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Glucose Induces Slow-Wave Sleep by Exciting the Sleep-
Promoting Neurons in the Ventrolateral Preoptic Nucleus:
A New Link between Sleep and Metabolism
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Sleep-active neurons located in the ventrolateral preoptic nucleus (VLPO) play a crucial role in the induction and maintenance of
slow-wave sleep (SWS). However, the cellular and molecular mechanisms responsible for their activation at sleep onset remain poorly
understood. Here, we test the hypothesis that a rise in extracellular glucose concentration in the VLPO can promote sleep by increasing
the activity of sleep-promoting VLPO neurons. We find that infusion of a glucose concentration into the VLPO of mice promotes SWS and
increases the density of c-Fos-labeled neurons selectively in the VLPO. Moreover, we show in patch-clamp recordings from brain slices
that VLPO neurons exhibiting properties of sleep-promoting neurons are selectively excited by glucose within physiological range. This
glucose-induced excitation implies the catabolism of glucose, leading to a closure of ATP-sensitive potassium (KATP ) channels. The
extracellular glucose concentration monitors the gating of KATP channels of sleep-promoting neurons, highlighting that these neurons
can adapt their excitability according to the extracellular energy status. Together, these results provide evidence that glucose may
participate in the mechanisms of SWS promotion and/or consolidation.
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Introduction
An organism’s energy status has a significant impact on the reg-
ulation of vigilance states, as evidenced by several reports (Beni-
ngton and Heller, 1995; Scharf et al., 2008; Siegel, 2009).

Specifically, wakefulness is enhanced during fasting, whereas
resting (i.e., sleeping/napping) is favored after food intake (Roky
et al., 1999; Minet-Ringuet et al., 2004; Jenkins et al., 2006). Orex-
inergic neurons involved in arousal maintenance (Adamantidis
et al., 2007; Tsujino and Sakurai, 2009) are inhibited by a rise in
extracellular glucose concentration (Yamanaka et al., 2003;
Burdakov and Alexopoulos, 2005; Burdakov et al., 2005), sug-
gesting that ingesting a sweet meal may lead to an inhibition of
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Significance Statement

Although the brain circuitry underlying vigilance states is well described, the molecular mechanisms responsible for sleep onset
remain largely unknown. Combining in vitro and in vivo experiments, we demonstrate that glucose likely contributes to sleep
onset facilitation by increasing the excitability of sleep-promoting neurons in the ventrolateral preoptic nucleus (VLPO). We find
here that these neurons integrate energetic signals such as ambient glucose directly to regulate vigilance states accordingly.
Glucose-induced excitation of sleep-promoting VLPO neurons should therefore be involved in the drowsiness that one feels after
a high-sugar meal. This novel mechanism regulating the activity of VLPO neurons reinforces the fundamental and intimate link
between sleep and metabolism.
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these arousal-related neurons and therefore a sensation of sleep-
iness. Despite the strong support for these observations, it has
never been investigated whether neurons responsible for sleep
induction and maintenance are influenced directly by the avail-
ability of energy and how they can adjust the animal’s behavior to
accommodate the energy state.

Numerous studies have shown that sleep-active neurons lo-
cated within the ventrolateral preoptic nucleus (VLPO) play a
crucial role in promoting and maintaining slow-wave sleep
(SWS) (Sherin et al., 1996; Szymusiak et al., 1998; Saper et al.,
2001; Takahashi et al., 2009). These neurons contain GABA and
project to the wake-promoting systems (Sherin et al., 1998; Stein-
inger et al., 2001). Neurons within the VLPO are therefore in a
suitable position to favor SWS onset through an overall repres-
sion of the wake-promoting neurons. However, the mechanisms
responsible for VLPO activation at sleep onset and deactivation
during arousal remain poorly understood. To address this issue,
we hypothesize that sleep-promoting VLPO neurons may inte-
grate metabolic signals such as ambient glucose to modulate sleep
propensity.

Here, we demonstrate in mice that bilateral microinjections of
glucose into the VLPO significantly increase sleep and the density
of c-Fos-expressing neurons specifically within the VLPO. In
acute VLPO brain slices, we found that glucose specifically in-
creases the excitability of neurons exhibiting properties of sleep-
promoting neurons. This effect requires the intraneuronal
metabolization of glucose to ATP, which in turn inhibits ATP-
sensitive potassium (KATP) channels. These novel results provide
strong evidence that VLPO neurons may be considered as a cen-
tral glucose-sensing structure that contributes directly to sleep
control in response to the fine tuning of the organism’s metabolic
status.

Materials and Methods
Animal experiments. Animal experiments were performed in accordance
with the guidelines of the Ecole Supérieure de Physique et de Chimie
Industrielles ParisTech/University Claude Bernard, Lyon I/Centre Na-
tional de la Recherche Scientifique Animal Care and Use Committee.

In vivo glucose microinjection and sleep monitoring. To monitor the
effects of glucose microinjections into the VLPO on vigilance states, 8
male C57BL/6J mice (10 weeks of age; Charles River) were anesthetized
intraperitoneally with a ketamine/xylazine mix (100 and 10 mg/kg, re-
spectively), mounted on a stereotaxic frame (David Kopf Instruments),
and implanted with a bilateral guide cannula (26G; Plastics One) placed
1 mm above the targeted bilateral VLPO (AP: �0.1 mm; ML: 0.7 mm;
DV: 4.5 mm) according to the Franklin and Paxinos atlas (2007). Mice
were then prepared for polysomnographic recordings. Two stainless-
steel screws (Plastics One) were implanted over the parietal cortices and
one screw was implanted over the cerebellar cortex for EEG recordings.
Two gold-coated electrodes were inserted into neck muscles to record
EMG activity. The cannula guide and EEG/EMG electrodes soldered to a
miniature plug (Plastics One) were fixed to the skull using Super-Bond
(Sun Medical) and finally secured with acrylic dental cement (Paladur).
For sleep recording and glucose infusion, mice were allowed to recover
from surgery for 7 d and then housed in individual Plexiglas barrels with
woodchip bedding and connected to a cable allowing free movements
during continuous polysomnographic recording. Barrels were placed in
an insulated soundproof box maintained under the following standard
laboratory conditions: a 12 h/12 h light-dark cycle (lights on at 8:00
A.M.), 22 � 1°C temperature, and access to water and food pellets ad
libitum. After habituation, mice were treated with 0.3 �l of artificial CSF
(ACSF) vehicle or 5 mM glucose (in ACSF vehicle) or 10 mM glucose (in
ACSF vehicle) by pressure infusion in each hemisphere. ACSF vehicle
contained the following (in mM): 137 NaCl, 2.7 KCl, 1.3 CaCl2, 1 MgCl2,
10 Na2HPO4, and 1.76 KH2PO4, pH 7.4. In all solutions, osmolarity was
equilibrated by adjusting sucrose concentration. All solutions were

stored at �20°C at their final concentration. All animals underwent 3
bilateral injections of vehicle, glucose 5 mM, and glucose 10 mM in a
randomized order with treatments spaced by 2 d. For this, a 5 �l Ham-
ilton syringe placed in a syringe pump (0.1 �l/min; New Era Pump
Systems) was connected to the internal cannula (33G; Plastics One),
which protruded out 1 mm from the guide cannula into VLPOs. Injec-
tions started at 9:00 A.M. Under isoflurane sedation (induction 2%,
maintenance 1.5%) to minimize contention stress, injection cannulas
were lowered into the brain and left in place for 5 min before and after
infusion. Animals regained consciousness immediately after the removal
of isoflurane. Isoflurane exposure never exceeded 18 min. During the
injection procedure, animals were unplugged from the recording cable.
Immediately after the end of the procedure, animals were returned to
their barrels, reconnected to the cable, and polysomnographic recordings
were begun. Acquired EEG and EMG signals were amplified (MCP�;
Alpha-Omega Engineering), digitalized, and collected via a CED inter-
face with Spike2 software (Cambridge Electronic Design) at a sampling
frequency of 520.8 Hz. Three vigilance states, wake (W), SWS, and par-
adoxical sleep (PS), were scored and quantified offline in 5 s epochs.
During W, desynchronized low-amplitude EEG was accompanied by a
sustained EMG activity with phasic bursts; SWS was distinguished by
high-voltage slow waves and the disappearance of phasic muscle activity.
PS onset was signaled by a muscle atonia associated with decreased EEG
amplitude including a regular and pronounced theta rhythm. Hypno-
grams were then drawn directly using a custom script in Spike2 (Cam-
bridge Electronic Design). The values were finally exported to calculate
standard parameters for each vigilance state (durations, percentage,
number, and episode duration expressed as mean � SEM). In addition,
normalized EEG spectral power was calculated during W, SWS, and PS
with a Spike2 script computing a fast Fourier transform on 5 s EEG
epochs (0.1 Hz resolution). The mean (�SEM) power for each EEG
spectral band was then calculated as follows: �, 0.5– 4.5 Hz; �, 5–9 Hz; �,
10 –14 Hz; �, 15–30 Hz; �, 31– 48 Hz). To detect statistical significance,
data were analyzed as follows: for each vigilance state (W, SWS, PS),
effect of glucose concentrations (vs vehicle) was tested using nonpara-
metric Friedman tests. To detect pairwise differences, post hoc Wilcoxon
tests were applied and corrected for multiple comparisons (Bonferroni
correction). Each animal served as its own control. Significance was set at
p � 0.05.

c-Fos immunohistochemistry. For c-Fos immunohistochemistry exper-
iments, the same mice used for bilateral injections (described above)
were injected under isoflurane sedation a fourth time into the VLPO with
glucose (10 mM) in one hemisphere (randomly chosen) and vehicle in the
contralateral hemisphere. Killing and perfusion of animals were per-
formed 90 min after treatment. Under deep pentobarbital anesthesia
(150 mg/kg, i.p.; Ceva Santé Animale), mice were transcardially perfused
with Ringer’s lactate solution containing 0.1% heparin, followed by cold
4% paraformaldehyde solution in 0.1 M phosphate buffer, pH 7.4. Brains
were removed, postfixed overnight in 4% paraformaldehyde at 4°C and
cryoprotected in 30% sucrose solution for two d at 4°C. Brains were then
frozen in dry-ice-cooled methylbutane and cut into 30-�m-thick coro-
nal sections on a cryostat (Microm). Collected free-floating sections were
successively incubated in the following: (1) rabbit anti-c-Fos antiserum
(1:8000; Merck) in PBS containing 0.3% Triton X-100 and 0.1% sodium
azide for 3 d at 4°C; (2) a biotinylated goat anti-rabbit IgG (1:1000;
Vector Laboratories) for 90 min at room temperature; and (3) an ABC-
HRP complex (1:1000; Elite kit; Vector Lab) for 90 min at room temper-
ature. The sections were then immersed in 0.05 M Tris-HCl buffer, pH
7.6, containing 0.025% 3,3�-diaminobenzidine-4HCl (DAB; Sigma-
Aldrich), 0.003% H2O2, and 0.6% nickel ammonium sulfate for 20 min
at room temperature. Three 10 min washes were performed between
each incubation step. The staining appeared as a dense black nuclear
coloration of c-Fos-immunoreactive (Fos�) neurons. The stained sec-
tions were finally mounted on glass gelatin-coated slides, counterstained
with neutral red to delineate forebrain areas, dried, dehydrated, and
coverslipped with DEPEX (VWR). The anti-c-Fos antiserum was made
against a synthetic peptide corresponding to the N-terminal part
(residues 4 –17) of human Fos. This part of the protein displays 100%
homology among human, rat, and mouse and shares no homology with

Varin et al. • Glucose Promotes Slow-Wave Sleep J. Neurosci., July 8, 2015 • 35(27):9900 –9911 • 9901



Fos-related antigens such as Fos B, Jun B, Fra-1 and Fra-2 (Blast 2 se-
quences; National Center for Biotechnology Information).

For each mouse used (n � 8), Fos-labeled sections evenly spaced
throughout the rostrocaudal extent of the VLPO (n � 4 sections) were
analyzed with an Axioskop 2 plus microscope (Zeiss) equipped with a
motorized X–Y-sensitive stage and a video camera connected to a com-
puterized image analysis system. Fos� neurons were plotted using the
Mercator version 2 software (ExploraNova). Mean amounts of Fos�
cells (� SEM) were calculated in both hemispheres (glucose vs vehicle)
for the VLPO and three neighboring basal forebrain nuclei, the magno-
cellular nucleus (MCPO), the lateral preoptic area (LPOA) and the me-
dial preoptic area (MPOA). The counting of Fos� cell bodies within the
MCPO, LPOA, and MPOA was computed according to their respective
boundaries and surface areas; the latter two were determined by the
changes in cellular densities and morphologies as revealed by neutral red
counterstaining. In the VLPO, the quantification of Fos� cells was per-
formed by considering a half-ellipsoid area in the most ventral part of the
basal forebrain (200 –250 �m wide, 300 – 400 �m deep) drawn laterally
to the optic chiasma (rostral sections) or to the supraoptic nucleus (cau-
dal sections) (Takahashi et al., 2009). Fos� neuronal densities were com-
puted using surfaces of areas determined with neutral red staining.
Photomicrographs were taken with a CCD Color 10-bit QiCam cam-
era, imported into Adobe Photoshop version 7.0, digitally adjusted
for brightness and contrast, and assembled into plates at a resolution
of 300 dpi.

Slice preparation for electrophysiology and single-cell RT-PCR. In prep-
aration for electrophysiology and single-cell RT-PCR (scRT-PCR), brain
slices containing the VLPO were obtained from 14- to 18-d old male
C57BL/6J mice (Charles River) maintained on a 12 h/12 h light-dark
cycle (lights on at 8:00 A.M.). Food and water were continuously avail-
able. All experiments were performed during the light phase. The animals
were decapitated and brains were quickly removed. Coronal slices (300
�m thick) were cut with a vibrating microtome (VT2000S; Leica) in cold
slicing ACSF at 4°C. Slices were left to recover for at least 30 min before
transfer to the recording chamber, where they were superfused with
ACSF saturated with 95% O2 and 5% CO2 (at 32°C).

Electrophysiological experiments. ACSF contained the following (in
mM): 130 NaCl, 5 KCl, 2.4 CaCl2, 20 NaHCO3, 1.25 KH2PO4, 1.3 MgSO4,
10 D-glucose, and 15 sucrose, pH 7.35, and was constantly oxygenated
(95% O2/5% CO2). During slicing, 1 mM kynurenate was added to the
ACSF. Individual slices were then transferred to a thermoregulated
(32.5°C) chamber (Badcontroller V; Luigs & Neumann), placed under a
microscope (Axioscop2FS; Zeiss) equipped with an infrared CCD cam-
era (CoolSNAP HQ 2; Roper Scientific,). Slices were maintained im-
mersed and continuously surperfused at 3–5 ml/min with oxygenated
kynurenate-free ACSF. All electrophysiological experiments were per-
formed with a MultiClamp700B (Molecular Devices) amplifier con-
nected to an acquisition board (Digidata 1440; Molecular Devices)
attached to a computer running pCLAMP software (Molecular Devices).

Extracellular recordings in loose-cell-attached configuration. Loose-cell-
attached patch-clamp recordings were performed to monitor stable
spontaneous firing activity of VLPO neurons for long periods of time,
which is necessary for completing pharmacological experiments. Infra-
red videomicroscopy was used to choose VLPO neurons visually. Loose-
cell-attached recordings were performed from the soma with patch
micropipettes (3– 6 M�) pulled from borosilicate glass capillary tubes
(1.5 mm outer diameter, 0.86 mm inner diameter; Harvard Apparatus)
on a horizontal puller (model P-1000; Sutter Instruments). Micropi-
pettes were filled with oxygenated ACSF and fixed to an electric micro-
drive (Luigs & Neumann). The micropipette was placed in contact with
the soma of a selected neuron under visual control. During recordings, a
seal resistance of 10 –15 M� was maintained to avoid damage or me-
chanical stimulation to the cell. Data are expressed as mean � SEM.
Values were compared using nonparametric Wilcoxon tests or permuta-
tion tests according to sample sizes. A p value � 0.05 was considered
statistically significant.

Patch-clamp recordings in whole-cell configuration. In whole-cell patch-
clamp configuration, recordings were performed with patch-clamp pi-
pettes (3– 6 M�) filled with 8 �l of internal solution containing the

following (in mM): 144 K-gluconate, 3 MgCl2, 0.2 EGTA, 10 HEPES, 1.25
ATP, pH 7.2, 285–295 mOsm. The pipette was slowly brought to on the
selected neuron to be recorded in whole-cell configuration using infrared
videomicroscopy guidance and clamped at �60 mV. During whole-cell
patch-clamp recordings, the intrinsic membrane properties of neurons
were assessed by applying current steps (800 ms) from �100 pA to firing
saturation in 10 pA increments.

Pharmacological studies. The following drugs were used: noradrenaline
(NA, 100 �M; Sigma-Aldrich); 	-cyano-4-hydroxycinnamate (4-CIN,
500 �M; Sigma-Aldrich); pinacidil (500 �M; Sigma-Aldrich); diazoxide
(300 �M; Sigma-Aldrich); and tolbutamide (500 �M; Sigma-Aldrich).
Stock solutions of NA (100 mM; water), 4-CIN (500 mM; DMSO), pinaci-
dil (500 mM; DMSO), diazoxide (300 mM; NaOH 0.1 M), and tolbutamide
(500 mM; NaOH 0.1 M) were stored as frozen aliquots at �20°C. Before
application, drugs were dissolved in ACSF to their working concentra-
tions. Various concentrations of D-glucose (1, 2.5, 5, 10, 25 mM),
2-deoxy-D-glucose (2-DG, 7.5 mM; Sigma-Aldrich), and alloxan (10 mM;
Sigma-Aldrich) in the ACSF were tested on the activity of VLPO neurons.
For these experiments, ACSF osmolarity was equilibrated systematically
by adjusting the sucrose concentration. Note that the addition of sucrose
to compensate medium osmolarity has no effect on energetic metabo-
lism. Indeed, our RT-PCR control experiments confirmed the absence in
the VLPO of mRNAs that encode the enzyme sucrose isomaltase, which
is involved in breaking down sucrose and maltose, by comparing RT-
PCR products of cDNA originating from 2.8 ng of RNA prepared from
microdissected VLPO (homemade) and small intestine (Biochain). Su-
crase isomaltase was detected in the small intestine and not in the VLPO
(data not shown). Eventually, the postsynaptic action of glucose was
tested in the synaptic uncoupling condition on neurons recorded in the
loose-cell-attached configuration. For these experiments, slices were first
submitted to a pretreatment (	10 min) with a modified ACSF contain-
ing low Ca 2� (0.1 mM) and high Mg 2� (10 mM) concentrations. This
condition is known to completely block the release of calcium-dependent
neurotransmitters. The effects of glucose in the synaptic uncoupling con-
dition were evaluated under various concentrations in this low Ca 2�/
high Mg 2� medium.

Studies of the KATP-dependent current were performed in voltage-
clamp mode. The membrane potential was maintained at �75 mV and
membrane currents were measured with two 100 ms potential steps at
�65 mV and �85 mV separated by 100 ms. Steps were followed after 100
ms by a potential ramp from �115 mV to �45 mV within 400 ms. This
stimulation protocol was repeated every 10 s. All membrane potentials
were corrected for liquid junction potential (�15 mV). We applied a
hyperpolarizing voltage step (10 mV) before each stimulation to monitor
passive electrical properties of the recorded cell, as well as access resis-
tance, which did not vary 
20% during the analyzed recording period.
Access resistance was not compensated.

scRT-PCR. The intrinsic membrane properties were determined in
whole-cell current-clamp mode in a period not exceeding 10 min to
minimize potential mRNA degradation. The cytoplasm was then aspi-
rated into the patch pipette under visual control. The quality of the seal
was monitored during harvesting to prevent extracellular contamina-
tion. The content of the pipette was expelled into an RNase-free PCR
tube and the RT-PCR protocol was performed as described previously
(Lambolez et al., 1992; Gallopin et al., 2006). The scRT-PCR protocol was
designed to detect simultaneously the expression of the two isoforms of
glutamic acid decarboxylase (GAD65 and GAD67), the four subunits
composing KATP channels (Kir6.1, Kir6.2, SUR1, SUR2), one glucose
transporter (GLUT3), and glucokinase (GK), a requirement for the entry
of glucose into glycolysis. To amplify GK, GAD65, and GAD67 mRNAs,
two primers sets, GK(1) and GK(2), GAD65(1), GAD65(2), GAD67(1),
and GAD67(2), respectively (Table 1), were designed. After the RT reac-
tion, the cDNAs present in 10 �l of solution were first amplified simul-
taneously using the primers listed in Table 1. Taq polymerase (2.5 U;
QIAGEN) and 20 pmol concentrations of each primer (Table 1) were
added to the buffer supplied by the manufacturer (final volume, 100 �l)
and 21 cycles of PCR were run (94°C for 30 s; 60°C for 30 s; 72°C for 35 s).
The second amplification was performed using 1 �l of the first PCR
product as a template. Each cDNA was amplified individually with a
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second primer pair set internal to the pair used in the first PCR (nested
primers; Table 1). Next, 35 cycles of PCR were performed and 10 �l of
each individual PCR product were run on a 2% agarose gel with a 100 bp
ladder (Promega) as molecular weight markers and stained with
ethidium bromide. The sizes of PCR-generated fragments were as pre-
dicted by the mRNA sequences (Table 1). The RT-PCR protocol was
tested on 500 pg of total RNA purified from microdissected mouse VLPO
and all transcripts were detected.

Results
Somnogenic properties of glucose when infused into
the VLPO
Here, we investigated whether glucose (5 or 10 mM vs vehicle) can
modify the sleep-waking cycle when bilaterally infused into the
VLPO of mice chronically prepared for polysomnographic re-
cordings. These animals received a randomized sequence of ve-
hicle, glucose 5 mM, and glucose 10 mM, each spaced by 2 d. Seven
of 8 mice treated had injection sites centered on both VLPO (Fig.
1A). In these animals, a significant effect of glucose injections was
observed on both SWS durations (Friedman test, p � 0.01) and
PS durations (Friedman test, p � 0.05) during the first 2 h after
glucose or vehicle injections. Post hoc tests confirmed that SWS
durations significantly increased between vehicle and both 5 and
10 mM glucose (Wilcoxon tests, p � 0.05; Fig. 1C, Table 2),
whereas no significant pairwise difference was detected between
groups for PS durations (Fig. 1C, Table 2). This somnogenic
glucose-dependent effect is due to a severe reduction in waking
amounts compared with the vehicle (Friedman test, p � 0.01;
Table 2) and significantly shortened latencies to SWS (Friedman
test, p � 0.001; Fig. 1B) and PS (Friedman test, p � 0.01). The post
hoc analysis revealed a dose-dependent decrease in SWS latencies
with significant differences between all groups (Wilcoxon tests,
p � 0.05 for all comparisons; Fig. 1B, Table 2). Together, these
results indicate that glucose would be able to modulate the activ-
ity of VLPO neurons and promote sleep.

Moreover, to test whether glucose could activate VLPO neu-
rons, we performed on the same mice a final microinjection of
glucose (10 mM) in one hemisphere and vehicle in the contralat-
eral VLPO. The mice were then killed 90 min after this injection

to perform c-Fos immunohistochemistry. Sleep analysis during
the period after injection and before killing (90 min) revealed that
unilateral glucose injection led to a significant increase in the
duration of SWS compared with that obtained after bilateral
VEH infusions (40.6 � 2.9% vs 26.7 � 3.5%, respectively; p �
0.05). Notwithstanding, c-Fos immunostaining (Fig. 2A,B) re-
vealed a density of c-Fos-labeled neurons that was significantly
increased in the VLPO when infused with glucose compared with
the contralateral VLPO infused with vehicle (Wilcoxon test p �
0.05; Fig. 2B,C, Table 3). In sharp contrast, the density of cells
labeled for c-Fos remained unchanged in three adjacent forebrain
areas (Fig. 2A): the MCPO (Fig. 2D, Table 3), the LPOA (Fig. 2E,
Table 3), and the MPOA (Fig. 2F, Table 3). Together, these phys-
iological and functional data strongly suggest that sleep-
promoting VLPO neurons could be activated by glucose
treatment. In addition, these results support the view that glucose
may participate in the mechanisms of SWS promotion and/or
consolidation.

To determine how glucose can modulate the activity of VLPO
neurons, we performed ex vivo electrophysiological experiments.

Glucose responsiveness of VLPO neurons
To assess the glucose sensitivity of VLPO neurons, 49 spontane-
ously active neurons were recorded in a loose-cell-attached patch
configuration. We observed that a rise in extracellular glucose
concentrations led to a reversible increase in the firing rate in
	73% (36/49) of recorded neurons (Fig. 3), whereas the remain-
ing cells (13/49) were insensitive (Fig. 4). Figure 3A illustrates a
typical response of a glucose-excited VLPO neuron. A decrease in
the glucose concentration from 5 to 1 mM induced a significant
reduction in the firing frequency of these cells (n � 8, Wilcoxon
test p � 0.01; Fig. 3A,B). This effect was reversible because a
subsequent rise in glucose concentration to 5 mM induced a sig-
nificant increase in the firing rate of the same cells (n � 8, Wil-
coxon test p � 0.01; Fig. 3A,B). We noted that the inhibitory
effect associated with lowering glucose appears faster (2.55 �
0.50 min) than the excitatory effect (7.39 � 1.75 min) induced by
increasing glucose (n � 8, Wilcoxon test p � 0.05). Glucose

Table 1. PCR primers

GenBank accession no. First PCR primers Size (bp) Second PCR nested primers Size (bp)

GAD65 (1) PPM25176G-200 84 PPM25176G-200 84
NM 008078
GAD65 (2) CCAAAAGTTCACGGGCGG, TCCTCCAGATTTTGCGGTTG 375 CACCTGCGACCAAAAACCCT, GATTTTGCGGTTGGTCTGCC 248
NM 008078
GAD67 (1) PPM36500F-200 121 PPM36500F-200 121
NM 008077
GAD67 (2) ATGATACTTGGTGTGGCGTAGC, GTTTGCTCCTCCCCGTTCTTAG 253 CAATAGCCTGGAAGAGAAGAGTCG, GTTTGCTCCTCCCCGTTCTTAG 177
NM 008077
SUR1 CACCGCTGTTCCTGCTGTCT, CGCTCTGGGTTGCTTGTCCT 523 TCATCGGAGGCTTCTTCACC, TCTTCTCCCTCGCTGTCTGG 208
NM_011510.3
SUR2 GCAGTCAAAGCCATCATCAGTGT, CAAGGATGGCAAGGAGAAGAG 373 CTTGAGCGATGAGATTGGTGAGG, AGATGATTTTCCACAACCCACTT 310
NM_001044720.1
Kir6.1 GCTGGCTGCTCTTCGCTATC, CATACAGGGGGCTACGCTTG 588 TGGGTTTGGAGGGAGAATGA, TGGCGTCGTGGTTTTCTTGA 286
NM_008428.4
Kir6.2 GGGTGGTAACGGCATCTTCC, ATGCTAAACTTGGGCTTGGC 420 CGCTCTACGACCTGGCTCCT, GGGTCAGGGCATCCAGCAG 285
NM_010602.2
GK (1) GGCTGCAACGCCTGCTACAT, GCTCCTTGAAGCTCGGGTGC 580 GGGGCGCATGTGTGTCAACA, CACAATGTCGCAGTCGGCGA 358
NM_010292.4
GK (2) PPM05095A-200 115 PPM05095A-200 115
NM 010292
GLUT3 ATGGGGACAACGAAGGTGAC, GCCACAGAAAATGCCAATGA 377 CATCTCTGGTGTTCGCCGTG, CAGCATTTCAACAGACTCCGC 338
NM_011401.4
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(1–25 mM) excited VLPO neurons in a
dose-dependent manner across all con-
centrations tested, with an EC50 of 4.06
mM (Fig. 3C); this is compatible with the
physiological glucose concentration range
in the hypothalamus (Silver and
Erecińska, 1994; Routh, 2002; de Vries et
al., 2003).

Previous studies led to the identification
of the electrophysiological, biochemical,
morphological, and pharmacological prop-
erties of neurons active during SWS in the
VLPO (Gallopin et al., 2000; Matsuo et al.,
2003; Gallopin et al., 2004; Saint-Mleux et
al., 2004; Gallopin et al., 2005; Saint-Mleux
et al., 2007; Liu et al., 2010; Moore et al.,
2012). Based on these studies, putative
sleep-active neurons in the VLPO can be
characterized ex vivo by the presence of a low
threshold calcium spike (LTS) and by their
inhibition after bath application of NA.
Therefore, to establish that glucose-excited
VLPO cells exhibit properties of sleep-
promoting neurons, we investigated whether
they displayed LTS and/or if they were in-
hibited by NA. Bath application of NA
(100 �M) to glucose-excited VLPO neu-
rons recorded in a loose-cell-attached
configuration induced a decrease in their
firing rate (n � 7/7; Fig. 3D). Moreover,
17 glucose-excited neurons repatched in a
whole-cell configuration systematically
exhibited LTS (n � 17/17; Fig. 3E). This
NA-induced inhibition and the presence
of LTS were both identified in 4 glucose-
excited cells (n � 4/4).

In addition, 13 VLPO neurons re-
mained insensitive to changes in the ex-
tracellular glucose concentration, even in
the case of an acute change from 2.5 to 25
mM (n � 6, Wilcoxon test p � 0.7; Fig.
4A,B). In this sample of cells, 10 of the 13
neurons were used for further character-
ization, revealing that they were excited by
NA (100 �M, n � 7/7) and devoid of any LTS (n � 5/5; Fig. 4C,D).
This indicates that these cells should not correspond to sleep-
active cells (Gallopin et al., 2000; Matsuo et al., 2003; Liu et al.,
2010; Wang et al., 2013). Together, these results suggest that neu-
rons with properties of putative sleep-promoting VLPO neurons
are specifically excited by glucose and could be considered as
glucose-sensing neurons.

Characterization of glucose-sensing mechanisms in
VLPO neurons
Next, we addressed the mechanisms underlying this glucose sen-
sitivity in VLPO neurons. We first demonstrated that the excit-
atory effect of glucose identified in NA-inhibited neurons
persisted in synaptic uncoupling conditions using a modified
ACSF with low Ca 2�/high Mg 2� (n � 4; Fig. 5A). This result
indicates that glucose does have a direct postsynaptic action on
the neurons. To further investigate the role of glucose metabo-
lism in glucose-sensing VLPO neurons, we tested the effect of
2-DG, a nonmetabolizable analog of glucose. The firing rate of

Table 2. Sleep architecture after bilateral injections of glucose versus vehicle

0 –2 h after injection

Vehicle Glucose 5 mM Glucose 10 mM

SWS
Duration (%) 34.7 � 3.5 53.2 � 2.3* 56.6 � 2.5*
No. of episodes 43.0 � 4.6 66.0 � 3.4 62.1 � 2.4
Episode duration (s) 59.0 � 4.1 58.5 � 2.5 66.0 � 3.3
Latency (min) 42.1 � 4.1 25.6 � 2.3* 20.6 � 1.7*#

PS
Duration (%) 4.0 � 1.0 7.1 � 1.0 7.5 � 0.8
No. of episodes 7.3 � 1.9 14.0 � 2.5 12.9 � 1.8
Episode duration (s) 39.1 � 8.6 38.6 � 4.3 44.7 � 4.5
Latency (min) 88.4 � 7.3 47.2 � 5.1* 37.3 � 2.2*

W
Duration (%) 61.3 � 4.5 39.6 � 3.1* 35.9 � 3.0*

For each experimental condition, the percentage of time spent in SWS, PS, and W was scored per 5 s epoch during the
first 2 h (0 –2 h) after injections (n � 7). The number of SWS and PS episodes, the mean duration of PS and SWS
episodes, and the latency to the first SWS and PS episodes are also reported. Significance levels are given for post hoc
Bonferroni-corrected Wilcoxon tests between conditions. *p � 0.05 versus vehicle; #p � 0.05 versus glucose 5 mM.
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Figure 1. Microinjections of glucose into the VLPO increase sleep. A, Camera lucida drawings of frontal sections illustrating all
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presented as mean � SEM (black bars). *p � 0.05, Wilcoxon test.
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NA-inhibited neurons did not change when 2-DG (7.5 mM) was
added to the control ACSF (2.5 mM glucose; n � 4, exact permu-
tation test, p � 1; Fig. 5B). In contrast, replacement of 2-DG by an
equimolar concentration of glucose (7.5 mM for a total concen-
tration of 10 mM glucose) in the same cells led to a significant
increase in the firing frequency of 4.83 � 0.87 Hz (n � 4, exact
permutation test, p � 0.05; Fig. 5B). This suggests that glucose is
metabolized into cells to induce its excitatory effect.

Glucose is not the only energy supplier in the brain. Indeed,
lactate derived from astrocytes is regarded as the privileged sub-
strate for neurons (Pellerin et al., 1998; Magistretti et al., 2003;
Levin et al., 2004). It is thus important to determine whether
extracellular glucose is metabolized directly by glucose-excited
VLPO neurons and/or if it is converted earlier to lactate by astro-
cytes. Therefore, we tested the excitatory effect of glucose in the
presence of an inhibitor of monocarboxylate transporters, 4-CIN
(500 �M), or in the presence of the GK inhibitor alloxan (10 mM).
The effects of drugs were tested independently on the resting
membrane potential (RMP) of VLPO LTS neurons recorded in a
whole-cell configuration. To avoid any voltage variability related
to dialysis of the cells, RMP was measured immediately after
passing to whole-cell configuration.

Consistent with our previous findings (Fig. 3), the mean RMP
of LTS neurons was significantly more depolarized when the ex-

tracellular glucose concentration was 10 mM compared with 2.5
mM (n � 10 per group, Mann–Whitney test p � 0.01; Fig. 5C).
Under 4-CIN treatment, the same increase in extracellular glu-
cose concentration produced a similar and significant increase in
RMP (n � 12 per condition; Mann–Whitney test p � 0.01; Fig.
5C). These results imply that the excitatory effect of glucose
would not rely on the entry of astrocyte-derived lactate into neu-
rons. In contrast, the RMP of identified LTS neurons remained
unaffected by changes in extracellular glucose concentration un-
der alloxan treatment (n � 12 per condition; Mann–Whitney test
p � 0.8; Fig. 5C). This latter result indicates that glucose must be
metabolized by these VLPO neurons to obtain sensitivity toward
glucose. Using the scRT-PCR technique after patch-clamp re-
cordings, we found that LTS VLPO neurons expressed mRNAs
encoding glucose transporter type 3 (GLUT3, n � 10/13; Fig.
5D). GLUT1 and GLUT2 mRNAs were never detected in our
sample of VLPO neurons. We also detected GK mRNAs in three
neurons of our sample (Fig. 5D). Combined, the presence of GK
mRNA in subset of VLPO neurons and the pharmacological block-
age of glucose-induced excitation by GK inhibition indicate that
putative VLPO sleep-active neurons are able to sense variations in
glucose concentration directly without glial contribution.

VLPO neurons express functional KATP channels
Glucose-sensing neurons in the ventromedial hypothalamus
(VMH) (Miki et al., 2001), the arcuate nucleus (Wang et al.,
2004), and the lateral hypothalamus (Miki et al., 2001; Burdakov
et al., 2006; Kong et al., 2010) engage KATP channels for coupling
the cellular metabolic status to the membrane potential (Seino,
1999). These results motivated us to consider the involvement of
these KATP channels in the glucose-induced excitation of VLPO
neurons.

The KATP channel is composed of four pore-forming Kir6.1 or
Kir6.2 subunits and four regulatory sulfonylurea receptor (SUR)
SUR1 or SUR2 subunits (Seino, 1999; Moreau et al., 2005). We
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Figure 2. Density of c-Fos-labeled neurons in anterior hypothalamic regions after glucose infusion into the VLPO. A, Schema illustrating the VLPO and surrounding brain areas examined for c-Fos
counting, including the VLPO (red), MCPO (blue), LPOA (orange), and MPOA (green). B, Photomicrographs of sections stained against c-Fos after unilateral infusions of glucose (left) and VEH (right)
and counterstained with neutral red in a representative animal (c-Fos-labeled cells are shown in the bottom left inset at a higher magnification Scale bar, 10 �m. C–F, Quantification of the density
of c-Fos-labeled neurons in the VLPO (C), MCPO (D), LPOA (E), and MPOA (F ) of animals that received glucose in one hemisphere and VEH in the other hemisphere (n � 7). Individual data for each
hemisphere injected with glucose or VEH (gray dots and lines) are displayed and data are presented as mean � SEM (black bars). *p � 0.05, Wilcoxon test: ns.

Table 3. Expression of c-Fos-labeled cells in the VLPO and surrounding regions after
glucose versus vehicle treatment

c-Fos� neuronal density (cells/mm 2)

Glucose (10 mM) Vehicle p value, Wilcoxon test

VLPO 213.3 � 25.3 72.0 � 8.8 0.016*
MPOA 361.7 � 37.7 295.8 � 51.0 0.219 (ns)
LPOA 320.6 � 32.5 292.3 � 70.9 0.578 (ns)
MCPO 60.2 � 10.2 60.9 � 6.2 0.938 (ns)

*p � 0.05.
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detected in the VLPO functional Kir6.2/
SUR1-containing KATP channels in LTS
neurons inhibited by NA (Fig. 6). Indeed,
bath application of diazoxide (300 �M), a
SUR activator, induced an outward cur-
rent in neurons at �65 mV recorded in
whole-cell configuration (50.5 � 12.2 pA,
n � 12/12; Fig. 6B). These effects were
completely reversed after application of
the KATP channel inhibitor tolbutamide
(500 �M; Fig. 6B). Under the same condi-
tions, application of pinacidil (500 �M), a
selective SUR2 activator, did not induce
any significant effect on VLPO neurons
(n � 3/3; Fig. 6B). Depolarizing voltage
ramps (from �115 mV to �45 mV in 400
ms) revealed that the diazoxide-induced
current reversed at �81.5 � 2.7 mV (n �
12; Fig. 6C), which is close to the theoret-
ical potassium equilibrium potential in
our conditions (EK� � �89 mV). Using
the scRT-PCR technique, we detected
mRNAs encoding the Kir6.2, but not
Kir6.1, subunit in VLPO LTS neurons
(n � 10/24; Fig. 6D). Although pharma-
cological experiments confirmed the
presence of SUR1 in VLPO neurons, we
could not detect mRNAs encoding SUR
subunits by scRT-PCR. Together, these
results indicate that VLPO neurons dis-
playing intrinsic properties of putative
sleep-promoting neurons express func-
tional KATP channels that are composed of
Kir6.2 and SUR1 subunits.

Extracellular glucose concentration
monitors the gating of KATP channels
To investigate whether glucose-induced
excitation of VLPO neurons is related to a
change in the opening state of KATP chan-
nels, we evaluated the change in holding
current of VLPO LTS cells �10 mM and
2.5 mM glucose concentrations. For this
purpose, the baseline holding current of
LTS neurons, held at �65 mV, was mea-
sured immediately after passing into
whole-cell configuration and then during
diazoxide and tolbutamide applications
(Fig. 7). We found that the holding cur-
rent measured just after passing in whole-
cell (cell opening) configuration was
significantly higher under an extracellular
glucose concentration of 2.5 mM than that
of cells at �10 mM glucose (�4.0 � 4.0
pA; �19.3 � 2.7 pA, respectively; n � 8 per conditions; Mann–
Whitney test p � 0.05; Fig. 7A,B). This result is in agreement with
our finding that the extracellular glucose concentration can mod-
ulate the excitability of VLPO cells.

Finally, we assessed the effects of diazoxide and tolbutamide
on the holding current of LTS neurons at 2.5 and 10 mM extra-
cellular glucose concentrations. The current values presented in
Figure 7C correspond to the difference between the steady-state
holding current during diazoxide and tolbutamide treatments

and the initial holding current at cell opening. At an extracellular
glucose concentration of 2.5 mM, diazoxide (300 �M) induced an
outward potassium current (31.2 � 10.4 pA, n � 8; Fig. 7A,C) at
�65 mV, which was reversed after tolbutamide application (500
�M). During tolbutamide treatment, the stabilized holding current
was significantly lower than the initial current evaluated before dial-
ysis (�14.1 � 3.3 pA, n � 8, Wilcoxon test p � 0.01; Fig. 7A,C).

Diazoxide (300 �M) provoked a significantly larger outward
current at 10 mM glucose (60.5 � 16.7 pA, n � 8, Mann–Whitney

101

Threshold => 0.125

5 mM
glucose

5 mM1 mM

0.5 mV

1 Hz

2 min

A

B
ns

Fr
eq

ue
nc

y 
(H

z)

Glucose
1 m

M
5 m

M
5 m

M

C

EC50 = 4.06 mM

Glucose (mM)

12

0

10

2

4

8

6

Fr
eq

ue
nc

y 
(H

z)

D

-60 mV
-80 mV

0 mV

20 mV

200 ms

*

200 ms

0.5 mV

1 Hz

NA (100 µM)

120 s

E

*

**
**

11

13

9
9

21

8

6

4

2

0

10

Figure 3. Effect of glucose applications on putative sleep-promoting VLPO neurons. A, Reversible inhibitory effect of decreasing
extracellular glucose concentration from 5 to 1 mM on the spontaneous firing activity of a VLPO neuron recorded in loose-cell-
attached configuration. B, Quantification of the excitatory effect of glucose (from 1 to 5 mM) on the spontaneous firing activity of
glucose-responsive VLPO cells (n � 8). Data are presented as mean � SEM. **p � 0.01, Wilcoxon test: ns. C, Dose–response
relationship of the excitatory effect of glucose on glucose-sensitive VLPO cells. Data fit a Hill curve with an EC50 of 4.06 mM and are
presented as mean � SEM with group sizes for each glucose concentration (1, 2.5, 5, 10, 25 mM). D, Reversible inhibitory effect of
bath-applied NA (100 �M; right) on the spontaneous firing activity of the same cell shown in A characterized by a multipolar shape
(left). Scale bar, 20 �m. E, Current-clamp recording of the same cell shown in A characterized by the presence of a potent LTS (*).

9906 • J. Neurosci., July 8, 2015 • 35(27):9900 –9911 Varin et al. • Glucose Promotes Slow-Wave Sleep



test p � 0.040; Fig. 7B,C), which was reversed by tolbutamide
(500 �M). However, tolbutamide did not change the steady-state
holding current of LTS neurons significantly compared with the
holding current at cell opening (�4.3 � 2.6 pA, n � 8, Wilcoxon
test p � 0.1; Fig. 7B,C).

Our results indicate that, at 10 mM glucose, KATP channels
would be in a more closed state than at 2.5 mM glucose, as seen by
the absence of tolbutamide effect. Conversely, at 2.5 mM glucose,
KATP channels would be likely in a more opened state compared
with 10 mM glucose, as seen by the significant tolbutamide effect
and the weaker diazoxide effect. Therefore, extracellular glucose
may modulate the gating of KATP channels within VLPO LTS
neurons, leading to their previously described glucose sensitivity.

Together, our results support the view that glucose may en-
hance the neuronal excitability of sleep-promoting neurons lo-
cated in the VLPO and therefore may participate in the
mechanisms of SWS promotion and/or consolidation.

Discussion
Using an integrated approach, we found here that infusion of
glucose into the VLPO of mice promotes SWS and increases the
density of c-Fos-labeled neurons selectively in the VLPO. Fur-
thermore, we have demonstrated ex vivo that a rise in extracellu-
lar glucose increases the firing rate of putative sleep-promoting
VLPO neurons. ATP synthesis in these neurons would proceed
through the metabolism of glucose, which closes the KATP chan-
nels and leads to cellular depolarization. Functionally, the present
results highlight that glucose likely contributes to sleep onset
facilitation by increasing the excitability of sleep-promoting
VLPO neurons and thus sleep propensity.

Glucose supply in the VLPO
promotes SWS
We hypothesized that sleep-promoting
VLPO neurons integrate the metabolic
signal conveyed by glucose, thus enabling
a metabolic drive of vigilance states. We
tested this hypothesis here by investigat-
ing the influence of glucose on sleep regu-
lation in vivo after direct bilateral glucose
microinjection into the VLPO. We found
that an increase in glucose concentration
induces a significant increase in the time
spent in SWS associated with a decrease in
the latency to the first SWS episode. This
is the first demonstration that local injec-
tions of glucose can affect vigilance states.
Furthermore, this result illustrates a glu-
cose effect on both the induction and
maintenance of sleep because glucose ap-
peared to increase sleep duration and
sleep propensity. This finding is consis-
tent with previous studies demonstrating
a role for the VLPO in promotion and
maintenance of SWS (Szymusiak and
McGinty, 2008; Saper et al., 2010).

We performed c-Fos immunostaining
after infusion of glucose to investigate
whether glucose can activate VLPO neu-
rons and if the effect that we observed on
vigilance states could be restricted to the
VLPO. In the VLPO, levels of c-Fos ex-
pression have been correlated with sleep
durations, thus constituting a marker of
sleep rebound (Lu et al., 2000; Gvilia et al.,

2006; Dentico et al., 2009). In our experiments, no significant
variation in c-Fos-labeled cells was observed in neighboring re-
gions such as the MPOA, LPOA, and MCPO, whereas we ob-
served a selective increase in c-Fos expression in the VLPO. These
results strongly suggest that the increase in SWS elicited by glu-
cose injection is a consequence of sleep-promoting VLPO neuro-
nal activation.

Ex vivo identification of putative sleep-promoting
VLPO neurons
Previous studies characterized the intrinsic and pharmacological
properties of sleep-promoting VLPO neurons ex vivo. Indeed, a
large majority of VLPO GABAergic neurons generate a potent
LTS and are inhibited by wake-promoting neurotransmitters
such as NA (Gallopin et al., 2000; Matsuo et al., 2003; Gallopin et
al., 2004; Liu et al., 2010; Moore et al., 2012; McCarren et al.,
2014). The inhibition of these VLPO GABAergic neurons by
wake-promoting neurotransmitters is in agreement with their
inactivity during wakefulness, strongly supporting the idea that
they correspond to the sleep-active cells identified in vivo and are
involved in the inhibition of arousal systems (Gallopin et al.,
2000; Saper et al., 2001).

Glucose induces excitation of VLPO neurons through a
metabolic pathway
Different neuronal populations in the brain that regulate glucose
homeostasis or feeding behavior increase their firing according to
a rise in ambient glucose (Levin et al., 2004; Burdakov et al.,
2005). Using a nonmetabolizable glucose analog (2-DG), we have
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shown that glucose metabolization is required to induce excita-
tion of VLPO neurons. This metabolization of glucose could oc-
cur in neurons and/or in astrocytes. Indeed, astrocyte-derived
lactate is considered to be the major source of metabolic energy
for neurons (Pellerin et al., 1998; Magistretti et al., 2003). We
have demonstrated that the inhibition of the enzyme GK selec-
tively expressed in neurons (Dunn-Meynell et al., 2002) abol-
ished the glucose-induced excitation of putative sleep-promoting
neurons, whereas blockade of lactate transport by 4-CIN did not
affect the magnitude of the excitatory effect of glucose. Although
we cannot exclude the possibility that astrocyte-derived glucose
metabolites could influence VLPO neuronal activity, our results
indicate that glucose by itself is sufficient to excite putative sleep-
promoting VLPO neurons. Furthermore, single-cell mRNA de-
tection revealed that VLPO LTS neurons express mRNAs that
encode the glucose transporter GLUT3 and the enzyme GK. The
single-cell mRNA detection of GK in a subset of cells is reinforced
by the pharmacological effect of a GK inhibitor on the glucose-
induced excitation. The expression of GK in neurons is reported
to play an important role in the neuronal mechanisms of glucose

sensing by triggering a shift in metabolism in response to glucose
supply changes (Kang et al., 2006; Dunn-Meynell et al., 2009).

Together, our results reveal that glucose affects VLPO neuro-
nal excitability in a manner similar to what occurs in subsets of
hypothalamic glucose-excited neurons and in insulin-secreting
pancreatic �-cells (Matschinsky, 1990). In these mechanisms,
glucose enters the cell through specific glucose transporters,
where it is phosphorylated by GK and converted to energy by
ATP production (Gonzàlez et al., 2009). This increase in the cy-
tosolic ATP concentration closes the KATP channels, leading to
the excitation of the cell.

KATP channels as a link between cellular energetics and
excitability of VLPO neurons
The cooperative action of GK and KATP channels in some
glucose-sensing neurons plays a crucial role in glucose-induced
excitation by coupling metabolism with membrane excitability
(Routh, 2002; Kang et al., 2006). KATP channels could differ in
their combinations of Kir6.1 or Kir6.2 and SUR1 or SUR2 sub-
units. On the basis of our pharmacological and scRT-PCR exper-

2.5 2.5 2.5

A

Glucose
(mM)

[Ca2+] = 0.1 mM
[Mg2+] = 10 mM

Fr
eq

ue
nc

y 
(H

z)

2.5 10 Glucose
(mM) 2.5 102.5

2-DG 
(mM) 7.5 --

B

ns
Fr

eq
ue

nc
y 

(H
z)

R
es

tin
g 

m
em

br
an

e 
po

te
nt

ia
l (

m
V

)

C

Glucose
(mM)

10

10

12

12

ns

alloxan 
10 mM

12 12 500 bp

D

4-CIN 
0.5 mM

* *
*

**

**

ce
ll 1

ce
ll 2

ce
ll 3

M
W

M
W

G
K 

(d
es

ig
n 

2)
G

K 
(d

es
ig

n 
2)

G
K 

(d
es

ig
n 

1)
G

lu
T3

10 10 10

-62

-60

-58

-56

-54

-52

0

2

4

6

8

0

1

2

3

200 bp

Figure 5. Glucose-induced excitation implies the catabolism of glucose in neurons. A, Excitatory effect of glucose on the spontaneous firing activity of identified sleep-active cells under synaptic
uncoupling conditions (low Ca 2�/high Mg 2�) (n � 4). Data are presented as mean � SEM. *p � 0.05, permutation test. B, Effect of the application of a nonmetabolizable glucose analog (2-DG)
on the spontaneous firing activity of identified putative sleep-promoting and glucose-excited neurons (n � 4). Data are presented as mean � SEM. *p � 0.05, permutation test: ns. C, Effect of the
blockade of lactate transporters (4-CIN) and glucokinase inhibition (alloxan) on the glucose-induced increase in resting membrane potential of identified sleep-active neurons. Data are presented
as mean � SEM with group sizes for each condition. **p � 0.01, Mann–Whitney test: ns. D, Gel electrophoresis of scRT-PCR products of three characterized sleep-promoting cells expressing GK
mRNAs, with the third neuron expressing GK and GLUT3 mRNAs. MW, Molecular weight (100 bp ladder).

A

20 mV

0.1 nA

200 ms

diazoxide tolbutamidepinacidil

C
ur

re
nt

 (p
A

)

Time (s)

B C

Potential (mV)

-89 mV

C
ur

re
nt

 (p
A

)

GAD 65
 (d

es
ign

 2)

GAD 67
 (d

es
ign

 2)

Kir6
.1
Kir6

.2
SUR1

SUR2

D

500 bp

200 bp

*

8000 400 1200 1600 -120 -110 -100 -90 -80 -70

-200

-100

0

100

-40

-20

0

20

40

MWMW

Figure 6. Characterization of KATP channels in VLPO neurons. A, Current-clamp recording of a sleep-promoting neuron identified by the presence of a potent LTS (*) and a multipolar shape (insert)
Scale bar, 20 �m. B, Effect of pinacidil (500 �M), diazoxide (300 �M), and tolbutamide (500 �M) on the stationary currents recorded at �65 mV for the same cell shown in A. C, Effect of diazoxide
(blue) and tolbutamide (red) on the I–V relationship of the same neuron shown in A and B. I–V plot of the net KATP-related current (black), which reverses near the K � equilibrium potential. D, Gel
electrophoresis of scRT-PCR products of a sleep-promoting cell revealing the expression of Kir6.2 but not SUR1 or SUR2 mRNAs. MW, Molecular weight (100 bp ladder).

9908 • J. Neurosci., July 8, 2015 • 35(27):9900 –9911 Varin et al. • Glucose Promotes Slow-Wave Sleep



iments, we favor the view that the KATP channels of sleep-
promoting VLPO neurons are composed of Kir6.2 and SUR1
subunits. We showed that application of pinacidil, a selective
SUR2 activator, did not induce any significant effect on VLPO
neurons, indicating the absence of the SUR2 isoform. This result
is in agreement with several studies indicating that pinacidil ac-
tivates Kir6.2/SUR2, but not Kir6.2/SUR1 channels (Shindo et
al., 1998; Ashcroft and Gribble, 2000; Wheeler et al., 2008). More-
over, we showed that diazoxide (a KATP channel opener) induces
an outward current that was systematically reversed by tolbut-
amide (a KATP channel inhibitor), confirming the presence of
functional KATP channels in VLPO neurons. However, we could
not detect mRNAs encoding SUR subunits in individual cells.
This is a common problem seen in scRT-PCR when mRNAs are
present at low levels (Gallopin et al., 2006, Tsuzuki et al., 2001).
Indeed, SUR mRNAs are present in very low abundance in neu-
rons, even in the canonical glucose-sensing neurons of the VMH
(Kang et al., 2004).

Moreover, the low proportion of putative sleep-active cells
that are positive for GK at the cellular level could also be ex-
plained due to the very low amount of these mRNA species in
cells even in glucose-responsive neurons (Lynch et al., 2000;
Dunn-Meynell et al., 2002; Kang et al., 2004).

Concerning the expression of the Kir6 isoform, we detected
the presence of Kir6.2 mRNAs in 41% of the harvested VLPO
neurons (which might be underestimate by our detection
method). However, this proportion is totally consistent with pre-
vious observations in glucose-excited neurons in the VMH (42%;
Kang et al., 2004). In contrast to the widespread distribution of
the Kir6.2 subunit in the brain, immunoreactivity of Kir6.1 in
neurons has only been reported in specific brain regions that do
not include the VLPO (Thomzig et al., 2005).

Energy metabolism and sleep homeostasis
Various pathways can regulate sleep pressure associated with
drowsiness, including circadian and homeostatic drives, which

can both modulate the activity of VLPO neurons (Saper et al.,
2005). Here, we demonstrate for the first time that putative sleep-
promoting VLPO neurons are also able to integrate energetic
signals such as ambient glucose directly to modulate behavioral
states. Importantly, these results complement previous reports
showing that glucose modulates the excitability of orexin-
expressing neurons located in the lateral hypothalamus, which
are involved in arousal maintenance (Tsujino and Sakurai, 2009).
Indeed, ex vivo experiments have revealed that glucose inhibits
orexinergic neurons (Yamanaka et al., 2003; Burdakov et al.,
2006).

Physiological and physiopathological studies have illustrated
that sleep maintains a close and cooperative relationship with
metabolism. Metabolism-related compounds such as glucose,
glycogen, lactate, and/or ATP have been shown to fluctuate over
vigilance states (Netchiporouk et al., 2001; Shram et al., 2002;
Dworak et al., 2010). Food deprivation in rodent models in-
creases wakefulness, which is compatible with the development
of food-seeking behaviors (Jacobs and McGinty, 1971; Dewasmes
et al., 1989; Minet-Ringuet et al., 2004). In contrast, carbohydrate
intake appears to enhance sleep (Danguir and Nicolaidis, 1979;
Nicolaidis, 2006). Similar effects have been observed in humans,
where it was shown that even if glucose intake leads to short-term
cognitive improvement, it could eventually lead to an enhanced
sleepiness and facilitated sleep onset (Landström et al., 2000;
Horne and Baulk, 2004; Anderson and Horne, 2006; Afaghi et al.,
2007).

Our results provide evidence that high-energy stores are im-
portant to maintain an excitation of neurons required to trigger
and maintain SWS. Conversely, we would expect that a depletion
of energy supplies in the VLPO could decrease the firing rate of
these cells and would thus facilitate awakening. The novel mech-
anisms regulating the activity of VLPO neurons described herein
reinforce the perspectives of a crucial link between sleep and
metabolism.
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