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SUMMARY

Astrocytes produce and supplymetabolic substrates
to neurons through gap junction-mediated astroglial
networks. However, the role of astroglial metabolic
networks in behavior is unclear. Here, we demon-
strate that perturbation of astroglial networks im-
pairs the sleep-wake cycle. Using a conditional
Cre-Lox system in mice, we show that knockout of
the gap junction subunit connexin 43 in astrocytes
throughout the brain causes excessive sleepiness
and fragmented wakefulness during the nocturnal
active phase. This astrocyte-specific genetic manip-
ulation silenced the wake-promoting orexin neurons
located in the lateral hypothalamic area (LHA) by im-
pairing glucose and lactate trafficking through astro-
cytic networks. This global wakefulness instability
was mimicked with viral delivery of Cre recombinase
to astrocytes in the LHA and rescued by in vivo injec-
tions of lactate. Our findings propose a novel regula-
tory mechanism critical for maintaining normal daily
cycle of wakefulness and involving astrocyte-neuron
metabolic interactions.

INTRODUCTION

Sleep plays a vital role in health and well-being and is critical for

immune function, metabolism, and memory and learning (Brown

et al., 2012). While major progress has been made in under-

standing functions of sleep, mechanisms underlying its regula-

tion are unclear (Brown et al., 2012). It was only recently that

astrocytes were implicated in sleep mechanisms and functions

through their regulation of gliotransmission (Halassa et al.,

2009; Paukert et al., 2014; Araque et al., 2014).

Astrocytes form an extensive network of cells interconnected

through gap junction channels formed by connexin (Cx) proteins

(Goodenough et al., 1996). Gap junctions allow the passage of
small molecules including ions, secondmessengers, and energy

metabolites such as glucose and lactate (see Giaume et al.,

2010). Cx43, themajor constituent of gap junctions in astrocytes,

is highly expressed throughout the brain (Nagy and Rash, 2000).

The Cre-Lox conditional knockout (cKO) approach is often used

to investigate the physiological functions of astroglial Cx43 and

astrocytic networks in the CNS (Giaume et al., 2010; Giaume

and Theis, 2010; Pannasch and Rouach, 2013; Oliveira et al.,

2015). The use of Cx43 cKOGFAP mice with Cre transgenic lines

under the promoter of a human glial fibrillary acidic protein

(Cx43f/f:hGFAP-Cre; Theis et al., 2003; Wiencken-Barger et al.,

2007) has demonstrated the contribution of Cx43 hemichannels

and Cx43-mediated gap junctions to neuron-glia interactions

(Giaume et al., 2010; Giaume and Theis, 2010; Pannasch and

Rouach, 2013, Oliveira et al., 2015) and to metabolic coupling

between neurons and astrocytes (Rouach et al., 2008). This latter

process is based on the ‘‘astrocyte to neuron lactate shuttle’’

(ANLS) hypothesis (Pellerin and Magistretti, 1994), in which

glucose is taken up by astrocyte endfeet and enters the glyco-

lytic pathway to be converted into lactate, which is then trans-

ported through the gap junction-mediated astrocytic network

to fuel neuronal energy demands (Rouach et al., 2008). Although

recent studies suggest a role for astroglial Cx43 in neuroglial in-

teractions, their contribution to physiological brain functions

such as sleep remains largely unknown.

We performed cortical electroencephalographic (EEG) and

electromyographic (EMG) recordings in Cx43 cKOGFAP mice

(Wiencken-Barger et al., 2007; Han et al., 2014) to determine

the role of astroglial Cx43 on sleep-wake regulation. Cx43

cKOGFAP mice exhibited excessive sleepiness and fragmented

wakefulness during the nocturnal active phase. We show that

orexin (hypocretin)-producing neurons (orexin neurons) in the

lateral hypothalamic area (LHA), crucial regulators of wake-

fulness (Sakurai, 2007), have reduced activity in Cx43 cKOGFAP

mice. This reduced activity was due to an attenuated diffusion

of energy metabolites, glucose and lactate, through gap junc-

tion-mediated astrocytic networks in the LHA. Viral transduction

of astrocytes in the LHA of Cx43f/f littermate controls mimicked

the sleep phenotype of cKO animals by promoting sleepiness

and fragmented wakefulness during the nocturnal active phase.
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This phenotype was rescued by chronic delivery of lactate into

the LHA. We demonstrate that an astrocytic source of lactate

trafficking through the Cx43-mediated astrocytic gap junctions

in the LHA is crucial for normal activity of orexin neurons and,

consequently, for wakefulness.

RESULTS

Deletion of Cx43 in Astrocytes Decreases Wakefulness
during the Active Phase
To investigate the role of astroglial Cx43 in sleep-wake regula-

tion, we combined cortical EEG and EMG recordings with the

Cx43f/f:hGFAP-Cre mouse (Wiencken-Barger et al., 2007; Han

et al., 2014), which allowed us to knock out theGja1 gene encod-

ing Cx43 selectively in astrocytes. To generate Cx43f/f:hGFAP-

Cre (Cx43 cKOGFAP) mice, homozygous Cx43f/f mice (Liao

et al., 2001) were crossed to hGFAP-Cre mice (Casper and

McCarthy, 2006), in which the Cre recombinase is under the con-

trol of the human glial GFAP promoter (Figure 1A). PCRwas used

to identify the correct genotypes (Figure 1B), and the efficiency

and specificity of Gja1 gene deletion in astrocytes in the Cx43

cKOGFAP mice were characterized previously (Wiencken-Barger

et al., 2007; Han et al., 2014). Western blots demonstrated that

Cx43 expression was substantially reduced in brains of Cx43

cKOGFAP mice compared to Cx43f/f littermates and WT mice

with the same C57BL/6J inbred background (Figure 1C).

EEG/EMG recordings for 24 hr indicated that Cx43f/f and Cx43

cKOGFAP mice displayed a normal circadian sleep-wake rhythm

(Figure 1D). However, Cx43 cKOGFAP mice showed changes in

vigilance state distribution during the dark phase (Figure 1D).

The time spent awake in Cx43 cKOGFAP mice was reduced by

23.76% during the 12 hr dark phase, when mice are typically

active (Figure 1E). This reduction was concomitant with a

significant increase in time spent in non-rapid eye movement

(NREM) sleep (56.73%), rapid eye movement (REM) sleep

(141.88%), and total sleep time (TST including REM + NREM

sleep: 59.79%; Figure 1E). These results indicate that deficiency

in astroglial Cx43 induces sleepiness during the nocturnal

active phase.

Cx43 Deletion in Astrocytes Causes Wakefulness
Instability during the Active Phase
Cx43 cKOGFAP were unable to sustain a period of consolidated

wakefulness especially during the first 6 hr of the dark phase

(zeitgeber time [ZT] 12-ZT18; Figure 1F). Intrusions of short pe-

riods of NREM sleep were frequently found within periods of

wakefulness at the beginning of the dark phase (Figure 1F). In

addition, Cx43 cKOGFAP mice had more episodes of wakeful-

ness during both light and dark phases (Figure 1G), although

of shorter duration (Figure 1H). Cx43 cKOGFAP mice also had

more episodes of NREM and REM sleep, but only during the

dark phase (Figure 1G) and with a duration that remained un-

changed (Figure 1H). This increase in episode numbers of wake-

fulness, NREM, and REM sleep in Cx43 cKOGFAP mice during

dark phase was associated with an increase in the number of

transitions between all vigilance states (Figure 1I), demon-

strating that these mice had difficulty in sustaining long epi-

sodes of wakefulness.
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Cx43 Deletion in Astrocytes Decreases Spontaneous
Firing Frequency and Excitability in Orexin Neurons
Since excessive sleepiness and instability of wakefulness during

the active phase is reminiscent of narcolepsy due to the loss

of wake-promoting orexin neurons in the LHA (Sakurai, 2007),

we investigated whether Cx43 cKOGFAP mice caused changes

in orexin neurons. Immunohistochemistry against orexin-A

(ORX-A), the main isoform of orexin involved in the regulation

of wakefulness (Sakurai, 2007), showed that the number of

ORX-A-positive cells was similar in both genotypes (Figure S1).

Since electrical activity of orexin neurons changes across the

sleep-wake cycle (Mileykovskiy et al., 2005; Lee et al., 2005;

Adamantidis et al., 2007; Hassani et al., 2009; Tsunematsu

et al., 2011), we used whole-cell current-clamp recordings in

acute brain slices to ask whether astroglial Cx43 modulates

the activity of orexin neurons. Orexin neurons were identified

based on their electrophysiological characteristics (Eggermann

et al., 2003; Parsons and Hirasawa, 2010), such as tonic sponta-

neous firing (Figure 2A1), H-current (Figure S2A), monophasic

after hyperpolarizing potential (AHP; Figure S2A), and low-

threshold spike (Figure S2A). Recorded cells were filled with bio-

cytin for post hoc histological verification of ORX-A-expressing

neurons (Figures 2A2 and 2B2). With an artificial cerebrospinal

fluid (ACSF) containing a physiological concentration of glucose

(2.5 mM; Parsons and Hirasawa, 2010; Sada et al., 2015), orexin

neurons from Cx43 cKOGFAP mice displayed reduced sponta-

neous firing compared with Cx43f/f mice (Figures 2A1, 2B1,

and 2C). This reduced basal firing persisted in loose patch-

clamp configuration (Figures 2D–2F), indicating that it was not

a consequence of dilution of the intracellular compartment by

whole-cell dialysis.

In Cx43 cKOGFAP mice, orexin neurons fired fewer action

potentials (APs) in response to depolarizing injected currents

compared to Cx43f/f mice (Figures 2G, 2H, S2A, and S2B). The

rate of increase in firing frequency during current ramps from 0

to +50 pA was decreased by 36% in orexin neurons from Cx43

cKOGFAP mice (Cx43f/f, 0.30 ± 0.01 Hz/pA, n = 15 cells, 9 mice;

Cx43 cKOGFAP, 0.19 ± 0.01 Hz/pA, n = 11 cells, 7mice; Student’s

t test, p < 0.001; Figures 2G and 2H), while the slope of the AP

output in response to current injection was decreased by 23%

(Cx43f/f, 0.34 ± 0.02 AP/pA, n = 14 cells, 9 mice; Cx43 cKOGFAP,

0.26 ± 0.02 AP/pA, n = 12 cells, 6 mice; Student’s t test, p < 0.05;

Figure S2B). A more hyperpolarized resting membrane potential

(RMP; Figure S2C) as well as a lower membrane input resistance

(Rin; Figure S2D) were also observed in orexin neurons from the

cKO animals. The slope of the current-voltage relationship from

cKO animals was decreased compared with littermate controls

(Figures S2A and S2E), resulting in the convergence of the two

curves at �88 mV (Figure S2E), which is close to the potassium

equilibrium potential in our conditions, suggesting that this effect

was mediated by a potassium conductance.

Orexin Neurons Use Lactate as Energy Substrate
It has been previously suggested that orexin neurons rely on

lactate as their main energy source (Parsons and Hirasawa,

2010). Since Cx43 gap junctions are critical for the trafficking

of glucose and its metabolite, lactate, through the astrocytic

networks during neuronal activity (Rouach et al., 2008), we



Figure 1. Deletion of Cx43 in Astrocytes Causes Sleepiness and Wakefulness Instability during Active Phase

(A) Generation of mice with conditional knockout of Cx43 in astrocytes.

(B) Left panel: Genotype PCR for the floxed Cx43 allele in wild-type (WT; wt/wt), heterozygous (wt/f), and homozygous (f/f) floxed mice. Right panel: Genotype

PCR for GFAP-Cre in Cre-positive mice (+) and Cre-negative littermates (�).

(C) Western blot showing Cx43 expression in whole-brain lysates from Cx43f/f, Cx43 cKOGFAP, and WT mice.

(D) Averaged percentage of the time spent in wake (top), NREM (middle), andREM sleep (bottom) per hour in Cx43f/f (n = 8) and Cx43 cKOGFAPmice (n = 7; ANOVA

followed by post hoc test; *p < 0.05, **p < 0.01, and ***p < 0.001).

(E) Averaged percentage of time spent in wake, NREM, and REM sleep during the 12 hr light phase and 12 hr dark phase in Cx43f/f (n = 8) and Cx43 cKOGFAP mice

(n = 7; ANOVA followed by post hoc test; *p < 0.05, **p < 0.01, and ***p < 0.001). TST, total sleep time including REM and NREM sleep.

(F) Representative hypnograms of Cx43f/f (left) and Cx43 cKOGFAP mice (right). Bottom traces represent EEG/EMG recordings from ZT12 to ZT18.

(G and H) Averages of the number (G) and duration (H) of wake, NREM, and REM sleep episodes during the 12 hr light and dark phases in Cx43f/f (n = 8) and Cx43

cKOGFAP mice (n = 7; ANOVA followed by post hoc test; *p < 0.05 and ***p < 0.001).

(I) Average number of transitions between vigilance states (W, wake; N, NREM; R, REM) in Cx43f/f (n = 8) and Cx43 cKOGFAP mice (n = 7; ANOVA followed by post

hoc test; *p < 0.05 and **p < 0.01).

Pooled data are shown as mean ± SEM. See also Figure S1.
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hypothesized that the reduced activity of orexin neurons

observed in Cx43 cKOGFAP mice could result from a deficiency

in the diffusion of energy substrates between astrocytes in

the LHA.
To confirm that orexin neurons in Cx43f/f littermate controls

use lactate as energy substrate, we used the selective blocker

of monocarboxylate transporters (MCTs), a-cyano-4-hydroxy-

cinnamate (4-CIN), to block the lactate influx into neuronal cells
Neuron 95, 1–16, September 13, 2017 3



Figure 2. Deletion of Cx43 in Astrocytes Decreases Spontaneous Firing Frequency and Excitability of Orexin Neurons

(A1)Whole-cell current-clamp recording performed in ACSF containing 2.5mMglucose showing spontaneous tonic firing in an orexin neuron fromCx43f/f mouse.

The bottom trace shows an expanded timescale of that recording.

(A2) Images showing the cell recorded in (A1) filled with biocytin (red) and expression of orexin (ORX)-A (green). Scale bar, 50 mm.

(B1 and B2) Same experiments as in (A1) and (A2) but in an orexin neuron from Cx43 cKOGFAP mouse.

(C) Average firing rate of orexin neurons recorded from Cx43f/f (n = 7 cells, 5 mice) and Cx43 cKOGFAP mice (n = 8 cells, 4 mice; Mann-Whitney test, ***p < 0.001)

recorded in the whole-cell current-clamp mode.

(D) Loose patch-clamp recording of spontaneous firing in an orexin neuron from Cx43f/f mouse.

(E) Same experiment as in (D) but in an orexin neuron from a Cx43 cKOGFAP mouse.

(F) Average firing rate of orexin neurons recorded from Cx43f/f (n = 7 cells, 4 mice) and Cx43 cKOGFAPmice (n = 6 cells, 3 mice; Mann-Whitney test, ***p < 0.001) in

loose patch-clamp configuration.

(G) Whole-cell current-clamp recordings performed in ACSF containing 2.5 mM glucose showing the membrane response of an orexin neuron from Cx43f/f (left)

and Cx43 cKOGFAP mice (right) to a positive current ramp from 0 to 50 pA (5 s).

(H) Average instantaneous frequency of orexin neurons from Cx43f/f (n = 15 cells, 9 mice) and Cx43 cKOGFAP mice (n = 11 cells, 7 mice; ANOVA followed by post

hoc test; *p < 0.05, **p < 0.01, ***p < 0.001) in 5 pA bins during the incremental current injection.

Pooled data are shown as mean ± SEM. See also Figure S2.
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(Parsons and Hirasawa, 2010). In the presence of physiological

levels of glucose (2.5 mM), bath application of 4-CIN (500 mM)

induced a reversible membrane hyperpolarization of 9.71 ±
4 Neuron 95, 1–16, September 13, 2017
1.47mV (n = 7 cells, 3 mice) that was sufficient to inhibit the tonic

firing of orexin neurons (Figures 3A and 3B). To test whether

exogenous lactate was sufficient to sustain the activity of orexin



Figure 3. Endogenous Production of

Lactate Sustains Spontaneous Activity of

Orexin Neurons

(A) Whole-cell current-clamp recording performed

in ACSF containing 2.5 mM glucose showing that

bath application of the MCT inhibitor 4-CIN hy-

perpolarized and decreased the firing rate of an

orexin neuron from a Cx43f/f mouse.

(B) Summary of the 4-CIN effect on the firing rate of

orexin neurons from Cx43f/f mice (n = 7 cells, 3

mice; paired Student’s t test; ***p < 0.001).

(C) Whole-cell current-clamp recording showing

that a switch from 2.5 to 0 mM glucose hyper-

polarized and decreased the firing rate of an orexin

neuron from aCx43f/f mouse. On the same neuron,

lactate reversed the glucose deprivation effect,

and this effect was cancelled by 4-CIN.

(D) Average firing rate of orexin neurons from

Cx43f/f mice in different conditions (in 2.5 mM

glucose [Control], n = 8 cells, 6 mice; in 0 mM

glucose [0 Glc], n = 8 cells, 6 mice; in

0 mM glucose with lactate, n = 6 cells, 3 mice; in

0 mM glucose with lactate and 4-CIN, n = 6 cells,

3 mice; ANOVA followed by post hoc test;

*p < 0.05 and **p < 0.01; ns, nonsignificant).

(E) Intracellular dialysis of 2.5 mM lactate

(> 20min) in an orexin neuron from aCx43f/f mouse

through the patch pipette prevented the inhibitory

effects of glucose deprivation and 4-CIN. Bottom

traces show expanded timescales of the recording

at the indicated time points 1, 2, and 3.

(F) Average firing rate of orexin neurons from

Cx43f/f mice during intracellular dialysis of 2.5 mM

lactate in 2.5 mM glucose (Control, n = 14 cells, 8

mice), 0 mM glucose (0 Glc, n = 10 cells, 6 mice),

and 2.5 mM glucose with 4-CIN (4-CIN, n = 4 cells,

3 mice; ANOVA, p > 0.05).

(G) Whole-cell current-clamp recording of an

orexin neuron from a Cx43f/f mouse showing that

bath application of the downstream metabolite of

LDH, pyruvate, reversed the inhibitory effect of

glucose deprivation. The pyruvate effect was

suppressed by 4-CIN. Asterisks indicate the time

of application of hyperpolarizing and depolarizing

current pulses to trace current-voltage relation-

ships.

(H) Average firing rate of orexin neurons from

Cx43f/f mice in different conditions (in 2.5 mM

glucose [Control]; in 0 mMglucose [0 Glc]; in 0 mM

glucose with pyruvate; in 0 mM glucose with py-

ruvate and 4-CIN; n = 7 cells, 3 mice for each

condition; ANOVA followed by post hoc test; **p <

0.01 and ***p < 0.001; ns, nonsignificant).

(I) Whole-cell current-clamp recording showing that the LDH inhibitor oxamate hyperpolarized and decreased the firing rate of an orexin neuron from a Cx43f/f

mouse in ACSF with 2.5 mM glucose. On the same neuron, lactate, the upstream substrate of LDH, did not reverse the inhibitory effect of oxamate.

(J) Whole-cell current-clamp recording of an orexin neuron from a Cx43f/f mouse showing that pyruvate reversed the inhibitory effect of oxamate.

(K) Average firing rate of orexin neurons from Cx43f/f mice in different conditions (in 2.5 mM glucose [Control], n = 8 cells, 3 mice; in 2.5 mM glucose with oxamate

[Oxamate], n = 7 cells, 3 mice; in 2.5 mMglucosewith oxamate and lactate [Oxamate + Lactate], n = 6 cells, 3 mice; in 2.5mMglucose with oxamate and pyruvate

[Oxamate + Pyruvate], n = 8 cells, 3 mice; ANOVA followed by post hoc test; ***p < 0.001; ns, nonsignificant).

Pooled data are shown as mean ± SEM. See also Figure S3.
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neurons, we induced glucose deprivation by switching from 2.5

to 0 mM glucose in ACSF. This caused a membrane hyperpolar-

ization (from �55.25 ± 1.69 mV to �66.37 ± 1.98 mV, n = 8 cells,

6 mice; paired Student’s t test, p < 0.001) that was sufficient to

inhibit the activity of orexin neurons (Figures 3C and 3D). During
glucose deprivation, bath application of 5 mM lactate (equica-

loric to 2.5 mM glucose; Parsons and Hirasawa, 2010) restored

both the basal membrane potential (�54.50 ± 2.37 mV, n = 6

cells, 3 mice; Student’s t test, p > 0.05) and spontaneous firing

frequency of orexin neurons (Figures 3C and 3D). The recovering
Neuron 95, 1–16, September 13, 2017 5
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effect of lactate on orexin neuron activity during glucose depriva-

tion was abrogated when slices were perfused with 500 mM

4-CIN (Figures 3C and 3D), suggesting that the excitatory effect

of lactate required its transport through the cell membrane.

The requirement for lactate being transported into the neuron,

rather than acting on an extracellular receptor (Tang et al.,

2014), was confirmed by performing additional recordings with

a patch pipette solution containing lactate under conditions

of energy depletion. Dialysis of orexin neurons with 2.5 mM

lactate in whole-cell configuration for 20–30 min after break-

in prevented the inhibitory effects of either glucose deprivation

or 4-CIN (Figures 3E and 3F). Together, these data suggest

that orexin neuronal activity is primarily dependent on lactate

uptake.

Based on the ANLS hypothesis, lactate produced from astro-

cytic glucose and taken up by neurons via MCTs mediates its

effect through lactate dehydrogenase (LDH), an enzyme respon-

sible for conversion of lactate to pyruvate, the downstream

metabolite that enters the tricarboxylic cycle to fuel neurons (Pel-

lerin and Magistretti, 1994; Bélanger et al., 2011; Lam et al.,

2005; Sada et al., 2015). In favor of this hypothesis, we found

that bath application of pyruvate (5 mM), which can also be

transported into the cells by MCTs (Halestrap and Price, 1999),

rescued the inhibitory effect of glucose deprivation on orexin

neurons, an action that was suppressed by 500 mM 4-CIN (Fig-

ures 3G and 3H). Also, inhibition of LDH by bath application of

10 mM oxamate (Sada et al., 2015), to prevent the conversion

of lactate to pyruvate, hyperpolarized orexin neurons (from

�54.42 ± 1.75 mV to �67.14 ± 1.38 mV, n = 7 cells, 3 mice;

paired Student’s t test, p < 0.001) and strongly suppressed their

spike firing (Figures 3I–3K), mimicking the inhibitory effect of

glucose deprivation (Figures 3C, 3D, 3G, and 3H). Finally, mem-

brane hyperpolarization and loss of activity induced by oxamate

were both fully restored by bath application of pyruvate (5 mM),

the downstream metabolite of LDH (membrane potential in

the presence of oxamate + pyruvate, �52.00 ± 1.43 mV, n = 8

cells, 3 mice; Student’s t test, p > 0.05; Figures 3J and 3K),

but not by the addition of lactate (5 mM), the upstream

substrate of LDH (membrane potential in presence of oxamate +

lactate, �66.16 ± 2.32 mV, n = 6 cells, 3 mice; Student’s

t test, p < 0.01; Figures 3I and 3K). These results indicate that

lactate mediates its excitatory effects on orexin neurons through

the activity of the LDH enzyme, a metabolic component of

the ANLS.

What is the mechanism for the effect of lactate on membrane

potential and spontaneous tonic firing of orexin neurons? We

found that the membrane hyperpolarization induced by glucose

deprivation (from �47.33 ± 3.38 mV to �61.67 ± 5.36 mV, n = 3

cells, 3 mice; paired Student’s t test, p < 0.05) persisted under

0.5 mM tetrodotoxin (Figure S3A), suggesting a direct postsyn-

aptic effect. The membrane hyperpolarization was caused by

activation of a current that reversed near the potassium equilib-

rium potential (�83.38 ± 8.18 mV, n = 4 cells, 3 mice; Figures

S3B1 and S3B2). We next observed that the inhibitory effect

of glucose deprivation was either restored (Figures S3C and

S3D) or prevented (Figures S3E and S3G) by bath application

of tolbutamide (100 mM), a blocker of ATP-sensitive potassium

(KATP) channels (Sada et al., 2015), suggesting that KATP chan-
6 Neuron 95, 1–16, September 13, 2017
nels mediated the inhibition of orexin neurons. To confirm that

maintenance of orexin neuron activity by lactate, and to some

extent by pyruvate, involves KATP channels, we tested the effect

of tolbutamide on 4-CIN- and oxamate-induced inhibition

of orexin neurons. Pre-treatment of slices with tolbutamide

(100 mM) for at least 15 min completely abolished the inhibitory

effect caused by 500 mM 4-CIN and 10 mM oxamate (Figures

S3E–S3G). Consistent with previous studies (Parsons and Hira-

sawa, 2010), these results indicate that lactate sustains tonic

spontaneous activity of orexin neurons by modulating KATP

channel activity.

We asked whether the delivery of lactate into a single astro-

cyte in the LHA could rescue normal activity of orexin neurons

during glucose deprivation. A single astrocyte was dialyzed

with 5 mM lactate while performing whole-cell recording from a

distant orexin neuron (50–75 mm apart; Figures 4A and 4B).

When astrocytes were dialyzed with lactate, glucose deprivation

no longer induced a reduction in AP firing nor a membrane hy-

perpolarization (Figures 4C–4F). This preventive effect of lactate

was suppressed by 4-CIN (500 mM; Figures 4D–4F), indicating

that transcellular transport of lactate throughMCTswas required

for its effect. These data show that shuttling of lactate from astro-

cytes to neurons is functional in the LHA and contributes to the

tonic firing of orexin neurons.

Gap Junction-Mediated Astrocytic Networks Are
Functional in the LHA
Gap junction-mediated astrocytic networks are functional in the

LHA, since injection of biocytin (Rouach et al., 2008) into a single

astrocyte diffused from the patch pipette extensively into neigh-

boring astrocytes (Figures 5A and 5D). This intercellular diffusion

was significantly attenuated by the gap junction blocker, carbe-

noxolone (CBX; 50 mM; Rouach et al., 2008; Figures 5C and 5D).

Most coupled cells were immunopositive for the astrocyte

marker GFAP, but not for the neuronal marker NeuN (Figure 5E),

suggesting a lack of dye-coupling between astrocytes and neu-

rons in the LHA. When orexin neurons were recorded, biocytin

was always restricted to the recorded cell (Figures 2A2 and

2B2), showing a lack of intercellular communication between as-

trocytes and orexin neurons. Together, these results demon-

strate functional gap junctional coupling between astrocytes

surrounding orexin neurons in the LHA.

We next studied the possibility for energy metabolites to

traffic between astrocytes in the LHA by injecting the fluores-

cent glucose derivative 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-

yl)amino]-2-deoxyglucose (2-NBDG; Rouach et al., 2008) into a

single LHA astrocyte via a patch pipette and analyzing its inter-

cellular diffusion. Twenty minutes after break-in, 2-NBDG

diffused from the patch pipette into neighboring astrocytes (Fig-

ures 5F and 5H).

Cx43 Deletion in Astrocytes Weakens the Astrocytic
Metabolic Networks in the LHA
Wenext investigated bywhole-cell recordingswhether gap junc-

tional coupling and trafficking of energymetabolites between as-

trocytes were altered in the LHA of Cx43 cKOGFAP. Passive

membrane properties of LHA astrocytes were similar between

Cx43 cKOGFAP and Cx43f/f mice (Figure S4). However, the



Figure 4. Lactate Supply through the Astrocytic Network Sustains the Activity of Orexin Neurons during Glucose Deprivation

(A) Left: Infrared differential interference contrast (IR-DIC) image of a paired astrocyte-orexin neuron whole-cell recording in the LHA from a Cx43f/f mouse. Right:

Fluorescence image of the orexin neuron-astrocyte pair shown in the left picture, filled through the pipette with Alexa Fluor 594 (red) and Lucifer yellow (LY, green),

respectively. Note the diffusion of LY to neighboring astrocytes (arrowheads).

(B) Responses of the cells recorded in (A) to current pulses from�60 to 10 pA (1 s, 10 pA steps) for the orexin neuron and from�200 to 250 pA (1 s, 50 pA steps) for

the astrocyte.

(C) Representative paired astrocyte-neuron recording from a Cx43f/f mouse showing that glucose deprivation inhibits the orexin neuron firing rate. Downward

deflections in the astrocyte trace are membrane potential responses to current pulses (�100 pA at 2 Hz for 80 s) to monitor input resistance.

(D) Intracellular delivery of lactate (5 mM) to astrocyte (Astrocyte + Lactate) through the patch pipette for at least 20 min prevents the inhibitory effect of glucose

deprivation on the orexin neuron firing rate. This preventive effect was abolished by bath application of 4-CIN.

(E and F) Average firing frequency (E) and resting membrane potential (RMP; F) of orexin neurons from Cx43f/f mice exposed to different conditions (during patch-

clamp recording of astrocyte not filled with lactate: in 2.5 mMglucose [Control], n = 7 cells, 5mice; in 0mMglucose [0 Glc], n = 7 cells, 5mice; during patch-clamp

recording of astrocyte filled with 5 mM lactate: in 2.5 mM glucose [Control], n = 7 cells, 4 mice; in 0 mM glucose [0 Glc], n = 7 cells, 4 mice; in 500 mM 4-CIN, n = 4

cells, 4 mice; ANOVA followed by post hoc test; *p < 0.05, **p < 0.01, and ***p < 0.001; ns, nonsignificant).

Pooled data are shown as mean ± SEM.
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number of dye-coupled LHA astrocytes following biocytin injec-

tion was reduced by 54.63% in Cx43 cKOGFAP (Figures 5A, 5B,

and 5D). Similarly, the intercellular diffusion of 2-NBDG between
LHA astrocytes was decreased by 52.12% in the cKO animals

(Figures 5F–5H), indicating that glucose trafficking through the

astrocytic network in the LHA requires Cx43.
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Figure 5. Deletion of Cx43 in Astrocytes Al-

ters Metabolic Networks of Interconnected

Astrocytes in the LHA

(A) Functional coupling of astrocytes in the LHA

from a Cx43f/f mouse observed by injection of

biocytin (20 min, green) in a single astrocyte (ar-

row) through the patch pipette. Biocytin diffusion

was revealed with streptavidin after slice fixation.

Scale bar, 50 mm. Inset shows current traces in the

patched astrocyte (arrow) while holding mem-

brane potential at �80 mV in response to a series

of voltage pulses from �100 to +100 mV (300 ms,

10 mV steps). Calibration bars, 4 nA, 100 ms.

(B) Same experiment as in (A) but in an orexin

neuron from a Cx43 cKOGFAP mouse.

(C) Treatment of slices from Cx43f/f mice with the

gap junction channel blocker carbenoxolone

(CBX, 50 mM, > 15 min) abolished intercellular

diffusion of biocytin (green) between LHA astro-

cytes, revealing fine astrocytic processes.

(D) Summary of the number of coupled cells re-

corded in Cx43f/f (n = 6, 2 mice), Cx43 cKOGFAP

(n = 6, 3 mice), and Cx43f/f slices treated with CBX

(Cx43f/f + CBX, n = 7, 2 mice; ANOVA followed

by post hoc test; *p < 0.05, **p < 0.01, and

***p < 0.001).

(E) Dye coupling of LHA astrocytes from a Cx43f/f

mouse performed with biocytin (green) injected in

a single astrocyte (arrow) through the patch

pipette and combined with a double immunofluo-

rescence staining for GFAP (red) and NeuN (blue).

Scale bar, 50 mm.

(F) Spread through astrocytic network of the fluo-

rescent glucose analog 2-NBDG (green) injected

in a single LHA astrocyte from a Cx43f/f mouse

through the patch pipette (20 min). Scale bar,

100 mm. The injected astrocyte was localized by

simultaneously injecting the gap junction-imper-

meable dye dextran tetramethylrhodamine (red,

inset). Scale bar, 10 mm.

(G) Same experiment as in (F) but in a Cx43

cKOGFAP mouse.

(H) Summary of the extent of astrocytic coupling in

the LHA for the 2-NBDG in Cx43f/f (n = 15 slices,

5 mice) and Cx43 cKOGFAP mice (n = 14 slices,

4 mice; Mann-Whitney test; **p < 0.01).

(I) Whole-cell current-clamp recording showing

that CBX hyperpolarized and decreased the firing

rate of an orexin neuron from a Cx43f/f mouse bathed in ACSF with 2.5 mM glucose. On the same neuron, addition of lactate reversed the inhibitory effect of CBX.

(J) Average firing rate of orexin neurons from Cx43f/f mice in different conditions (in 2.5 mM glucose [Control], in 2.5 mM glucose with CBX [CBX], in 2.5 mM

glucose with CBX and lactate [CBX + Lactate]; n = 3 cells, 3 mice for each condition; ANOVA; *p < 0.05; ns, nonsignificant).

Pooled data are shown as mean ± SEM. See also Figure S4.
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Exogenous Lactate Restores the Activity of Orexin
Neurons in Cx43 cKOGFAP Mice
Given that orexin neuron activity relies on lactate, we asked

whether exogenous lactate could restore the activity of these

cells in Cx43 cKOGFAP mice. In Cx43 cKOGFAP, bath application

of 5 mM lactate in the presence of 2.5 mM glucose induced a

membrane depolarization of 8.50 ± 1.11 mV (n = 8 cells, 4

mice) that was sufficient to restore the spontaneous activity of

orexin neurons (Figures 6B and 6C). The recovery of spike firing

by lactate was preserved during loose patch recordings (Figures

6E and 6F). Under the same treatment, the reduced excitability of

orexin neurons in Cx43 cKOGFAP mice also recovered and
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reached the level of that of orexin neurons from Cx43f/f mice

(Cx43 cKOGFAP + lactate, 0.26 ± 0.03 Hz/pA, n = 7 cells,

3 mice; Cx43f/f, 0.29 ± 0.03 Hz/pA, n = 9 cells, 4 mice; Student’s

t test, p > 0.05; Figures 6G–6J). Moreover, in orexin neurons

from Cx43f/f mice, exogenous delivery of lactate (5 mM) in

the presence of 2.5 mM glucose had no effect on the membrane

potential (without lactate, �47.57 ± 1.52 mV; with lactate,

�47.00 ± 1.41 mV; n = 7 cells, 3 mice for each condition; paired

Student’s t test, p > 0.05; Figure 6A), spike frequency firing

(Figures 6A, 6C, 6D, and 6F), and cell excitability (without lactate,

0.29 ± 0.03 Hz/pA, n = 9 cells, 4 mice; with lactate, 0.28 ±

0.03 Hz/pA, n = 9 cells, 5 mice; Student’s t test, p > 0.05;



Figure 6. Lactate Restores Spontaneous Firing Frequency and Excitability of Orexin Neurons from Cx43 cKOGFAP Mice

(A) Whole-cell current-clamp recording showing that bath application of 5 mM lactate (equicaloric to 2.5 mM glucose) had no effect on the membrane potential

and firing rate of an orexin neuron from a Cx43f/f mouse bathed in ACSF with 2.5 mM glucose.

(B) Same experiment as in (A) showing that lactate depolarized and accelerated the firing rate of an orexin neuron from a Cx43 cKOGFAP mouse.

(C) Average firing rate of orexin neurons recorded in whole-cell current-clamp mode while bathed in ACSF with 2.5 mM glucose in the presence and absence of

lactate among genotypes (Cx43f/f without lactate [Control], n = 7 cells, 4 mice; Cx43f/f with lactate, n = 7 cells, 3 mice; Cx43 cKOGFAP without lactate [Control],

n = 9 cells, 4 mice; Cx43 cKOGFAP with lactate, n = 8 cells, 4 mice; ANOVA followed by post hoc test; **p < 0.01 and ***p < 0.001; ns, nonsignificant).

(D) Loose patch-clamp recording showing that lactate did not have any effect on the firing of an orexin neuron from aCx43f/f mouse in ACSFwith 2.5 mMglucose.

(E) Same experiment as in (D) showing that lactate increased firing frequency of an orexin neuron from a Cx43 cKOGFAP mouse.

(F) Average firing rate of orexin neurons recorded in loose patch configuration in different genotypes and conditions (Cx43f/f without lactate [Control], n = 8 cells,

4 mice; Cx43f/f with lactate, n = 9 cells, 4 mice; Cx43 cKOGFAP without lactate [Control], n = 6 cells, 3 mice; Cx43 cKOGFAP with lactate, n = 7 cells, 3 mice; ANOVA

followed by post hoc test; *p < 0.05 and **p < 0.01; ns, nonsignificant).

(legend continued on next page)
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Figures 6G and 6H). These results suggest that the decreased

activity of orexin neurons in Cx43 cKOGFAP results from a defi-

ciency in the trafficking of glucose-derived lactate through the

astrocytic network. Furthermore, pharmacological inhibition of

the gap junction network with 50 mM CBX in brain slices from

Cx43f/f mice phenocopied those from Cx43 cKOGFAP mice with

reduced activity of orexin neurons (Figures 5I and 5J), which

was recovered by exogenous supply of 5 mM lactate (Figures

5I and 5J).

In Vivo Knockout of Cx43 in LHA Astrocytes Causes
Excessive Sleepiness and Fragmented Wakefulness
during the Active Phase
To determine whether the sleep-wake phenotype observed in

Cx43 cKOGFAP mice was specific to LHA astrocytes, we per-

formed cortical EEG/EMG recordings in Cx43f/f mice bilaterally

injected in the LHA with an AAV vector of serotype 8 carrying

the construct hGfa2-Cre:GFP in which Cre recombinase, fused

to green fluorescent protein (GFP; Matsuda and Cepko, 2007),

is under the control of an astrocyte-selective human hGfa2 pro-

moter (Brenner et al., 1994; Lee et al., 2008), which is a truncated

version of the GFAP promoter (Figure 7A). Three weeks after

transduction of Cx43f/f mice with AAV, we observed efficient

and selective expression of Cre:GFP in LHA astrocytes (Figures

7B, S5A, and S5B). Out of 967 total GFP-expressing cells in the

targeted LHA of transduced mice, 700 cells were positive for

GFAP (72.38%, n = 4; Figures S5A and S5B) and none were pos-

itive for ORX-A or NeuN (Figures S5A and S5B). Cortical EEG/

EMG electrodes were implanted in transduced animals

10 days after the injection. EEG/EMG recordings started

4 days later for up to 7 days. On day 21 post-injection, sleep-

wake parameters were compared with those of two different

control groups of mice (Figure 7A): (1) Cx43f/f mice injected bilat-

erally in the LHA with ACSF vehicle (n = 4) and (2) WT mice

bearing the same C57BL/6J inbred background injected bilater-

ally in the LHA with AAV-hGfa2-Cre:GFP (n = 4). Since the base-

line 24 hr sleep-wake distribution (Figures S5C and S5D), the

number and duration of vigilance-state episodes (Figures S5E

and S5F), and their number of transitions (Figure S5G) were

similar in both control groups, we pooled them together as one

control group. Compared with control mice, Cx43f/f mice trans-

duced with AAV showed a decrease in time spent awake during

the dark phase concomitant with an increase in the time spent in

NREM sleep and TST (Figures 7C and 7D). In AAV-transduced

Cx43f/f mice, wake episodeswere frequently interrupted by short

episodes of NREM sleep during the beginning of the dark phase

from ZT12 to ZT18 (Figures 7E). These animals exhibited more

wake episodes of shorter duration than controls (Figures 7F

and 7G). The number of NREM sleep episodes was also
(G) Whole-cell current-clamp recording in ACSF with 2.5 mM glucose showing th

current ramp from 0 pA to 50 pA (5 s) in the absence (Control, left) or presence (

(H) Average instantaneous frequency of orexin neurons from Cx43f/f mice in 5 pA b

4 mice) or presence of lactate (n = 9 cells, 5 mice; ANOVA; p > 0.05).

(I) Same experiments as in (G) showing that lactate increased excitability of an o

(J) Average instantaneous frequency of orexin neurons fromCx43 cKOGFAPmice in

cells, 4 mice) or presence of lactate (n = 7 cells, 3 mice; ANOVA followed by pos

Pooled data are shown as mean ± SEM.
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increased in AAV-transduced Cx43f/f mice during the dark phase

(Figure 7F), but without a change in their duration (Figure 7G).

This nocturnal fragmented wakefulness was associated with

an increase in the number of transitions from wake to NREM

as well as from NREM to wake (Figure 7H). Thus, these data

demonstrate that selective knockout of Cx43 in LHA astrocytes

caused excessive sleepiness and instability of wakefulness

during the nocturnal active phase, phenocopying the Cx43

cKOGFAP mice.

Lactate Delivery Counteracts Nocturnal Wakefulness
Instability Induced in Cx43f/f Mice by the Injection of
AAV-hGfa2-Cre:GFP in the LHA
We asked whether in vivo delivery of lactate to the LHA would

rescue the wakefulness instability induced in Cx43f/f mice by

the transduction with AAV-hGfa2-Cre:GFP. We used osmotic

minipumps to bilaterally introduce ACSF vehicle and subse-

quently lactate (5 mM) in the LHA of the same individual Cx43f/f

mice after implantation of cortical EEG/EMG electrodes and

AAV transduction (Figure 8A). Twenty-one days after AAV-

hGfa2-Cre:GFP injection, Cx43f/f mice showed a change in the

sleep-wake distribution characterized by a significant decrease

in the time spent awake during the first 6 hr of the dark phase

from ZT12 to ZT18 (Figures 8B and 8C), which was concomitant

with a significant increase in the time spent in NREM sleep (Fig-

ures 8B and 8C) and TST (Figure 8C). This was accompanied by

fragmented wakefulness (Figure 8D) characterized by increased

number of wake episodes (Figure 8E) that were shorter in dura-

tion (Figure 8F). Transition numbers from wake to NREM and

from NREM to wake were also increased after AAV transduction

(Figure 8G). While chronic infusion of ACSF for 1 week did not

affect sleep-wake parameters in these animals (Figures 8B–

8G), subsequent treatment with lactate for the same duration

fully reversed the effects of AAV transduction by restoring the

sleep-wake distribution (Figures 8B and 8C), the number and

duration of wake and NREM sleep episodes (Figures 8D–8F),

and the number of transitions between wake and NREM sleep

(Figure 8G). Thus, these results demonstrate that chronic in vivo

delivery of lactate ameliorates nocturnal wakefulness instability

induced by the loss of astroglial Cx43 in the LHA by restoring

sustained wakefulness.

DISCUSSION

Our results reveal an important role for astroglial Cx43 in sleep-

wake regulation. We demonstrate that conditional deletion of

Cx43 in astrocytes causes changes in sleep/wake patterns

with disturbances of sleep and wakefulness. We found that

Cx43 cKOGFAP mice have reduced wakefulness concomitant
e membrane response of an orexin neuron from a Cx43f/f mouse to a positive

right) of lactate.

ins during the incremental current injection in the absence (Control, n = 9 cells,

rexin neuron from a Cx43 cKOGFAP mouse.

5 pA bins during the incremental current injection in the absence (Control, n = 9

t hoc test; *p < 0.05 and **p < 0.01).



Figure 7. Deletion of Cx43 in Astrocytes from the LHA Causes Sleepiness and Instability of Wakefulness during the Nocturnal Active Phase

(A) Experimental design and timeline.

(B) Brain section from a Cx43f/f mouse 21 days after bilateral injection of AAV-hGfa2-Cre:GFP into the LHA showing Cre:GFP expression (green), ORX-A-

immunopositive cells (red), and DAPI nuclear staining (blue). f, fornix; LHA, lateral hypothalamic area; 3V, third ventricle. Scale bar, 500 mm. The inset represents a

magnification of the area delimited by the dash rectangle. Scale bar, 50 mm.

(C) Percentage average of the time spent in wake (top), NREM sleep (middle), and REM sleep (bottom) per hour in control (n = 8) and Cx43f/f mice transduced with

AAV 21 days after injections (Cx43f/f + AAV-hGfa2-Cre:GFP, n = 8; wake and NREM sleep: ANOVA followed by post hoc test, *p < 0.05; REM sleep: ANOVA,

p > 0.05).

(D) Averaged percentage of time spent in wake, NREM, and REM sleep during the 12 hr light and dark phases in control (n = 8) and Cx43f/f mice transduced with

AAV (n = 8; ANOVA followed by post hoc test; **p < 0.01). TST, total sleep time including REM and NREM sleep.

(legend continued on next page)
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with increased NREM sleep during the dark phase, at a time

when mice, as nocturnal animals, would normally spend more

time awake. Wakefulness in these animals was fragmented,

frequently interrupted by short periods of NREM sleep. Conse-

quently, Cx43 cKOGFAP mice had increased episode numbers

for wake and NREM sleep and more frequent transitions from

wake to sleep states and vice versa. These results reveal that

Cx43 cKOGFAP mice were unable to maintain persistent wakeful-

ness during the normal wake phase.

Excessive sleepiness and instability in wakefulness may be a

consequence of altered control of arousal-related brain regions.

It is known that the LHA, which contains orexin neurons, plays a

critical role in arousal stability (Sakurai, 2007). Notably, orexin

deficiency has been linked to the chronic sleep disorder narco-

lepsy in animals (Lin et al., 1999; Chemelli et al., 1999; Willie

et al., 2003; Mochizuki et al., 2004; Tabuchi et al., 2014) and hu-

mans (Peyron et al., 2000; Thannickal et al., 2000). Consistent

with this, we found a dramatic decrease in the firing rate of orexin

neurons in Cx43 cKOGFAP mice, which could result in a reduced

release of orexin (Kiyashchenko et al., 2002). This correlation

between reduced electrical activity of orexin neurons and

decreased wakefulness is supported by in vivo studies showing

that firing frequency of orexin neurons varies according to the

vigilance state, increasing during wakefulness and diminishing

during NREM sleep (Mileykovskiy et al., 2005; Lee et al., 2005;

Adamantidis et al., 2007; Hassani et al., 2009; Tsunematsu

et al., 2011).

In agreement with a previous study (Parsons and Hirasawa,

2010), we confirmed that spontaneous firing of orexin neurons

primarily relies on the uptake of lactate through MCTs. Further-

more, we demonstrate that the effect of lactate was mediated

through activation of LDH, which converts lactate to the metab-

olite pyruvate. We also found that lactate and pyruvate regulated

firing and membrane potential of orexin neurons through the

modulation of KATP channels, which have been shown to be ex-

pressed and functional in orexin neurons (Parsons and Hira-

sawa, 2010). Since LDH and KATP channels are well known to

contribute to the metabolic regulation of neuronal excitation

(Sada et al., 2015), our results allow us to confirm that orexin neu-

rons preferentially use lactate rather than glucose as their source

of energy to sustain neuronal activity.

In our study, we found that selective knockout of astroglial

Cx43, which constitutes one of themolecular bases of astrocytic

metabolic networks (Rouach et al., 2008), reduced dye-coupling

between astrocytes in the LHA and perturbed the intercellular

trafficking of glucose. As a consequence, orexin neurons had a

decreased Rin, were hyperpolarized, and displayed a dramatic

reduction in spontaneous firing rate, likely due to the opening

of KATP channels caused by a lowering of intracellular ATP levels.

Consistent with this idea, exogenous supply of the energy
(E) Representative hypnograms of a control (left) and Cx43f/f mouse transduced

to ZT18.

(F and G) Average of the number (F) and duration (G) of wake, NREM, and REM sle

mice transduced with the AAV (n = 8; ANOVA followed by post hoc test; *p < 0.0

(H) Average number of transitions between vigilance states (W, wake; N, NREM; R

followed by post hoc test; *p < 0.05 and ***p < 0.01).

Pooled data are shown as mean ± SEM. See also Figure S5.
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metabolite lactate depolarized the membrane and restored the

activity of orexin neurons. This supports the ANLS hypothesis,

in which lactate provided by astrocytes represents the major

source of energy for neurons (Pellerin and Magistretti, 1994;

Bélanger et al., 2011). While we identified a major role for

MCTs in the metabolic effect of lactate on orexin neurons, this

does not rule out the implication of Cx43 hemichannels in this

effect, since they may also mediate basal release of lactate

from astrocytes (Stehberg et al., 2012; Karagiannis et al., 2016).

We also found that bilateral injection of AAV-hGfa2-Cre:GFP in

the LHA of Cx43f/f mice recapitulated the Cx43 cKOGFAP pheno-

type of excessive sleepiness and fragmented wakefulness dur-

ing the nocturnal active phase, suggesting that this phenotype

was specific to the LHA. Consistent with our in vitro results,

wakefulness stability was fully restored by delivery of lactate

into the LHA, confirming that the sleep phenotype was caused

by energy-deprived orexin neurons. Given the importance of

astroglial Cx43 in various brain areas and functions such as

memory, emotion, motor coordination, and sensory processing

(Pannasch and Rouach, 2013; Oliveira et al., 2015), it is plausible

that a deletion of astroglial Cx43 in another arousal nuclei may

lead to a similar phenotype. This could be especially relevant

in the locus coeruleus (LC), where astrocytic lactate acts on

noradrenergic neurons as a signaling molecule to stimulate

noradrenaline release (Tang et al., 2014).

Orexin neurons are strongly activated during the dark phase

(Mileykovskiy et al., 2005; Lee et al., 2005; Hassani et al., 2009)

and need a burst of fuel to heighten and maintain their tonic ac-

tivity long enough to consolidate wakefulness. We show that the

shuttling of energy metabolites through gap junction-mediated

astrocytic networks is a prime candidate to efficiently provide

this energy. Since each astrocyte can contact over 100,000 syn-

apses (Bushong et al., 2002) and enwrap 4–8 neuronal somata

(Halassa et al., 2007), the demand on one astrocyte for energy

metabolite supply might be overwhelming. Thus, by increasing

the effective volume of the intracellular compartment (De Pina-

Benabou et al., 2001) and allowing glucose/lactate trafficking

toward areas of high neuronal activity (Ball et al., 2007; Cruz

et al., 2007; Rouach et al., 2008; Gandhi et al., 2009), gap junc-

tional communication between astrocytes could provide better

metabolic support to neurons than could be achieved by individ-

ual uncoupled astrocytes.

A role for gap junction-mediated astrocytic networks in the

consolidation of wakefulness is further supported by the facts

that astrocytic coupling changes depending on the vigilance

state, increasing during wakefulness and decreasing during

sleep (Petit and Magistretti, 2016), and that the wake-promoting

drug modafinil, used to treat narcolepsy, can significantly in-

crease gap junctional coupling between cortical astrocytes (Liu

et al., 2013).
with AAV (right). Bottom traces represent EEG/EMG recordings from ZT12

ep episodes during the 12 hr light and dark phases in control (n = 8) and Cx43f/f

5, **p < 0.01, and ***p < 0.001).

, REM) in control (n = 8) and Cx43f/f mice transduced with AAV (n = 8; ANOVA



Figure 8. Lactate Abrogates Nocturnal Sleepiness and Instability ofWakefulness Induced by the Deletion of Cx43 in Astrocytes from the LHA

(A) Experimental design and timeline. Twenty-four-hour EEG recordings (ZT0–ZT24) were analyzed over time in the same Cx43f/f mouse (n = 6) at the four

experimental time points (i, ii, iii, iv; red bars).

(B) Percentage average of the time spent in wake (top), NREM (middle), and REM sleep (bottom) per hour during the 12 hr dark phase at the four time points

(ANOVA followed by post hoc test; *p < 0.05, **p < 0.01, and ***p < 0.001).

(C) Averaged percentage of time spent in wake, NREM, and REM sleep during the first (ZT12–ZT18) and last (ZT18–ZT24) 6 hr of the dark phase at the four time

points (ANOVA followed by post hoc test; **p < 0.01 and ***p < 0.001). TST, total sleep time including REM and NREM sleep.

(D) Representative hypnograms of the same Cx43f/f mouse during the first 4 hr of the dark phase (ZT12–ZT16) at the four time points.

(E and F) Average of the number (E) and duration (F) of wake, NREM, and REM sleep episodes during the first (ZT12–ZT18) and last (ZT18–ZT24) 6 hr of the dark

phase at the four time points (ANOVA followed by post hoc test; *p < 0.05 and ***p < 0.001).

(G) Average number of transitions between vigilance states (W, wake; N, NREM; R, REM) during the first (ZT12–ZT18) and last (ZT18–ZT24) 6 hr of the dark phase

at the four time points (ANOVA followed by post hoc test; ***p < 0.001).

Pooled data are shown as mean ± SEM.
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Recently, lactate has also been identified as biomarker for

sleep-wake cycles (Naylor et al., 2012). High-resolution in vivo

measurements of lactate in the brain via biosensors indicate

that the analyte displays a daily variation with higher values dur-

ing the active phase (Dash et al., 2013). Lactate also varies as a

function of the sleep-wake cycle, increasing during wakefulness

and decreasing during NREM sleep (Naylor et al., 2012; Dash

et al., 2013; Wisor et al., 2013). Thus, our study provides direct

evidence for the role of ANLS in wakefulness and remains in

line with previous work showing that astrocyte-derived lactate

is the preferred energy substrate for use by active neurons during

awakening (Aubert et al., 2005; Wyss et al., 2011; Sampol et al.,

2013; Bouzier-Sore and Pellerin, 2013; Magistretti and Alla-

man, 2015).

Excessive sleepiness and an inability to maintain sustained

episodes of wakefulness during the active phase are character-

istics of human (Scammell et al., 2009) and animal models of nar-

colepsy (Lin et al., 1999; Chemelli et al., 1999; Willie et al., 2003;

Mochizuki et al., 2004; Tabuchi et al., 2014). The main cause of

narcolepsy is a marked and selective loss of orexin neurons in

the LHA (Peyron et al., 2000; Thannickal et al., 2000). Although

the sleep-wake phenotype observed in Cx43 cKOGFAP mice is

reminiscent of a narcolepsy-like phenotype, our video-EEG re-

cordings did not show any of the two main other features of nar-

colepsy: cataplectic attacks and sudden intrusions of REM sleep

during awakening (Scammell et al., 2009). Furthermore, the

number of orexin neurons in the LHA remained normal in Cx43

cKOGFAP mice. Narcolepsy without cataplexy can be considered

as an early form of narcolepsy during which the frequency of

cataplectic attacks progressively increases subsequent to

orexin neuron degeneration (Baumann et al., 2014; Tabuchi

et al., 2014).

In conclusion, we propose a hitherto unknown regulatory

mechanism of sleep-wake cycle involving astrocyte-neuron

metabolic interactions. Using EEG, in vitro electrophysiology,

and astrocytic-specific molecular genetics, we demonstrate

that activity of orexin neurons depends on energy metabolites

trafficking through astroglial metabolic networks, a mechanism

that is critical for maintaining the normal daily cycle of wakeful-

ness. We also provide strong evidence of the importance of

ANLS in this process.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Chicken polyclonal anti-GFAP Abcam Cat#ab4674; RRID: AB_304558

Rabbit polyclonal anti-orexin-A Millipore Cat#AB3704 RRID: AB_91545

Mouse monoclonal anti-NeuN Millipore Cat#MAB377; RRID: AB_2298772

Rabbit polyclonal anti-Cx43 Sigma Cat#C6219; RRID: AB_476857

Mouse monoclonal anti-GAPDH Fitzgerald Cat#10R-G109a; RRID: AB_1285808

HRP-conjugated goat polyclonal anti-rabbit Santa Cruz Biotechnology Cat#sc-2004; RRID: AB_631746

HRP-conjugated goat polyclonal anti-mouse Santa Cruz Biotechnology Cat#sc-2005; RRID: AB_631736

Goat polyclonal anti-chicken, Alexa Fluor 633

conjugate

Invitrogen Cat#A-21103; RRID: AB_2535756

Goat polyclonal anti-rabbit, Alexa Fluor 546 conjugate Invitrogen Cat#A-11035; RRID: AB_2534093

Goat polyclonal anti-rabbit, Alexa Fluor 488 conjugate Invitrogen Cat#A-11034; RRID: AB_2576217

Goat polyclonal anti-mouse, Alexa Fluor 546 conjugate Invitrogen Cat#A-11030; RRID: AB_2534089

Bacterial and Virus Strains

AAV8-hGfa2-Cre:GFP This paper N/A

Chemicals, Peptides, and Recombinant Proteins

Sodium L-lactate Alfa Aesar Cat#L14500; CAS: 867-56-1

Sodium pyruvate Sigma Cat#P8574; CAS: 113-24-6

Sodium oxamate Sigma Cat#O2751; CAS: 565-73-1

Tolbutamide Sigma Cat#T0891; CAS: 64-77-7

TTX (Tetrodotoxin citrate) Tocris Cat#1069; CAS: 18660-81-6

4-CIN (Alpha-cyano-4-hydroxycinnamic acid) Sigma Cat#C2020; CAS: 28166-41-8

Carbenoxolone disodium salt Sigma Cat#C4790; CAS:7424-40-1

Biocytin Sigma Cat#B-4261; CAS: 576-19-2

2-NBDG (2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)

amino]-2-deoxyglucose)

Invitrogen Cat#N13195; CAS: 186689-07-6

Dextran tetramethylrhodamine Invitrogen Cat#D1868

Alexa Fluor 594 hydrazide Invitrogen Cat#A10438

Lucifer yellow CH dilithium salt Sigma Cat#L0259; CAS: 67769-47-5

Streptavidin, Alexa Fluor 546 conjugate Invitrogen Cat#S11225

Streptavidin, Alexa Fluor 488 conjugate Invitrogen Cat#S11223; CAS: 366796-16-9

Experimental Models: Organisms/Strains

Mouse: Cx43f/f (B6.129S7-Gja1tm1Dlg/J) Liao et al., 2001; The Jackson

Laboratory

Jax No.: 008039

Mouse: hGFAP-Cre Casper and McCarthy, 2006 N/A

Mouse: Cx43 cKOGFAP (Cx43f/f:hGFAP-Cre+) This paper; Wiencken-Barger

et al., 2007

N/A

Oligonucleotides

Primer Cx43f/f Forward: CTTTGACTCTGATTACA

GAGCTTAA

This paper N/A

Primer Cx43f/f Reverse: GTCTCACTGTTACTTAAC

AGCTTGA

This paper N/A

Primer hGFAP-Cre Forward: GGTCGATGCAAC

GAGTGATGAGG

This paper N/A

Primer hGFAP-Cre Reverse: GCTAAGTGCCTTCTC

TACACCTGCG

This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

SleepSign for Animals Kissei Comtec http://www.sleepsign.com/

Sirenia Pinnacle Technology https://www.pinnaclet.com/software.html

Fiji Schindelin et al., 2012 https://fiji.sc/

pClamp 9.2 Molecular Devices http://mdc.custhelp.com/app/answers/

detail/a_id/18826/related/1

pClamp 10.6 Molecular Devices http://mdc.custhelp.com/app/answers/

detail/a_id/18779

SigmaPlot 11 and 13 Systat https://systatsoftware.com/

Other

Synchonized video-EEG/EMG system Pinnacle Technology https://www.pinnaclet.com/eeg-emg-

systems.html
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Philip

Haydon (philip.haydon@tufts.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals, housing, and genotyping
Astrocyte-specific Cx43 conditional knockout (cKO)micewere generatedwith the Cre/LoxP system by breeding homozygous floxed

Cx43 mice (Cx43f/f; Liao et al., 2001) to human glial fibrillary acidic protein (hGFAP)-Cre mice (Casper and McCarthy, 2006), as pre-

viously reported (Wiencken-Barger et al., 2007; Han et al., 2014). Cx43f/f and hGFAP-Cre transgenic lines were obtained fromDr. Ken

D. McCarthy (Department of Pharmacology, University of North Carolina, Chapel Hill, NC, USA). In Cx43f/f mice, Exon 2 of Cx43 allele

was flanked by two LoxP sites, while in GFAP-Cre mice, a DNA fragment encoding Cre recombinase was inserted into an expression

cassette containing a 2.2 kb human GFAP promoter, gfa2, to drive the expression of inducible Cre recombinase in GFAP-expressing

cells. Homozygous floxed Cx43 mice and hGFAP-Cre mice were backcrossed for at least 10 generations to C57BL/6J mice before

intercrossing. To generate experimental animals, homozygous floxed Cx43 Cre-positive mice (Cx43f/f:hGFAP-Cre+ aka Cx43

cKOGFAP) were bred to homozygous floxed Cre-negative mice (Cx43f/f:hGFAP-Cre- aka Cx43f/f). The resulting offspring were all

homozygous floxed and either hemizygous or negative for hGFAP-Cre. The following primers were used for PCR genotyping from

tail DNA: for floxed Cx43 (WT band 400 bp; floxed band 450 bp) forward 50-CTTTGACTCTGATTACAGAGCTTAA-30 and reverse

50- GTCTCACTGTTACTTAACAGCTTGA-30; for hGFAP-Cre (500 bp band) forward 50-GGTCGATGCAACGAGTGATGAGG-30 and
reverse 50-GCTAAGTGCCTTCTCTACACCTGCG-30. Littermates with homozygous floxed Cre-negative (Cx43f/f) or WT mice with

the same C57BL/6J genetic background were used as controls as specified in the results.

Mice were bred and housed on a 12/12 light/dark cycle (8 am/8 pm) and given standard chow and water ad libitum. These exper-

iments were performed with the approval of the Institutional Animal Care and Use Committee of Tufts University and the Universities

of Lille, and under the guidelines defined by the National Institutes of Health Guide for the Care andUse of Laboratory Animals and the

the European Union Council Directive of September 22, 2010 (2010/63/EU).

METHOD DETAILS

Western blot analysis
Eight weeks old male mice were anesthetized with isoflurane prior to decapitation. Brains were rapidly removed from the skull and

frozen at �80�C until processed for protein extractions. Homogenates from whole-brain tissues were prepared as previously

described (Brand-Schieber et al., 2005). Frozen brains were placed in lysis buffer (50 mM NaCl, 25 mM Tris–HCl, 5 mM EDTA,

1% NP-40, 0.25 mM Na-deoxycholate, pH 7.5) and tissue sonicated. Samples of whole-cell lysates in Laemmli buffer (20 mg total

protein) were electrophoresed in 4%–20% SDS-PAGE (Bio-Rad, Hercules, CA) and then transferred to nitrocellulose membranes

(Schleicher & Schuell, Keene, NH, USA). Immunoblots were performed after overnight incubation of membranes with blocking solu-

tion (5% dry nonfat milk and 0.4% polyoxyethylenesorbitan monolaurate: Tween-20; Sigma) using the following primary antibodies:

rabbit polyclonal anti-connexin43 (1:2000, Sigma) and mouse monoclonal anti-GAPDH (1:5000, Fitzgerald).

After several washes with 1X PBS-Tween-20, membranes were incubated with the following HRP-conjugated secondary anti-

bodies: goat polyclonal anti-rabbit (1:2000, Santa Cruz Biotechnology, Santa Cruz, CA, USA) and goat polyclonal anti-mouse
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(1:2000, Santa Cruz Biotechnology, Santa Cruz, CA, USA). Detection of bands was performed on X-ray films (Kodak, Rochester, NY,

USA) following incubation with enhanced chemiluminescence reagents (Amersham Pharmacia Biotechnology, Piscataway,

NJ, USA).

EEG/EMG surgery, recording, and analysis
Electroencephalogram (EEG)/electromyogram (EMG) implantation surgery was performed as previously described (Clasadonte

et al., 2013; 2014). Eight weeks old male Cx43f/f, Cx43 cKOGFAP and WT mice were anaesthetized with isoflurane and placed into

a stereotaxic frame. For implantation of EEG electrodes, skull surface was exposed, and four insulated wire electrodes (Cooner

Wire) were placed and screwed as follows: two extradural cortical electrodes were inserted bilaterally in the frontal areas and the

two others were inserted bilaterally in the parietal areas. For implantation of EMG, two insulated wire electrodes were inserted bilat-

erally into the nuchal muscle. Electrodes connected to a microconnector (Pinnacle Technology) were secured at the surface of the

skull with dental acrylic. After surgery, mice were intraperitoneally injected with buprenorphine (0.08 mg/kg) and lactated Ringer

solution, fed with soaked rodent food. After 4 days of post-operative recovery, freely moving mice were placed into individual topless

Plexiglas circle boxes (Pinnacle Technology) containing water and food ad libitum and their microconnectors plugged to a lightweight

EEG preamplifier (Pinnacle Technology). Animals were acclimated for two days before data collection, monitored with video camera

system (Pinnacle Technology) and maintained on a 8 am/8 pm light/dark cycle.

EEG and EMG signals were band-pass filtered at 1-100 Hz, digitized at 200 Hz, and acquired with a computer-based system and

Sirenia software (Pinnacle Technology). Sleep stages were scored visually based on 4 s epochs by a trained experimenter using

SleepSign for Animal software (Kissei Comtec). Wakefulness (W) consisted of low-amplitude, high-frequency EEG and high EMG

activity; rapid eye movement (REM) sleep consisted of low-amplitude, desynchronized EEG with low EMG activity; and non-rapid

eye movement (NREM) sleep consisted of high-amplitude, low-frequency EEG with little EMGmodulation. Brief awakenings defined

as uninterrupted waking episodes of 1-4 s epochs were not included in the analysis. Epochs containing movement artifacts were

included in the state totals. After assignments of state scores, the amount of each state (expressed as a percentage of the total

recording time in 1 hr time bins) and their duration were measured.

Adeno-associated virus vector
To selectively delete Cx43 from LHA astrocytes in Cx43f/f mice, we produced a recombinant AAV expression plasmid by placing a

Cre:GFP fusion protein (Addgene, Cambridge, MA; Matsuda and Cepko, 2007) under control of the astrocyte-specific human GFAP

promoter, hGfa2 (Addgene, Cambridge, MA; Brenner et al., 1994; Lee et al., 2008). AAV constructs also contained a 30 woodchuck

hepatitis virus posttranscriptional regulatory element (WPRE) to induce expression of intronless viral messages and increase the

stability and level of gene expression (Martin et al., 2002). Recombinant AAV8 was packaged in cultures of HEK293T cells. Approx-

imately 1.5 X 107 293T cells were seeded into 150 cm dishes in complete DMEM supplemented with 10% fetal bovine serum, 1 mM

MEM sodium pyruvate, 0.1 mM MEM nonessential amino acids solution, and 0.05% Penicillin-Streptomycin (5,000 units/mL). At

24 hr media was changed to culture media containing 5% FBS and cells were transfected three separate plasmids: 1) Adeno helper

plasmid (pFD6), 2) AAV helper encoding the Rep 2 and Cap 8 sequences for serotype 8 (pAR8; Broekman et al., 2006), and 3) the

recombinant Cre:GFP expression plasmid described above. After culturing cells for 48 hr at 37�C, 5% CO2, cells were harvested

and pelleted by centrifugation. The pellet was resuspended in 10 mM Tris, pH 8.0 and chilled on ice. Cells were lysed by repeated

freeze-thaw cycles followed by treatment with 50 U benzonase (Novagen, CA) and 0.5% sodium deoxycholate for 30 min at 37�C.
Virus was purified by density gradient centrifugation in iodixinol (Zolotukhin et al., 1999). Two buffer exchanges with ACSF were per-

formed. The purified virus was then concentrated in ACSF by centrifugation in Amicon Ultra-15 Centrifugal Filter Units. The final prep-

aration was sterile filtered through amilipore syringe filter. The titer of each virus (2.1x1012 virus genomes per mL) was determined by

quantitative RT-PCR using primers and a probe specific for the WPRE sequence.

Stereotaxic virus injection
Eight weeks old male Cx43f/f mice were anesthetized with isoflurane, placed into a stereotaxic frame and two small holes were bilat-

erally opened in the skull. A 2 mL Neuro 7002 syringe (Hamilton) was filled with AAV (1x109 virus genomes per mL) and the needle

inserted into the lateral hypothalamic area (LHA; coordinate AP/DV/ML = �1.6/-5.35/ ± 0.9 mm). One mL of vector per hemisphere

was injected with pressure at a speed of 0.10 mL/min using aMicrosyringe PumpController Micro4 (World Precision Instruments). For

controls, AAV and artificial cerebrospinal fluid (ACSF) were injected into the LHA of WT and Cx43f/f mice, respectively. Mice were

allowed to recover for 10 days before the implantation of EEG/EMG electrodes, as described earlier.

Virus and drug injections in freely behaving mice
Eight week old male Cx43f/f mice were anesthetized with isoflurane, placed into a stereotaxic frame and two small holes were

bilaterally opened in the skull. Bilateral brain cannula was stereotaxically implanted into the LHA (coordinate AP/DV/ML =

�1.6/-5.35/ ± 0.9 mm). Mice were then implanted with EEG/EMG electrodes, as described earlier. After 4 days of post-operative

recovery, freely moving mice were placed into individual topless Plexiglas circle boxes and their microconnectors plugged to
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EEG preamplifier, as described earlier. One week after surgery, 1 mL of vector per hemisphere was injected into the LHA of freely

behaving mice through the bilateral cannula with pressure at a speed of 0.10 mL/min using a Microsyringe Pump Controller Micro4

(World Precision Instruments).

Osmotic mini-pumps (model 1002; Alzet; flow rate, 0.25 mL/h; 2-wk duration) were filled with sodium L-lactate (5 mM in ACSF; Alfa

Aesar) or vehicle (ACSF for control injection), secured with the flow moderator, and primed overnight in 0.9% saline solution at 37�C
before to be connected to the brain cannula by flexible catheter tubing. Osmotic mini-pumps were externalized as previously

described (Clasadonte et al., 2013). Briefly, they were placed in a sealed conic tube of 1mL filled with 0.9% saline solution, andmain-

tained at 37�C with a iBlock Mini Dry Bath (Midsci) placed out of the cage. The catheter tubing was filled with lactate (5 mM in ACSF;

Alfa Aesar) or vehicle (ACSF for control injection). A small air bubble was inserted into the catheter tubing during its connection with

the pump to monitor the flow rate estimated at 0.25 mL/h in our conditions. The flexible catheter tubing was carefully aligned and

attached to the EEG cable. The presence of a swivel (Pinnacle Technology) prevented the torsion of tubing and cable. ACSF control

injection was performed 21 days after the virus injection. One week later, catheter tubing and mini-pumps filled with ACSF and con-

nected to the bilateral cannula were removed and replaced with catheter tubing andmini-pumps filled with sodium L-lactate (5 mM in

ACSF; Alfa Aesar). Lactate infusion lasted for one week.

Immunohistochemistry
To map the AAV-hGfa2-Cre:GFP injection sites and cell targeting specificity, brain sections were immunostained after completion of

the experiments. Mice were deeply anesthetized with a mixture of ketamine hydrochloride and xylazine hydrochloride. They were

perfused sequentially via the left ventricle with 20 mL chilled phosphate buffer saline (PBS) solution (1x) and 100 mL 4% paraformal-

dehyde in PBS solution (1x, pH 7.4). Brains were removed and postfixed in the same fixative for 24 hr at 4�C. After fixation, they were

soaked 24 hr in a solution of 30% sucrose. Coronal sections containing the LHA were cut serially at 200-mm intervals on a freezing

microtome (SM2000R; Leica) at a thickness of 40 mm and then stored in an antifreeze solution at �20�C until immunostaining.

For determining cell targeting specificity of AAV, double-immunostaining GFAP/orexin-A or GFAP/neuronal nuclei (NeuN) was

conducted on free-floating sections incubated with 5% normal goat serum (NGS) blocking solution for 1 hr at room temperature

and thenwith primary antibodies overnight at 4�C on a shaking platform. The chicken anti-GFAP antibody (1:1000; Abcam) was com-

bined with either the rabbit anti-orexin-A antibody (1:1000; Millipore) or the mouse anti-NeuN antibody (1:1000; Millipore). Sections

were rinsed three times with 1x PBS solution and then incubated with secondary antibodies for 2 hr at room temperature. The

following secondary antibodies were used: goat anti-chicken Alexa Fluor 633 (1:1000; Invitrogen) with goat anti-rabbit Alexa Fluor

546 (1:1000; Invitrogen) or goat anti-chicken Alexa Fluor 633 (1:1000; Invitrogen) with goat anti-mouse Alexa Fluor 546 (1:1000;

Invitrogen). All sections were counterstained with DAPI, mounted on slides and coverslipped with Vectashield antifade mounting

medium. Due to GFP expression, the site of AAV injection was clearly observable using an epifluorescence microscope (Keyence

BZ-X700). Entire sections were automatically imaged with a 10x objective and stitched with Keyence software. To examine cell tar-

geting specificity, fluorescent images were acquired with a confocal laser scanning microscope (Nikon A1) using a 40x objective.

Image analysis and counting of cells expressing GFP alone, GFP with GFAP, GFP with orexin-A and GFP with NeuN were performed

within an area of interest in the LHA by using Fiji software.

To determine the number of orexin neurons in Cx43f/f and Cx43 cKOGFAPmice that were not transducedwith AAV, the same immu-

nohistochemical procedure as stated above was followed by using the rabbit anti-orexin-A primary antibody (1:1000; Millipore) and

the goat anti-rabbit Alexa Fluor 546 secondary antibody (1:1000; Invitrogen). Fluorescent images were acquired with a confocal laser

scanning microscope (Nikon A1) using a 20x objective. Orexin-A-immunopositive cells were bilaterally counted in a square region

(634.88 mm x 634.88 mm) within the LHA in all the sections that had fluorescent cell bodies by using Fiji software.

Brain slice preparation
Eight weeks old male Cx43f/f and Cx43 cKOGFAP mice were anaesthetized with isoflurane, and after decapitation, the brain was

rapidly removed and put in ice-cold oxygenated (O2 95% / CO2 5%) artificial cerebrospinal fluid (ACSF) containing the following

(in mM): 120 NaCl, 3.2 KCl, 1 NaH2PO4, 26 NaHCO3, 1 MgCl2, 2 CaCl2, 2.5 glucose (osmolarity adjusted to 300 mOsm with sucrose,

pH 7.4). After removal of the cerebellum, the brain was glued and coronal hypothalamic slices containing the LHA were cut using a

vibratome (VT1200S; Leica). Before recording, slices were incubated at 35�C for a recovery period of 1 hr. After recovery, slices were

placed in a submerged recording chamber (31�C;Warner Instruments) and continuously perfused (2mL/min) with oxygenated ACSF.

The glucose concentration used for recordings was 2.5 mM unless otherwise stated.

All drugs were applied to the perfusing system (bath application) to obtain the final concentrations indicated unless otherwise

stated. Alpha-cyano-4-hydroxycinnamic acid (4-CIN), carbenoxolone disodium salt, sodium oxamate, sodium pyruvate, and tolbu-

tamide were obtained from Sigma, sodium L-lactate from Alfa Aesar and tetrodotoxin citrate (TTX) from Tocris.

Patch-clamp recordings
Neurons and astrocytes located in the LHA were visually identified with a 16x objective and 2x magnification in an upright Nikon

Eclipse FN1 microscope or with a 40x magnification in an upright Leica DM-LFSA microscope by using infrared differential interfer-

ence contrast (IR-DIC). Whole-cell patch-clamp recordings were performed in current- and voltage-clamp modes by using a

Multiclamp 700B amplifier (Molecular Devices). Data were filtered at 1 kHz and sampled at 5 kHz with Digidata 1322A interface
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and Clampex 9.2 and 10.6 from pClamp software (Molecular Devices). Pipettes (from borosilicate capillaries; World Precision Instru-

ments) had resistance of 6-8 MU when filled with an internal solution containing the following (in mM): 123 K-gluconate, 2 MgCl2,

8 KCl, 0.2 EGTA, 4 Na2-ATP, 0.3 Na-GTP, and 10 HEPES, pH 7.3 with KOH. Biocytin (2 mg/mL; Sigma) was also added to the internal

solution for post hoc immunohistochemical phenotyping and evaluation of gap junctional coupling. For this latter, recordings were

realized in current-clamp mode and limited to exactly 20 min. In some experiments, sodium L-lactate (2.5 or 5 mM; Alfa Aesar) was

added to the internal solution. Loose patch-clamp recordings were performed in neurons in current-clamp mode and whole-cell

configuration was achieved at the end of the experiment for electrophysiological and immunohistochemical characterization. All

recordings were analyzed with Clampfit 9.2 and 10.6 from pClamp software (Molecular Devices). Instantaneous AP firing was calcu-

lated as the inverse of each AP interval. Junction potentials were determined to allow correction ofmembrane potential values. Orexin

neurons exhibited tonic spontaneous firing (Figure 2A1), a H-current, a monophasic after hyperpolarizing potential and a low-

threshold spike in response to 1 s negative and positive current pulses (from – 80 pA to 70 pA in 10 pA increments; Figures 4B

and S2A). These electrophysiological membrane properties were different from those of melanin-concentratin hormone neurons

residing in the same region (Eggermann et al., 2003; Parsons and Hirasawa, 2010). Electrical membrane properties of astrocytes

was measured in voltage-clampmode by applying a series of voltage pulses from – 100 mV to + 100 mV (300 ms, 10 mV increments)

from a holding potential of – 80 mV. Input resistance (Rin) was determined by measuring the slope of the linear portion of the current-

voltage (I-V) curve. Astrocytes in the LHA showed typical glial cell membrane properties (Steinh€auser, 1993; Sontheimer, 1994)

characterized by the lack of AP firing in response to depolarizing current steps (Figure 4B), a linear current-voltage (I-V) relationship

(Figures S4A1 and S4A2), a very negative RMP (–85.70 ± 1.05 mV; n = 17 cells from 5 animals; Figure S4C), and a low Rin (42.81 ±

6.70 MU; n = 17 cells from 5 animals; Figure S4D).

For glucose diffusion experiments, the internal solution contained the fluorescent glucose derivative 2-[N-(7-nitrobenz-2-oxa-1,3-

diazol-4-yl)amino]-2-deoxyglucose (2-NBDG; 2 mg/ml; Invitrogen) and dextran tetramethylrhodamine (1 mg/ml; Molecular Probes).

Recorded cells were loaded with these molecules during 20 min in current-clamp mode. Intercellular diffusion of fluorescent mole-

cules was captured online with a digital camera exactly after 20 min and the number of coupled cells was analyzed offline with Fiji

software.

For paired astrocyte-neuron whole-cell current-clamp recordings, one astrocyte was first recorded and filled with the gap junction-

permeable tracer, Lucifer yellow CH dilithium salt (1 mg/ml; Sigma) through the patch pipette. Twenty min after basal astrocyte

recording, one distant orexin neuron (intercellular distance of 50-75 mm) was recorded and filled with the membrane-impermeable

dye, Alexa Fluor 594 hydrazide (40 mM; Invitrogen) through the patch pipette.

Cell phenotyping and dye-coupling analysis
Immediately after electrophysiological recordings, slices were fixed overnight with 4%paraformaldehyde in PBS solution (1x, pH 7.4)

at 4�C and then rinsed several times with PBS solution and permeabilized and immunoblocked with 0.5% Triton X-100 and 5%NGS

in PBS for 30 min at room temperature. For immunohistochemical phenotyping of recorded neurons filled with biocytin, slices were

incubatedwith the rabbit anti-orexin-A primary antibody (1:1000; Millipore) in Triton/NGS/PBS for 3 days at 4�C. After several washes

in 1x PBS solution, slices were incubated with the goat anti-rabbit Alexa Fluor 488 secondary antibody (1:500; Invitrogen) and strep-

tavidin Alexa Fluor 546 (1:250; Invitrogen) in Triton/NGS/PBS overnight at 4�C. In some experiments, biocytin revelation was com-

bined with double-immunolabeling for GFAP and NeuN to determine the phenotype of the coupled cells. To this end, slices were

incubated with primary antibodies chicken anti-GFAP (1:1000; Abcam) and mouse anti-NeuN (1:1000; Millipore) in Triton/NGS/

PBS for 3 days at 4�C and then treated with secondary antibodies goat anti-chicken Alexa Fluor 633 (1:500; Invitrogen) and goat

anti-mouse Alexa Fluor 546 (1:500; Invitrogen) and streptavidin Alexa Fluor 488 (1:250; Invitrogen) in Triton/NGS/PBS overnight at

4�C. After several washes in 1x PBS solution, slices were mounted on slides and coverslipped with Vectashield antifade mounting

medium. Fluorescent images were acquired with a confocal laser scanning microscope (Nikon A1). To determine the number of

coupled cells, stack of optical sections at 3 mm intervals through the depth of the slice were obtained and images were analyzed

by using Fiji software.

QUANTIFICATION AND STATISTICAL ANALYSIS

SigmaPlot 11 and 13 from Systat software were used to perform all statistical analysis. The difference between several groups was

analyzed by one-way ANOVA. Two-way ANOVA was used when more than two comparisons (with time and genotype) were made.

Repeated-measures ANOVAs were used when multiple measurements were made over time in the same groups. ANOVA was fol-

lowed by the Student–Newman–Keuls or the nonparametric Dunn’s post hocmultiple comparisons tests. Comparisons between two

groups were conducted with the paired or unpaired Student’s t test or the nonparametric Mann–Whitney test as appropriate. The

level of significance was set at p < 0.05. Data are presented as mean ± SEM.
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