooled over 15min periods throughout TSD.

Stress Assessment in Young Tg Mice for TSD

We assessed the stress level of CTL and TSD animals by
measuring plasma glucocorticoid levels at the end of the sleep
deprivation period. When animals were sacrificed (see below),
the trunk blood was collected in heparinized tubes (microvette,
Sarstedt, Niimbrecht, Germany) and centrifuged to sepa-
rate plasma. Glucocorticoid levels were determined using a
commercial kit according to the manufacturer’s instructions
(Corticosterone Enzyme Immunoassay Kit, Assay Designs,
LuBioScience, Lucerne, Switzerland).

Cell Dissociation

Each mouse was deeply anesthetized with isoflurane (Attane,
Minrad, USA) and killed by decapitation. The brain was rapidly
removed, and the cerebral cortex was dissected out and placed
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in cold modified Hank’s balanced salt solution (mHBSS)
consisting of calcium- and magnesium-free HBSS (Gibco, Invi-
trogen, USA) containing 25 mM D-glucose and 10 mM HEPES
buffer (pH 7.4). The cerebral cortex was cut into small pieces
(1x1 mm) under a binocular microscope and enzymatically
digested for 45 min at 37°C under gentle agitation in mHBSS
containing 20 U/mL papain (Worthington, Lakewood, USA),
0.12 mg/mL L-cysteine (Sigma, Buchs, Switzerland), and 1 U/
mL DNase I. After quenching the papain for 5 min with the
addition of 1/10 volume fetal calf serum containing 1% bovine
serum albumin, the tissue was centrifuged for 2 min at 200 g
and then gently triturated in 1.5 mL of cold mHBSS solution
by 8 to 10 passages through a 1-mL pipette tip. Three mL of
mHBSS were added, and undissociated tissue was allowed to
sediment for 3 min. The supernatant was collected in a sepa-
rate tube containing 0.1 mL of DNase-I solution. The trituration
procedure was repeated 3 times. The cell suspension was then
centrifuged for 8 min at 500 g. The pellet was resuspended in
2 mL of mHBSS, and cell clusters and debris were removed
by filtration through a 40-um cell strainer (Falcon, BD Biosci-
ences, Allschwil, Switzerland). Finally, 2 pL of propidium
iodide (Fluka, Buchs, Switzerland), a fluorescent cell death
indicator, were added to the cell suspension. Approximately
5,000-10,000 living GFP-positive cells were usually obtained
using this procedure.

Fluorescence Activated Cell Sorting (FACS)

Astrocytes were sorted on a FACS Vantage SE (Becton Dick-
inson) equipped with a Coherent Enterprise laser (Mountain
View, CA), simultaneously emitting at 360 nm and at 488 nm,
and a Coherent Helium-Neon emitting at 630 nm. Dissociated
cells from wild-type FVB/N mice were used to assess fluores-
cence background. The data were collected and analyzed using
FACS-Diva Software (Becton Dickinson). Dissociated cells
were harvested in 100-150 pL of lysis buffer (RNAaqueous
micro, Ambion, Austin, USA) and frozen at -80°C.

RNA Extraction

Samples were homogenized and total RNA was extracted
according to the manufacturer’s protocol (RNAaqueous
micro, Ambion, Austin, USA). The purity and integrity of
RNA from each sample were analyzed using picochips on an
Agilent 2100 bioanalyzer (Agilent Technologies, Waldbronn,
Germany).

Gene Expression

After reverse transcription with the SuperScript VILO cDNA
synthesis kit (Invitrogen, USA), 1.5 pL cDNA (1:10) was
amplified with 3.5 pL primers (300 nM) and 5 pL 2x Power
SYBR Green MasterMix (Applied Biosystems, Foster City,
USA) in a 384-well plate using the 7900HT Fast Real-Time
PCR system, (Applied Biosystems). Data were computed using
the sequence detector software SDS 2.3 (Applied Biosystems).
For the analysis of mRNA levels of cell markers enrichment
and of proteins involved in ANLS in the different cell fractions,
a pool of 4 animals sacrificed at ZT6 was used. For sleep depri-
vation experiments, GFP-positive cells from three different
animals of the same experimental group (CTL or TSD) were
pooled to obtain sufficient amount of RNA without performing
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further RNA amplification. In parallel, GFP-negative cells
were similarly processed. All samples were analyzed in tripli-
cates and the expression level of target genes was normalized
to B-actin level according to geNorm software (version 3.3;
http://medgen.ugent.be/~jvdesomp/genorm/). For the charac-
terization of each fraction, the enrichment corresponds to the
level of expression of each marker in the GFP-positive fraction
compared to that in the GFP-negative fraction expressed as fold
change. Primers in Table 1 were designed using the web-based
software Primer Express 3.0 (Applied Biosystems, Foster City,
USA) and synthesized by Microsynth (Belgach, Switzerland).
Whenever possible, amplicons were chosen over an exon/exon
junction to avoid amplification of residual genomic DNA.

Statistical Analysis

For the sleep-wake pattern of Tg mice, sleep parameters
were analyzed using an unpaired t-test or Mann-Whitney test
when samples distribution did not fit a Gaussian distribution
(Table 2). Statistical analysis of the total power spectrum during
baseline conditions was made using a repeated measures two-way
ANOVA (RM ANOVA) followed by a Bonferroni post-hoc-test.
The rebounds of SWS length and SWA following TSD were
tested using an unpaired t-test and a Mann-Whitney test, respec-
tively. All sleep data are shown as mean = SEM. Five CTL and
TSD samples (n = 15 in each group), consisting of pools of RNA
from 3 animals, were used for gene expression analysis. Gene
expression values are expressed as percentage of the CTL group
and are shown as mean = SEM. Comparison of gene expression
levels between the 2 experimental groups were performed using
a nonparametric Mann-Whitney test. For glucocorticoids levels,
statistical analysis was performed with an unpaired t-test. A P
value < 0.05 was considered statistically significant in all tests
used.

RESULTS

Basal Sleep-Wake Parameters and Sleep Homeostasis in Adult
Tg Mice

No change in classical features of EEG and EMG was
observed in Tg mice compared to Wt mice or C57BL6/j strain.
During the dark period, Tg and Wt mice displayed comparable
amount of wakefulness, slow wave sleep, and paradoxical sleep
(Wake: 56.4% + 3.0% in Tg and 53.7% =+ 4.3% in Wt; SWS:
38.5% + 3.0% in Tg and 41.8% =+ 3.7% in Wt, PS: 5.1% £ 0.5%
in Tg and 4.5% + 0.6% in Wt) (Table 2). No difference in the
number and duration of episodes for each state was observed,
except for the mean duration of the PS episodes. During the light
period, Tg and Wt mice also displayed similar amounts of vigi-
lance states (Wake: 43.4% + 2.5% in Tg and 49.2% + 2.0% in
Wt; SWS: 50.0% + 2.2% in Tg and 45.2% + 1.6% in Wt, PS:
6.6% + 0.5% in Tg and 5.6% =+ 0.6% in Wt) (Table 2). Interest-
ingly, during this period, Tg mice exhibited significant increases
in the number of wakeful, slow wave sleep, and paradoxical
sleep episodes (Mann-Whitney test, P = 0.042; P = 0.042, and
P = 0.029, respectively) as well as in the mean duration of
episodes for wakefulness and paradoxical sleep (Mann-Whitney
test, P = 0.024 and P = 0.006, respectively; Table 2). According
to this sleep fragmentation, Tg mice displayed a significant
decrease in the low-frequency ranges between 1 Hz and 2.75 Hz
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Table 1
Name Usual name and abbreviation Access n° Forward and Reverse primers
Actb Actin, beta NM_007393.3 Forward: 5-GCTTCTTTGCAGCTCCTTCGT-
Reverse: 3-ATATCGTCATCCATGGCGAAC-
Aldh11 Aldehyde dehydrogenase 1 family, member L1 NM_027406 Forward: 5-ATTCCCAAGGGTGTGGTCAA-
Reverse: 3-CTCACATCAGGGTGGTCTGAGA-
Aldoc Aldolase C, fructose-bisphosphate NM_009657.3 Forward: 5-GTCCGCACCATCCAGGATAA-
Reverse: 3-CCGTCGGTCCCAGCTAGAG -
Atp1a2 ATPase, Na+/K+ transporting, alpha 2sub-unit NM_178405.3 Forward: 5'-GAGACGCGCAATATCTGTTTCTT -
Reverse: 3-ACCTGTGGCAATCACAATGC -
Atp1a3 ATPase, Na+/K+ transporting, alpha 3sub-unit NM_144921.1 Forward: 5'- AATCCTTTGCTTCCTGGCCTAT-
Reverse: 3-ACTATGCCCAGGTACAGATTGTCA-
Gfap Glial fibrillary acidic protein, transcript variant 1 NM_001131020.1 Forward: 5-ACAGCGGCCCTGAGAGAGAT-
Reverse: 3-ACTCCTCTGTCTCTTGCATGTTACT-
Mag Myelin-associated glycoprotein NM_010758.2 Forward: 5-CTGTACAGCCCCGAATTCAGA-
Reverse: 3-CAGTGACAATCCCGGGTAGAG-
Mbp Myelin basic protein NM_001025251.2 Forward: 5-TGCCCTCCAGTGTGACTGAA-
Reverse: 3-GGTGCTTCTGTCCAGCCATAC-
Ppp1r3c Protein phosphatase 1, regulatory subunit 3C or NM_016854.2 Forward: 5-TGCCTCTCGGTCCAATGAG-
Protein targeting to glycogen (PTG). Reverse: 3-AACTGTTCAAGGCAGTACGG-
Ptprc Protein tyrosine phosphatase, receptor type, C or Cd45 NM_001111316.1 Forward: 5-GAAGAAGAGAGATCCACCCAGTGA-
Reverse: 3'- TGTGTCCTCCAACTCCTGTATGA-
Slc1a2 Glutamate transporter type 1 (GLT1) NM_001077514.3 Forward: 5-ACGTCTTAGGTCTGATCGGATTCT-
Reverse: 3-CACCATCAGCTTGGCCTGTT-
Slc2a1 Glucose transporter type 1 (GLUT1) NM_011400.3 Forward: 5-CCAGCTGGGAATCGTGGTT -
Reverse: 3-CTGCATTGCCCATGATGGA -
Snap25 Synaptosomal-associated protein 25 NM_011428.3 Forward: 5-GACACCCAGAATCGCCAGAT-
Reverse: 3-CGTTGGTTGGCTTCATCAATT-
Syt1 Synaptotagmin | NM_009306.2 Forward: 5-GGAGGGAAGAACGCCATTAAC-
Reverse: 3-TCTCCATCAGTCAGTCCAGTTTCA-
Tnf Tumor necrosis factor-alpha NM_013693 Forward: 5'-AGGGATGAGAAGTTCCCAAATG-
Reverse: 3-CTTGTCACTCGAATTTTGAGAAG-

(P<0.001 from 1-2.5 Hzand P<0.01 from 2.5-2.75 Hz, n=6) for
SWS (Figure 2A) compared to the Wt mice values over the 12-h
light period. A decreased theta frequency peak (5.75-7.75 Hz)
(P < 0.001 from 5.75-7.5Hz and P < 0.05 from 7.5-7.75 Hz,
n = 6) was also observed for PS in the Tg mice (Figure 2B).
Following a 6-h TSD, a significant and similar increase in SWS
length was present in Wt mice (+26.5+9.2 min, P=0.017,n=8)
and in Tg mice (+26 + 6.2 min, P = 0.0008, n = 8) during the 4h
of recovery (Figure 3B). As expected, SWA was also increased
following TSD in Wt (+110 £ 15%, P = 0.079, n = 5) and Tg
mice (+96% = 18%, P = 0.002, n = 6), but only for the first two
hours following TSD. From ZT8 to ZT10, only a non-signif-
icant residual increase was still present in Wt (+20% + 16%,
P=0.309, n = 5) and Tg mice (+25% =+ 14%, P =0.180, n = 6)
(Figure 3C).

Validation of Sleep Deprivation by CaResS Device

In mice equipped for EEG/EMG recordings, activation of the
CaResS device for 6 h induced an almost complete sleep loss in
Wt and Tg mice (respectively, 97.8% + 1.1% and 99.2% =+ 0.4%
of the TSD period spent in waking; Figure 3A). As expected, a
rebound of SWS length and SWA occurred following TSD in
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both Wt and Tg mice (see Figure 3B and 3C). Although younger
mice (P24-P28) display a more pronounced sleep pressure, these
data provide evidence that our instrumental method induces a
“real” TSD of 6 h, challenging the homeostatic sleep regulation.

Sleep Deprivation Assessment in Tg Mice Used for Gene
Expression Analysis

In young animals used for FACS-based cell purification, the
sleep deprivation efficiency induced by CaResS device was
assessed by locomotor activity recordings. Our data indicate
that sleep deprived animals displayed an active waking during
73.5% +3.6% of the total sleep deprivation time, whereas control
animals were only active during 22.8% =+ 3.7% of the same 6-h
period (Figure 4B). When compared with the EEG data obtained
with older Tg and Wt mice (see above), locomotor recordings
underestimate the wakefulness period of =90 min for 6 h of
TSD. Therefore, since activity recordings cannot discriminate
between sleep and quiet waking, these data indicate that animals
from the TSD group were subjected to a minimum of 4.4 h of
effective sleep deprivation reflected by an active waking.

In particular, the distribution of the locomotor activity
analyzed by epoch of 15 min (Figure 4C) indicates that activity
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Table 2 expression levels of specific markers

selected on the basis of previous tran-

w scriptomic profiling studies.’”*® For

Total duration Episode number Mean duration of episodes astrocyte markers, we assessed (in

Dark Wt 406.30 + 21.85 65.25+ 7.00 6.54 £ 0.92 addition to GFAP) the expression of
Dark Tg 386.84 + 30.64 96.00 + 12.42 470+1.28 .

P value 0548 0.092 0338 genes enco.dlng aldehyde dehydroge-

nase 1 family, member L1 (Aldhl1ll),

Light Wt 354.37 £ 15.67 66.25 + 6.58 551047 and glycolytic enzyme aldolase C

Light Tg 312.60 £ 1*8.24 99.86 £ 9*.38 335+ 0*.45 (Aldoc). Genes encoding proteins of

P value 0.315 0.042 0.024 the myelin-related metabolism such

SWS as the myelin associated glycoprotein

Total duration Episode number ~ Mean duration of episodes (Mag) and the myelin-binding protein

Dark Wt 277.10 £ 21.44 67.75 + 6.66 4194040 (Mbp) were used as oligodendrocyte

Dark Tg 300.86 + 26.69 96.14 + 12.36 3.25+0.24 markers. The neuronal fraction was

P value 0.44 0.116 0.126 evaluated by analyzing synaptophysin

Light Wt 325.50 + 11.20 68.25 + 4.94 4.89+048 (Synl) and synaptosomal-associated

Light Tg 359.88 + 16.18 101.14 + 9.46 3.73+0.36 protein 25 (Snap25) mRNA levels.

P value 0.164* 0.042* 0.164* Finally, the fraction of microglial

cells was examined by measuring

PS mRNA levels of the protein tyrosine

Total duration Episode number Mean duration of episodes phosphatase receptor type C (Ptprc

Dark Wt 36.60 + 3.46 26.25+1.18 140:£0.12 also known as Cd45) and of the tumor

Dark Tg 32.28+4.25 29.71 % 4*.56 111+ 0;04 necrosis factor alpha (TNF-0). As

Pvalue 0.902 0.272 0008 shown in Figure 5, astrocyte markers

Light Wt 4013+ 451 29.00+3.12 138+ 0.02 were highly enriched in the GFP-

t'%gtll;? 47'%2'; 53*'31 44'?02;*'99 1'%?0%3;04 positive cell fraction, Whgre their

level reached a 10-50 fold increase.

. . In contrast, mRNA levels of the oligo-

Mann Whitney test. dendrocyte, neuronal and microglial

decreases in the second part of the sleep deprivation period.
However, comparisons between the first epoch of 15 min (ZTO0-
ZT0.25) when the activity is maximum, and the other epochs
revealed that only the last epoch (ZT5.75-ZT6) displayed a
significant lower activity level (one-way ANOVA [F,; 14, = 1.69,
P < 0.05], followed by a Bonferroni multiple comparison test,
P <0.01). This suggests that young mice displayed a sustained
activity level throughout the five 5 h of sleep deprivation.

Stress Assessment in Tg Mice Used for Gene Expression
Analysis

At the end of the sleep deprivation period, we assessed
corticosterone levels in plasma of CTL and TSD animals as an
increase in glucocorticoid levels is a reliable marker of stress.
To prevent stress-related changes in gene expression, animals
whose corticosterone plasma levels were > 20 pg/dL, which
corresponds to the maximum of basal level at ZT6,%3* were
not included in the study. Only 3 out of 19 Ctl animals and
4 out of 20 TSD animals were discarded due to elevated plasma
corticosterone levels. In selected mice, no difference in plasma
glucocorticoid levels was observed between CTL and TSD
groups (6.25 = 1.35 pg/dL vs 5.79 + 1.14 ng/dL, respectively,
Figure 4A). These results validate CaResS as a low-stress
device for sleep deprivation.

Astrocytes Enrichment in GFP-Positive Cells
The enrichment by FACS of various brain cell types present
in the cerebral cortex was assessed by measuring mRNA
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markers were more abundant in the
GFP-negative cell fraction. Thus, a 5-
to 20-fold increase in the non-astrocyte markers was measured
in the GFP-negative cell fraction.

Levels of Expression of Genes Related to the ANLS in the GFP-
Positive and GFP-Negative Cell Fractions

The mRNA levels of genes involved in the ANLS were
examined in GFP-positive and GFP-negative cell fractions
(Figure 6). Consistent with the astrocytic expression of these
proteins, mRNA levels of the glutamate transporter GLT1 and
of the a2 subunit of the Na/K ATPase are increased in the GFP-
positive cell fraction by 16- and 19-fold, respectively. The
mRNA levels of the A and B forms of the LDH were also more
abundant, although to a lesser extent, in the GFP-positive cell
fraction. In contrast, mRNA levels of MCT1 and GLUT1 were
similar in both cell fractions.

Validation of Transcriptional Effects of Sleep Deprivation
Protein targeting to glycogen is a protein enriched in astro-
cytes,” known to be up-regulated after sleep deprivation.?'?
To validate the identification of genes regulated by sleep depri-
vation in GFP-positive cells purified by FACS, we examined
the expression levels of PTG mRNA in GFP-positive cells. In
agreement with previous results,”'* we found a 37.1% + 7%
(P <0.05) increase in PTG mRNA expression after TSD in the
GFP-positive cell fraction (Figure 7). Since the number of GFP-
positive cells is related to the activity of the hGFAP promoter,
we verified that GFAP mRNA levels were not modified by the
TSD procedure. Our data revealed that neither the number of
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Figure 2—(A) Relative SWS EEG power spectrum expressed as
percentage of the mean of the total power from 0.5 to 40 Hz (0, 25 Hz bins)
in young adult Wt mice (n =5, gray line) and Tg mice (n = 6, black line)
over the light period (ZT0-ZT12). (B) Relative PS EEG power spectrum
expressed as percentage of the mean of the total power from 0.5 to 40 Hz
(0, 25 Hz bins) in Wt group (n =5, gray line) and Tg group (n = 6, black line)
over the light period (ZT0-ZT12). For each panel, data were expressed
as mean + SEM. Horizontal bars at the bottom indicate frequency bands
where a significant difference was observed (*P < 0.05, ***P < 0.001).

GFP-positive cells (6,140 + 1,440 vs 6,650 = 1,060 for CTL
and TSD groups, respectively; n = 15 in each group, P =0.777,
t-test), nor the GFAP mRNA levels (+5% + 29.1%) were regu-
lated by sleep deprivation.

Expression of Genes Involved in the ANLS in GFP-positive and
GFP-negative Cell Fractions after Sleep Deprivation

Eight different genes directly involved in the ANLS were
tested in GFP-positive and GFP-negative cell fractions. Since
levels of expression of these genes are very different in both
cell fractions, results are expressed in percentage of the control
group (Figure 8). In the GFP-positive cell fraction, 4 of the
8 genes involved in the ANLS were significantly up-regulated
at the mRNA level. These genes encode Ldha (+21.1% £ 5.7%,
P < 0.05), GLUTI (+28.4% + 5.6%, P < 0.05), a2 subunit
of Na-K ATPase (+32.1% = 6.1%, P < 0.05), and GLT1
(+32.1% =+ 10.8%, P < 0.05). In contrast, mRNA levels of
Ldhb and MCT1 did not show significant differences between
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Figure 3—(A) Hourly SWS and PS duration during 6-h sleep deprivation
achieved with the CaResS device in young adult Wt and Tg mice. Sleep
durations are expressed as percentages of 60-min recordings. The gray
shaded area shows the CaResS activation period (6 h). Values are the
mean = SEM, n = 6 for Wt group and n = 8 for Tg group. (B) Total length
of SWS in minutes from ZT6 to ZT10 in baseline conditions and after 6-h
TSD (beginning at ZT0) in young adult Wt mice (n = 8, white and white
shaded bars) and Tg mice (n = 8, gray and gray shaded bars). Rebound
in each group was statistically significant (**P < 0.01, ***P < 0.001).
(C) Slow wave activity (SWA) of SWS following 6-h TSD expressed as
percentages of the baseline conditions from ZT6 to ZT8 (left part of the
panel) and from ZT8 to ZT10 (right part of the panel) in young adult Wt
mice (n = 5, white and white shaded bars) and Tg mice (n = 6, gray and
gray shaded bars). Data are expressed as the mean + SEM. Rebound in
each group was statistically significant from ZT6 to ZT8 (**P < 0.01) but
not from ZT8 to ZT10 (ns: not statistically significant).
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Figure 4—(A) Plasma glucocorticoid levels in control (CTL) and sleep deprived (TSD) P23-P27 Tg mice. Samples with values = 20 pg/dL were not included
in the analysis. No significant difference between groups was observed (P = 0.712, t test). The horizontal bold line represents mean, vertical intervals
correspond to SEM, n = 15 in each group. (B) Locomotor activity periods recorded by infrared sensors in the same groups to assess the homogeneity of the
TSD in P23-P27 Tg mice. The horizontal bold line represents mean, vertical intervals correspond to SEM, n = 10 in each group. (C) Pattern of locomotor
activity by 15-min bins throughout the sleep deprivation period (from ZT0 to ZT6) in the same 2 groups of mice used in panel B. Data expressed as
mean + SEM. In TSD group, each value was compared to the maximum value obtained between ZT0-ZT0.25 (first bar on the left). Significant difference was
present only for the last period from ZT5.75 to ZT6 (**P < 0.01).

GFP-positive and GFP-negative cell fractions (+0.2% + 5.6%
and +16.3% = 7.7%, with P=1.00 and P =0.151, respectively).
The mRNA levels of genes involved in the ANLS in the GFP-
negative cell fraction displayed no significant changes, although
a trend for higher mRNA levels was detected after TSD for Ldha
(+29.8% + 18.5%, P=10.222), Ldhb (+9.8% =+ 5.8%, P=0.095),
MCT2 (+26.9% + 26.6%, P = 0.548), and a3 subunit of Na-K
ATPase (Atpla3) (+28.2% + 27.2%, P = 0.690). Interestingly,
GLUT1 mRNA levels in the GFP-negative cell fraction exhib-
ited no change (-1.3% + 17.4%, P =1.00) while GLUT1 mRNA
levels were up-regulated in the GFP-positive cell fraction.

DISCUSSION

This study provides direct evidence that acute sleep depri-
vation induces transcriptional regulation of genes related to
ANLS in astrocytes. This was achieved by the use of (i) the
CaResS device designed to induce sleep deprivation in mice
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with reduced stress level, thus allowing to investigate transcrip-
tional regulation without interference with high glucocorticoids
levels as recently highlighted,* and (ii) the FACS-based cell
purification from cerebral cortex of Tg mice expressing GFP
in astrocytes.

Our experiments with young adult Tg and Wt mice equipped
for EEG/EMG recordings clearly show that “CaResS” is an
efficient device for inducing total sleep deprivation for 6 hours.
Therefore we can assume that Tg mice used for FACS-based
cell purification underwent a 6-hour TSD. Moreover, measure-
ments of glucocorticoid plasma levels in Tg mice showed that
TSD was not associated with significant increases in glucocor-
ticoid levels (Figure 4A). Together, these findings indicate that
CaResS is a reliable device to achieve TSD without inducing
significant stress levels.

Although no major anatomical and behavioral abnormalities
were reported in Tg mice,*® a possible effect of the transgene
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insertion on sleep parameters could not be excluded. To address
this issue, polygraphic recordings were performed in young
adult Tg mice. Results showed that Tg mice display no signifi-
cant difference in their amount of wakefulness, slow wave
sleep, or paradoxical sleep during the light and dark periods
compared with Wt mice. The temporal organization of the
sleep-wake pattern over 24 hours was also similar between Tg
and Wt mice, as shown by the light-to-dark ratio of SWS dura-
tion (1.25 £ 0.12 and 1.21 + 0.15 in Tg and Wt mice, respec-
tively). These ratios are consistent with previously reported
values for FVB/N mice (1.22 + 0.08).%” Interestingly, Tg mice
exhibited some significant differences in the number and dura-
tion of the sleep (SWS and PS) episodes during the light period,
suggesting that Tg mice have more fragmented sleep during the
rest period. The power spectra of the SWS and PS measured for
the light period in baseline conditions also displayed significant
changes (Figure 2). In Tg mice, the SWS power spectrum was
decreased in the slow waves range (1-2.75 Hz), and the theta
peak of the PS power spectrum was also reduced. These results
are in agreement with the presence of more fragmented sleep
in Tg mice. However, Tg animals exhibited a similar ampli-
tude of SWS rebound induced by 6-hour TSD as reflected by
an increase in its length as well as an increase in the SWA. In
addition, the time-course of this rebound (i.e., maximum in the
first 2 h post-TSD) was similar in Wt and Tg mice. Therefore,
we can assume that their homeostatic sleep regulation is similar
to that of Wt animals.

While different studies using microarray analysis have shown
that the expression of genes involved in energy metabolism was
regulated by TSD in rats*® and mice,* the cellular localiza-
tion of these transcriptional changes remains unknown. More-
over, although previous studies used a similar protocol of TSD
(“gentle handling” of 6 h duration), experiments performed in
mice led to ambiguous data. For example, gene encoding Ldha
was reported by Maret and collaborators to be up-regulated
by TSD,* whereas Mackiewicz and collaborators showed an
induction of Ldhb expression.* This discrepancy between these
studies may be ascribed to the anatomical sampling of tissue
(whole brain*® versus cerebral cortex®®). The use of large tissue
samples dilutes changes in mRNA levels occurring in small
subpopulations of cells. In addition, undetectable changes in
gene expression may result from opposing regulation of tran-
scription in different cell types. These masking effects can be
prevented by purifying specific cellular populations by FACS
using tissues samples from Tg mice expressing a fluorescent
protein. Experiments reported here show that GFP-positive
cells are highly enriched in astrocytic cell markers (Figure 5).
Moreover, compared to other cell-type purification methods
such as translating ribosome affinity purification, laser capture
microdissection, or immunopanning, the FACS-based cell
purification displays low levels of contamination by other cell
types, as well as low levels of stress- and apoptosis-related gene
expression.*! In addition, the RNA amount obtained by pooling
three samples allowed us to analyze mRNA levels without
further amplification, thereby avoiding potential artifacts.

However, while GFP-positive cells were highly enriched in
astrocytes, GFP-negative cells consisted of different cell types
including inhibitory and excitatory neurons, oligodendrocytes,
protoplasmic astrocytes, microglial cells, and cells from blood
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Figure 5—Enrichment of different cell-type markers expressed as fold
changes in GFP-positive versus GFP-negative cells. Upward bars represent
genes expressed at higher levels in the GFP-positive cells compared to
the GFP-negative cell population. Downward bars correspond to genes
with higher expression levels in the GFP-negative cell fraction compared
to the GFP-positive cell population. Black, dark gray, light gray, and white
bars represent astrocytic, oligodendrocytic, neuronal, and microglial
markers, respectively. Aldh1I1, aldehyde dehydrogenase 1 family, member
L1; Aldoc, aldolase C; Gfap, glial fibrillary acidic protein; Mag, myelin
associated glycoprotein; Mbp, myelin basic protein, Ptrpc, protein tyrosine
phosphatase, receptor type C; Snap25, synaptosomal-associated protein
25; Syn1, synapsin I; Tnfalpha; tumor necrosis factor alpha.

vessels. Although neuronal cell bodies likely constitute one of
the main components of the GFP-negative cell population, this
cellular heterogeneity limits its analysis. Moreover, even if we
attempt to be reproducible in dissecting the cerebral cortex, it is
likely that samples may contain pieces of meninges including
pial vessels and parts of corpus callosum containing oligo-
dendrocytes. This could explain the higher variability in gene
expression levels observed in the GFP-negative cell popula-
tion. The use of transgenic mice expressing fluorescent proteins
under the control of additional cell-type-specific markers is
required to clarify the contribution of these different cell types
to gene expression levels.

Due to the difficulty of obtaining healthy dissociated brain
cells from mature rodents, isolated cells were usually prepared
from early postnatal animals, as it is classically performed to
prepare primary cultures of astrocytes. However, even if sleep
duration increases after TSD in rats younger than P24,* slow
wave sleep homeostasis, reflected by SWA rebound after TSD,
is not present in these young rats.* Therefore, the mechanisms
underlying the neuro-metabolic coupling adaptations across
the sleep-wake cycle are probably not fully functional before
this developmental stage. Moreover, the fact that ketone body-
enriched diet is the main source of fuel for the brain before
weaning could mask the effects of sleep deprivation on the
regulation of ANLS-associated genes, as suggested by the
transcriptional and translational changes shown for lactate and
glucose transporters during this period.** On the basis of these
observations, we used young weaned animals between P23 and
P27. As expected, the number of cortical astrocytes assessed by
FACS in these young transgenic mice expressing GFP under
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Figure 7—Validation of the transcriptional effects induced by sleep
deprivation. Expression levels of Gfap and Ppp1r3c mRNAs were
measured in GFP-positive cells from control (CTL) and sleep deprived
(TSD) mice. No significant difference between the two groups was
observed for Gfap mRNA whereas a significant increase in the expression
levels of Ppp1r3c mRNA was observed (P = 0.016, Mann-Whitney test).
The mRNA levels were normalized to -actin mRNA levels and expressed
as percentages of CTL. CTL, control conditions; Gfap, glial fibrillary acidic
protein; GFP+ cells, green fluorescent protein expressing cells; Ppp1r3c,
protein phosphatase 1, regulatory subunit 3C; TSD, total sleep deprivation.

the control of the hGFAP promoter is similar to the number
of cells determined using an anti-GFAP antibody,*® suggesting
(1) that expression of the transgene reflects the endogenous
expression of GFAP in cortical astrocytes of Tg mice, and (ii)
that P23-P27 mice and adult mice display a similar number
of GFAP-positive cells. However, there is evidence that
the number of GFAP-positive astrocytes is smaller than the
number of astrocytes measured using immunolabeling against
the enzyme ALDH111?™*” or the S1008 protein,* two other
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astrocyte markers. A thorough analysis of the brain anatomical
distribution of GFP-positive labeling in Tg (hGFAP-GFP)
mice revealed a very different astrocyte density ranging from
~5-15 cells/mm? in the cerebral cortex to 50-100 cells/mm? in
some hypothalamic nuclei and up to 300-350 cells/mm? in the
lateral geniculate nucleus of the thalamus.*® While the use of
pooled samples to increase mRNA levels is a drawback of our
method, the number of GFAP-positive cells in hypothalamic or
thalamic areas suggests that the FACS-based cell purification
technique could be easily used for astrocytes localized in these
most restricted areas.

Cortical GFAP immunolabeling preferentially shows fibrous
astrocytes, also named type 1 astrocytes, which express high
levels of GFAP. These cells are mainly localized in the most
superficial layer (I) and in the deepest layers (V and VI) of
the neocortex, whereas protoplasmic astrocytes, localized in
layers II to IV, express a very low or undetectable level of
GFAP protein.*® In addition to this morphological classifica-
tion, astroglial cells display a great heterogeneity regarding
gap junction coupling, membrane currents, calcium signaling,
glutamate transporter and receptor expression, gliotransmitters
release and volume regulation.**° Importantly, no clear func-
tional or gene expression features clearly overlap the morpho-
logical differences. For example, the glutamate transporter
protein GLT1 is present in both protoplasmic and fibrous astro-
cytes.”® In the present study, GFP-positive cells correspond to
a subset of cortical astrocytes, mainly consisting of fibrous
astrocytes. Nevertheless, it is likely that astrocytes that display
GLTI transporters interact with glutamatergic neurons local-
ized in the same cortical layers. Therefore, GFP-positive cells
analyzed in this study represent a good model to investigate
the regulation of genes involved in ANLS by sleep deprivation.

The similar number of GFP-positive cells and GFAP
mRNAs levels in CTL and TSD groups indicates that data are
not affected by an effect of TSD on hGFAP promoter activity.

Sleep Loss Impacts Astrocyte Lactate Metabolism—Petit et al



OCT/GFP+ [ SD/GFP+ O CT/GFP- @ SD/GFP- ‘

150 *

125 ‘}
100——1—

HH
i
i
-
-

75

Gene expression in % of CTL group

50 T T T
Ldha Ldhb Sic1a2

Atp1a2

Figure 8—Transcriptional response to sleep deprivation of genes associated with the ANLS in P23-P27 Tg mice. In GFP-positive cells, expression levels
of four genes involved in ANLS were significantly induced (*P < 0.05). No significant change was observed for expression levels in GFP-negative cells. For
GFP-positive and GFP-negative cells, gene expression (mRNA levels) was normalized to f-actin mRNA levels and expressed as percentages of CTL. Ldha,
lactate dehydrogenase type-a; Ldhb, lactate dehydrogenase type-b; Sic16a1 (Mct1), monocarboxylate transporter type 1; Slc16a7 (Mct2), monocarboxylate
transporter type 2; Slc2a1 (Glut1), Glucose transporter type1; Atp1a2 (Na/K-alpha2), sodium-potassium ATPase pump-alpha2 subunit; Atp1a3 (Na/K-
alpha3), sodium-potassium ATPase pump-alpha3 subunit; Sic1a2 (Glt1), glutamate transporter 1; CTL, control conditions; TSD, total sleep deprivation

Atp1a3 Slc16a1 Slc16a7 Slc2at

Moreover, in agreement with previous studies,**> we found a
significant induction of Ppp/r3c mRNA expression following
TSD (Figure 7). These results validate our cell sorting procedure
to study transcriptional changes induced by TSD in astrocytes.

In the GFP-positive cell fraction, the significant increase in
the expression of four genes involved in ANLS supports the
view that lactate shuttling is modulated at the transcriptional
level when wakefulness is prolonged. Increases in GLT1 and
Na/K-ATPase a2 subunit mRNA levels are consistent with
an activation of the first steps of ANLS, whereby glutamate
uptake is directly coupled to sodium extrusion through the
Na/K-ATPase.>! This tight functional coupling is supported
by the anatomical co-expression of GLT1 and Na/K-ATPase
o2subunit in glial processes surrounding glutamatergic
synapses.”? Moreover, the up-regulation of GLT1, which is
predominantly expressed in the cortex at P25, whereas GLAST
is more expressed in the cerebellum,™** is in agreement with
the progressive increase in the extracellular glutamate concen-
tration observed during wakefulness episodes™ and after
3 hours of sleep deprivation in rat cerebral cortex.’® Together,
these observations support the concept, previously proposed
by Frank,’”>® that astrocytes may act as “wakefulness integra-
tors,” through its involvement in glutamate uptake and ANLS
function.

Although transcriptional regulation of GLUTI1 has
been demonstrated in the cerebral cortex of sleep deprived
animals,*® our results show for the first time that the up-regula-
tion of GLUT1 mRNA levels by TSD occurs preferentially in
fibrous astrocytes and not in GFP-negative cells such as endo-
thelial cells where GLUT]1 is also strongly expressed. Consid-
ering that extracellular glucose levels measured by enzymatic
biosensors are decreased during active-wake,” this suggests
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that, in agreement with glycolysis stimulation predicted by
the ANLS model, astrocytes may rapidly transport glucose. In
contrast, extracellular lactate levels are increased during forced
activity in rat cerebral cortex.® Interestingly, only a small and
nonsignificant increase in MCT1 mRNA levels (+16.3% + 7.7%,
P = 0.15) was found in GFP-positive cells. Considering that
MCT1 is a high affinity monocarboxylate transporter with a Km
of about 3.5 mM,°! and that the extracellular lactate concentra-
tion ranges from 0.5 to 2 mM, these data suggest that, even
during sustained activity, lactate transport through MCT1 is not
saturated and does not require de novo transporter synthesis. In
addition, we cannot exclude the involvement of MCT4, another
subtype of MCT expressed in astrocytes.®

Among important steps in ANLS are the formation of lactate
from pyruvate in astrocytes and the production of pyruvate
from lactate in neurons. In mammals, these reactions are cata-
lyzed by LDH, a family of enzymes including 5 isoforms, each
consisting of tetramers of M and H subunits. The M (muscle
or LDHY) and H (heart or LDH1) subunits are encoded by the
Ldha (or Ldhl) and the Ldhb (or Ldh2) genes, respectively.
Depending on the tissue expression of these isozymes, LDH
activity exhibits distinct physical and catalytic properties. For
instance, while the M4 and M3H1 isozymes preferentially cata-
lyze the reduction of pyruvate to lactate in anaerobic tissues, the
H4 and H3M1 isozymes oxidize lactate to pyruvate in aerobic
tissues. As shown in Figure 6, GFP-positive cells express higher
levels of Ldhb than Ldha mRNAs, whereas a threefold higher
expression of Ldha compared to Ldhb is shown in GFP-negative
cells. These results are in agreement with the 13-fold enrich-
ment of Ldhb in astrocytes shown by Lovatt and colleagues.”®
The marginal difference between the levels of Ldha and Ldhb
mRNAs found in cortical astrocytes (Figure 6) is consistent with
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the co-expression of LDH1 and LDHS in human astrocytes.®
Together, these observations support the view that astrocytes
do not only operate in a “glycolytic mode” but can also shift to
“an aerobic mode” depending on the abundance of substrates
and neuronal demand. While in sleep deprived animals, Ldha
mRNA levels are significantly increased in GFP-positive cell
fraction, Ldhb mRNA levels are unchanged, suggesting that the
synthesis of LDH-M subunit favors the production of lactate
in astrocytes. When comparing TSD and CTL groups, our
data show a trend, although statistically nonsignificant, toward
higher levels of Ldhb mRNAs in GFP-negative cells (=+10%),
that may result from glutamatergic neurons.

Together with data from other groups showing an increase
in cortical glutamate and lactate levels during wakefulness,*¢
our results support the idea that the increase in extracellular
brain lactate may be consistent with the ANLS model. This is
in agreement with the positive correlation of the high to low
theta frequencies ratio with the extracellular release of lactate
observed during prolonged wakefulness in rat basal forebrain®
and with the recent study of Wisor and colleagues, showing that
the decrease in slow oscillations (1 Hz) induced by the optoge-
netic stimulation of cortical pyramidal cells induced a decline
in extracellular lactate.’” However, in our study, we cannot
exclude that a part of these changes may also result from the
locomotor activity associated with the TSD procedure. In this
regard, human experiments have shown that peripheral blood
lactate levels are in equilibrium with their extracellular brain
concentration,® and that exercise increases brain lactate.®’

The direct involvement of astrocytes in the homeostatic
regulation of sleep was shown by a series of experiments initi-
ated in Haydon’s laboratory, using mice expressing a dominant
negative SNARE domain in astrocytes. In these experiments,
they showed that blockade of the vesicular release of ATP
impairs the tonic adenosine receptor-mediated inhibition and,
consequently, decreases the cortical slow waves and the SWS
homeostasis.”’ Interestingly, these genetic manipulations
are expressed in GFAP-positive astrocytes,”” which corre-
sponds to the similar cell type where changes in expression of
ANLS-related genes were observed. In physiological condi-
tions (except for torpor and hibernation), cellular ATP is mainly
produced by glucose oxidation. Therefore, the existence of a
direct link between our data regarding the ANLS regulation
and the sleep homeostasis mechanisms described by Halassa
and colleagues is an intriguing issue. However, the relation-
ship between the pool of ATP used as gliotransmitter and ATP
produced by the astrocytic energy metabolism is not clearly
understood. According to previous data about ANLS model,
one molecule of glutamate taken up by astrocytes leads to
the oxidation of one molecule of glucose through glycolysis.
Therefore, two molecules of lactate are produced and can be
released and used as neuronal fuel. Through this mechanism,
ATP consumption and production are balanced, and it seems
unlikely that it serves to provide ATP involved in vesicular
release. Therefore, although our data suggest that activation
of glycolysis through the ANLS is not coupled directly to ATP
release, we cannot exclude the contribution of other mecha-
nisms of coupling such as K uptake known to increase the rate
of glycogenolysis™ and the increase in glycogen turnover as
suggested by our previous studies.?>”
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Using a new approach combining the use of CaResS device
to achieve low stressful TSD together with FACS-based cell
purification of GFP-expressing astrocytes from the cerebral
cortex of Tg mice, we show that sleep loss induces transcrip-
tional regulation of ANLS-related genes in fibrous astrocytes.
To our knowledge, this is the first observation of changes in
gene expression in astrocytes by sleep disturbances. In addi-
tion, these results strengthen the role of astrocytes in energy
homeostasis associated with the sleep-wake cycle.
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