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SUMMARY

The activation of the N-methyl D-aspartate receptor
(NMDAR) is controlled by a glutamate-binding site
and a distinct, independently regulated, co-agonist-
binding site. In most brain regions, the NMDAR
co-agonist is the astrocyte-derived gliotransmitter
D-serine. We found that D-serine levels oscillate in
mouse hippocampus as a function of wakefulness,
in vitro and in vivo. This causes a full saturation of
the NMDAR co-agonist site in the dark (active)
phase that dissipates to sub-saturating levels during
the light (sleep) phase, and influences learning
performance throughout the day. We demonstrate
that hippocampal astrocytes sense the wakeful-
ness-dependent activity of septal cholinergic fibers
through the a7-nicotinic acetylcholine receptor
(a7nAChR), whose activation drivesD-serine release.
We conclude that astrocytes tune the gating of syn-
apticNMDARs to the vigilance state anddemonstrate
that this is directly relevant to schizophrenia, a disor-
der characterized by NMDAR and cholinergic hypo-
functions. Indeed, bypassing cholinergic activity
with a clinically tested a7nAChR agonist successfully
enhances NMDAR activation.

INTRODUCTION

N-methyl D-aspartate receptors (NMDARs) play a direct role in

many aspects of brain physiology, such as learning andmemory.

They are also involved in a variety of disorders, and a hypofunc-

tion of synaptic NMDAR signaling is the main hypothesis for the

etiology of schizophrenia, a chronic and severe mental disorder

that affects 2.6 million adults in the United States (Javitt, 2015;

Moghaddam and Javitt, 2012; Ripke et al., 2014). Activation of

NMDARs requires the presence of a co-agonist, in addition to

their agonist glutamate (Johnson and Ascher, 1987; Kleckner

and Dingledine, 1988), and D-serine plays this role in many brain

regions, in particular the hippocampus (Henneberger et al.,
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2010; Papouin et al., 2012). Because D-serine is thought to be

a gliotransmitter released by astrocytes (Bergersen et al.,

2012; Henneberger et al., 2010; Martineau et al., 2013; Panatier

et al., 2006), an interesting corollary is that astrocytes could

regulate the availability of D-serine at synapses to control

NMDAR independently of neuronal activity. However, because

the conditions and stimuli that govern D-serine release are un-

identified, it is still unknown whether astrocytes can modulate

the concentrations of D-serine they supply to NMDARs under

certain conditions of brain activity.

Brain disorders often shed light on the physiological pathways

at play in the healthy brain, and our current understanding of the

etiology of schizophrenia points to a possible link between brain

cholinergic activity and NMDAR co-agonist gating. D-serine

levels are lowered in the plasma of schizophrenic patients

(Hashimoto et al., 2003; Bendikov et al., 2007), and many human

mutations associated with schizophrenia result in a hypofunction

of NMDAR co-agonist binding site by decreasing its affinity or by

directly impairing D-serine availability (Labrie et al., 2012; Ma

et al., 2013; Ripke et al., 2014). In parallel, a dysregulation of

the cholinergic system is a hallmark of schizophrenia (Freedman,

2014; Javitt, 2015), and recent clinical trials aimed to improve

cognitive symptoms of schizophrenic patients with cholinergic

modulators (Javitt, 2015).

Cholinergic neurons in the medial septum send scattered pro-

jections to cortical regions where their activity results in ambient

levels of acetylcholine (ACh), or extracellular ACh ‘‘tone,’’ involved

in long-range and long-lasting effects (Teles-Grilo Ruivo andMel-

lor, 2013). In these regions, the ACh tone fluctuates with changes

in vigilance state: the highest levels are found during active wake-

fulness and the lowest during slow-wave sleep (Marrosu et al.,

1995; Lee et al., 2005; Zant et al., 2016). Interestingly, ACh is

known to influence NMDAR activity and NMDAR-dependent

functions (Kirkwood et al., 1999; Lin et al., 2014;Markram andSe-

gal, 1990; Yang et al., 2013; Zappettini et al., 2014), and activates

intracellular signaling in astrocytes through variousACh receptors

(AChRs) (Hirase et al., 2014; Sharma and Vijayaraghavan, 2001;

Shen and Yakel, 2012; Takata et al., 2011). Combined with evi-

dence that ACh can promote D-serine synthesis and/or release

(Lin et al., 2014; Singh et al., 2013; Takata et al., 2011), these

data point to a link between vigilancestate-dependent cholinergic

activity and NMDAR co-agonist gating via astrocytic D-serine.
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This hypothesis greatly aligns with the most recent view of

astrocyte function. Indeed, the time course of astrocytic activity

is several orders of magnitude slower than neurons (Vardjan

et al., 2016). This makes astrocytes good candidates to receive,

integrate, and relay information about the neuromodulatory state

of the brain, such that their impact on neuronal and brain function

hasbecome increasingly relevant in thescopeofbehavioral states

(Chen et al., 2012; Ding et al., 2013; Hirase et al., 2014; Panatier

et al., 2006; Schmitt et al., 2012; Paukert et al., 2014). This is sup-

portedbyevidence that astrocytesareexquisite sensorsof neuro-

modulators, such as norepinephrine and acetylcholine, that are

involved in sensory modalities and vigilance states (Ding et al.,

2013; Lee et al., 2005; Paukert et al., 2014; Pinto et al., 2013; Hir-

ase et al., 2014; Navarrete et al., 2012; Sharma and Vijayaragha-

van, 2001; Shen and Yakel, 2012; Takata et al., 2011). Here we

used a variety of in vivo and in vitro approaches to examine fluc-

tuations of endogenous D-serine availability throughout the day

and their link with cholinergic activity. We found that the wakeful-

ness-dependent cholinergic activity from themedial septum gov-

erns astrocytic release of D-serine via the activation of astrocytic

a7nAChRs, thus tuning the gating of hippocampal NMDARs to

wakefulness. We also show that bypassing the endogenous

cholinergic activity with an a7nAChR partial agonist, used in a

phase III clinical trial for the treatment of schizophrenia, success-

fully enhances D-serine levels, highlighting the relevance of our

findings to the therapeutic approach of schizophrenia.

RESULTS

D-Serine Availability Oscillates over the 24 hr Period
To determine whether there are daily fluctuations in D-serine

levels, we first performed extracellular recordings of synaptic

NMDAR-mediated field excitatory post-synaptic potentials

(NMDA-fEPSPs) in the stratum radiatum of acute hippocampal

slices (Figures S1A–S1C; STAR Methods). Slices were obtained

at different Zeitgeber times (ZTs; ZT0 is the onset of light) across

the 24 hr period, and the endogenous occupancy of the NMDAR

co-agonist-binding site was determined by adding a saturating

concentration of exogenous D-serine (50 mM; Figures S1A–

S1D). We found that the effect of D-serine application was highly

dependent on the time of day at which slices were obtained (Fig-

ure 1A; F(6,50) = 9.889, p < 10�6, one-way ANOVA; Figures S1E–

S1G). Exogenous D-serine failed to potentiate NMDA-fEPSPs at

ZT0 (Figure 1A and B; t(9) = 0.87, p = 0.407, paired Student’s t

test), indicating that the NMDAR co-agonist site was already fully

saturated, but produced significant (p < 0.01, paired Student’s

t tests) and increasing effects in slices obtained from ZT1

through ZT13 (Figures 1A and S1G; ZT1, 17% ± 2.4%; ZT2,

20.9% ± 3.3%; ZT6, 25.7% ± 3.6%; ZT13, 28.7% ± 5.8%). In

the dark (active) phase, the occupancy of NMDARs progres-

sively increased as revealed by weakening effects of D-serine

application from ZT13 to ZT23 (Figures 1A and 1B; p = 0.001,

Bonferroni post hoc test; Figures S1A–S1G). Importantly, these

fluctuations were not due to changes in the co-agonist site’s

affinity for D-serine since the subunit composition of NMDARs,

assessedwith theGluN2A- andGluN2B-NMDAR-specific antag-

onists zinc (250 nM) and Ro25-6981 (2 mM), respectively, did not

change over the 24 hr period (Figure 1C; F(2,18) = 0.298 and
F(2,22) = 0.649, p > 0.05, one-way ANOVAs). Together, these

data suggest that the amount of endogenous co-agonist avail-

able to NMDARs fluctuates across the 24 hr period.

Since D-serine is the endogenous co-agonist of NMDARs at

CA3-CA1 synapses (Papouin et al., 2012), we directly assessed

extracellular D-serine levels (Figures 1D and 1E; STARMethods).

Hippocampal slices obtained at ZT0 and ZT6 were incubated in

aCSF for 90 min, and D-serine concentration in this conditioned

medium (CM) was then measured using amperometric biosen-

sors (Dale et al., 2005). D-serine amounts, both absolute

(�32%) and normalized to the protein content of incubated tis-

sue (�27%), were significantly lower in the CM obtained from

ZT6 slices (Figures 1F and 1G; p < 0.05, Student’s t tests), sup-

porting the existence of daily fluctuations of free extracellular

D-serine levels in hippocampal slices. We concluded that the os-

cillations in the occupancy of NMDAR co-agonist site are caused

by oscillations in the endogenous concentration of D-serine.

Therefore, the ‘‘saturation index’’ is used thereafter as a proxy

for the amount of D-serine available to synaptic NMDARs (ZT6,

0.800 ± 0.020; ZT0, 0.985 ± 0.018; t(18) = 6.84, p < 0.0001, Stu-

dent’s t test; Figure 1H). It is directly calculated from the increase

in NMDA-fEPSP slope caused by exogenous D-serine (Figures

S1B and S1C; STAR Methods) and represents the baseline

occupancy of NMDAR co-agonist site: the higher the concentra-

tions of endogenous D-serine, the higher the saturation index.

D-Serine Fluctuations Are Driven by Wakefulness, Not
Circadian Rhythms
D-serine is present at saturating levels at the end of the dark

(active) phase, rapidly declines to non-saturating levels in the

light (sleep) phase, and progressively builds up again through

the dark phase (Figure 1), seemingly following daily levels of

wakefulness (Figure S2). To understand whether D-serine oscil-

lations are governed by wakefulness and activity or by an

intrinsic 24 hr circadian rhythm,mice were subjected to enforced

wakefulness (EW) between ZT0 and ZT2 before hippocampal sli-

ces were obtained (STAR Methods; Figures S2A and S2B). This

should be without effect on D-serine supply if it is determined by

the time of day through a circadian mechanism. However, EW

should prevent the rapid decline of D-serine at the onset of the

light phase if D-serine supply is driven by wakefulness. We found

that after 2 hr of EW, the saturation index was significantly

greater than that measured at ZT2 from undisturbed mice (Fig-

ures 1A and 1I; t(18) = 3.97, p = 0.0009, Student’s t test). This

effect was only transient and the saturation index returned to

control levels after 4 hr of rest following EW (Figures 1A and

1I). Since prolonging wakefulness through the light phase can

maintain saturating levels of D-serine, we asked whether favor-

ing active exploratory behavior with enriched environment hous-

ing (EEH) could accelerate D-serine accumulation during the

dark phase (STAR Methods; Figures S2A and S2C). We found

that EEH increased wakefulness in the dark phase, especially

during the first 6 hr (Figures S2A and S2C), and that the satura-

tion index measured in ZT18 slices was enhanced in mice kept

in EEH (Figures 1A and 1J; t(14) = �3.2, p = 0.0064, Student’s

t test), indicating that increased activity accelerated the buildup

of D-serine. Together, these results demonstrate that oscillations

in D-serine availability at CA3-CA1 synapses are not driven by
Neuron 94, 840–854, May 17, 2017 841
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Figure 1. Daily Oscillations of D-Serine Availability Are Driven by Wakefulness

(A) Effect of D-serine application on NMDA-fEPSPs in slices obtained at different Zeitgeber times (ZTs) from WT mice, mice subjected to enforced-wakefulness

(EW), EW mice after 4 hr of recovery, and mice in enriched environment housing (EEH). Dotted lines are provided as visual guides.

(B) Individual slopes of NMDA-fEPSPs before (pre) and after (post) D-serine application, at indicated ZTs.

(C) Inhibitory effect of the GluN2B-NMDAR antagonist Ro25-6981 (2 mM) and GluN2A-NMDAR antagonist zinc (250 nM) at ZT0, ZT6, and ZT18 and illustrative

traces.

(D) Schematic showing the collection of conditioned medium (CM).

(E) Calibration of the D-serine biosensors showing their linearity, including for sub-micromolar D-serine (right inset).

(F) D-serine measurements in ZT0 and ZT6 CM. Each circle indicates the value obtained from one animal. Color code shows ‘‘pairs’’ of ZT0 and ZT6 CMs run on

the same set of biosensors. Horizontal bars represent average.

(G) Average D-serine concentration in CM normalized to the weight of tissue incubated (mg of protein).

(H–J) Saturation index of NMDARs at ZT0 and ZT6 (H); at ZT2 in slices from EWmice, undisturbed (UD)mice, or EWmice after 4 hr of recovery (rec) (I); and at ZT13

and ZT18 in slices from mice housed in EEH or in standard home cages (SHC) (J). Pooled data are shown as mean ± SEM.

See also Figures S1 and S2.
circadian rhythms but instead follow a mechanism wherein

wakefulness and activity promote the accumulation of D-serine

while rest/sleep favors its clearance.

D-Serine Levels Fluctuate with Wakefulness In Vivo
To validate these findings in amore physiological setting, we car-

ried out in vivo micro-dialysis from area CA1 of the hippocampus

of freely behaving mice from ZT0 to ZT6, while video monitoring

their activity during the entire 6 hr of micro-dialysis (Figures 2A

and 2B; STAR Methods). The absolute D-serine and L-serine
842 Neuron 94, 840–854, May 17, 2017
concentration in the dialysate was then determined through

high-performance liquid chromatography (HPLC) on a C18 col-

umn using concentration standards (Figure 2C; STAR Methods).

The average concentration of D-serine (1.8 ± 0.3 mM) and

L-serine (13.3 ± 1.2 mM) measured across mice was very similar

to that found in the literature (Figure 2D; Fukushima et al., 2004).

However, we also observed that the concentration of D-serine

measured in the dialysates was significantly correlated to

the percentage of time mice spent active during the 6 hr of

micro-dialysis (p = 0.0018, one-tailed Pearson correlation test;
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Figure 2. Wakefulness-Dependent Fluctuations of D-Serine Concentration In Vivo

(A) Experimental set up for in vivo micro-dialysis and video monitoring from ZT0 to ZT6.

(B) Histological targeting of micro-dialysis probes on the Allen Brain Atlas (top) determined on DAPI-stained hippocampal section (bottom).

(C) HPLC chromatogram showing L-serine and D-serine peaks.

(D) Average D-serine and L-serine concentrations in eight different mice.

(E) Individual D-serine concentrations in dialysates as a function of the average percentage of time the mouse spent active during micro-dialysis.

(F) Same as (E) for L-serine.

(G) Left: video snapshots and EEG/EMG traces representing the active/resting state and the wake/sleep state. Right: actograms (6 hr) of the same mouse

obtained using video-based or EEG/EMG scoring of activity/wakefulness. The black horizontal bar indicates the sections of correspondence (corresp.) between

the two scoring systems.

See also Figure S3.
Figure 2E). The lowest D-serine concentrations were found in the

dialysate of mice that spent 70%–80% of the time nested and

immobile, while the highest amounts were measured in mice

with levels of activity greater than 60%. This correlationwas spe-

cific for D-serine since L-serine levels were not correlated to

activity (p = 0.3823; Figure 2F), and a correspondence test inde-

pendently validated that actograms obtained from video moni-

toring are a faithful proxy of wakefulness measured by EEG/

EMG recordings (Figure 2G; 95.2% agreement, kappa value =

0.876; see Figure S3A). Together, these experiments indicate

that D-serine levels measured in vivo with micro-dialysis reflect

the overall wake/sleep history of the mouse during the dialysate

collection. This conclusively demonstrates that D-serine concen-

tration fluctuates with wakefulness in the mouse hippocampus,

varying more than 5-fold between rest (�0.5 mM) and wakeful-

ness (3 mM), thus nearly spanning the entire range of NMDAR

co-agonist site sensitivity (Paoletti et al., 2013).

Daily D-Serine Fluctuations Impact Learning and
Memory
In order to evaluate the significance of such endogenous

D-serine oscillations to behavior, we probed an NMDAR-depen-

dent learning and memory assay. We examined contextual fear
memory, a task that relies on hippocampal NMDARs (Matus-

Amat et al., 2007; Schenberg and Oliveira, 2008) in which mice

learn to associate foot shocks with the context where they are

delivered. Mice were trained at different ZTs and re-exposed

to the context 24 hr later, and the amount of time they spent

freezing was measured (Figure 3A). Mice trained at ZT0 and

tested 24 later had greater levels of freezing (+62%) compared

to mice trained at ZT6 and tested 24 hr later (p = 0.0017, Bonfer-

roni post hoc test; Figures 3B and 3C), revealing a more efficient

formation of hippocampal memory at ZT0 consistent with higher

levels of D-serine (Figures 1G and 1H). The immediate response

to shocks (Figure 3B) was similar in all groups, indicating that

there were no differences in sensitivity/aversion to the electrical

stimuli during training. As expected for this task, the difference

between the ZT0 and ZT6 groups was also context dependent:

mice tested in a different context (context B; STAR Methods)

had low and identical levels of freezing (Figure 3D; t(22) = 1.07,

p = 0.2962, Student’s t test).

Mice are less active during the light phase, which could

diminish their capability to explore and encode the environment

and its aversive nature at ZT6. To test if the reduced memory at

ZT6 was attributable to weaker acquisition, mice were trained at

ZT0 or ZT6 and tested 1 hr later in the original context. Both
Neuron 94, 840–854, May 17, 2017 843
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Impact Learning and Memory

(A) Schematic of the timing, injection, and training

paradigm for contextual fear conditioning.

(B) Immediate freezing responses of undisturbed

mice during training at different ZTs.

(C) Freezing response 24 hr later for mice trained

in (B).

(D) Freezing response in a different context, 24 hr

after training at ZT0 and ZT6.

(E) Freezing response of mice 1 hr after training at

ZT0 and ZT6.

(F) Immediate freezing responses of mice during

training at ZT0 and ZT6, 1 hr after i.p. injections of

saline or D-serine.

(G) Freezing responses, 24 hr later, for mice trained

in (F).

All panels show mean ± SEM. See also Figure S3.
groups showed strong freezing levels and performed identically

(Figure 3E; t(25) = 0.14, p = 0.8897), indicating that mice can

acquire and retrieve short-term contextual memory equally,

regardless of the ZT at training.

ZT6-trained mice had 6 hr of light phase remaining after

training whereas ZT0-trained mice had almost 12 hr (Figure 3A).

Because memory consolidation occurs during episodes of sleep

after training (Maingret et al., 2016), we considered this con-

founding factor by assessing the performance of mice trained

at ZT1 (when D-serine is low in slices, similar to ZT6; Figure 1)

and tested 24 hr later (�11 hr of light phase remaining after

training, like at ZT0). This group showed reduced levels of

freezing that were identical to the ZT6 group (Figures 3B and

3C; p = 0.846, Bonferroni post hoc test), indicating that

enhanced memory in the ZT0 group was not the result of a

greater time spent in light phase after training. Finally, to explore

the possibility that mice performed better at ZT0 because they

cued the task with light onset, a group of mice was trained and

tested in the dark phase (ZT23, a time when D-serine levels are

high in slices, similar to ZT0; Figure 1). Handling of mice was car-

ried out under red light, except for the dim lighting of the contex-

tual chamber. Levels of freezing in this group were similar to the

ZT0 group and greater than the ZT6 group (Figures 3B and 3C;

p = 0.0410, Bonferroni post hoc test), ruling out the possibility

that ZT0-trained mice used light onset as a learning strategy.

Overall, the magnitude of contextual fear memory oscillates

from ZT0 to ZT23 (Figure 3C; F(3,47) = 4.26, p = 0.0088, one-

way ANOVA) and recapitulates both the saturation level of

NMDARs in slices and the finding that in vivo D-serine levels

depend on overall wakefulness. This suggested that daily

oscillations of hippocampal D-serine contribute to this behavioral
844 Neuron 94, 840–854, May 17, 2017
effect. If true, increasing brain D-serine

with intraperitoneal (i.p.) administration

(200 mg/kg; Figure S3B; Fukushima et al.,

2004) should improve fear memory at

ZT6, but not at ZT0, since D-serine is natu-

rally saturating at ZT0, but not at ZT6. In

agreement with this assumption, D-serine

treatment (200 mg/kg intraperitoneally
1hrprior to training; Figure3A) significantly increased thepercent-

ageof freezing in the ZT6 group compared to saline (t(26) =�2.16,

p=0.0402),whereas it failed to improve freezing levels atZT0 (Fig-

ures 3F and 3G; t(24) = 0.41, p = 0.685). That D-serine-treated

mice performed identically to saline-treated littermates at ZT0

also indicates that D-serine did not enhance overall motor or

cognitive skills. Together, these results indicate that the oscilla-

tions in D-serine levels occur over a range of concentrations that

is relevant to behavior, such as learning and memory.

Astrocytes Are the Source of Activity-Dependent
D-Serine Supply
D-serine is considered a gliotransmitter, but it can also be found

in neurons (see Balu et al., 2014). Therefore, we examined the

contribution of astrocytes to daily oscillations of D-serine avail-

ability by assessing NMDAR saturation index in slices obtained

from astrocyte-specific dnSNARE mice (Figure 4A; Pascual

et al., 2005). In these mice, the tetO-dnSNARE:GFAP-tTA trans-

genic construct drives the expression of the cytoplasmic domain

of the vesicular protein VAMP2 selectively in astrocytes (astro-

cyte-specific GFAP promoter), following removal of doxycycline

(Dox) from the diet (STAR Methods). This impairs the formation

of the SNARE complex in astrocytes by a dominant-negative

effect, reducing by 91% the exocytotic release of gliotransmit-

ters, including D-serine (Pascual et al., 2005; Sultan et al.,

2015). It should be noted that, in agreement with the vastmajority

of the astroglial literature that used dnSNAREmice, a systematic

examination performed by two independent investigators in both

area CA1 and CA3 failed to identify a single eGFP-expressing

neuron among 5,884 and 5,887 neurons counted in 24 stacks

from 5 different animals (Figures S4A–S4D). This careful
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Figure 4. Inhibition of SNARE-Mediated Vesicular Release in Astrocytes Abolishes D-Serine Oscillations

(A) Schematic of conditional astrocyte-specific expression of dnSNARE and eGFP transgenes in dnSNARE mice. Animals are raised on Dox until weaning.

(B) Upper panels: composite confocal images showing themosaic expression of the eGFP reporter in hippocampal astrocytes of a dnSNAREmouse kept off Dox

for 8 weeks after weaning (stitch of 20 images 203, NA 0.75). Lower panels: confocal (403) images of DAPI nuclear staining, eGFP fluorescence, and NeuN

(neuronal) and GFAP (astrocytic) immunoreactivity (so, stratum oriens; sp, stratum pyramidale; sr, stratum radiatum). Arrows show an eGFP-negative neuron and

an eGFP-positive astrocyte.

(C) Effect of D-serine application on NMDA-fEPSPs in slices obtained fromGFAP-tTA-negative animals (single gene control) and dnSNAREmice off or on Dox, at

different ZTs. Dotted lines serve as visual guides.

(D) Individual slopes of NMDA-fEPSPs before (pre) and after (post) D-serine application at ZT0 and ZT6 in slices from dnSNARE mice off Dox.

(E) Saturation index at ZT0 and ZT6 in slices from dnSNARE mice off or on Dox.

(F) D-serine measurements in ZT0 and ZT6 CM from dnSNARE mice off Dox.

(G) Average D-serine concentration in CM normalized to the weight of tissue incubated (mg of protein).

(H) Effect of the GluN2B-NMDAR antagonist Ro25-6981 and the GluN2A-NMDAR antagonist zinc on NMDA-fEPSPs in ZT0 and ZT6 slices from dnSNARE mice

off Dox. Pooled data are shown as mean ± SEM.

See also Figure S4.
assessment is in striking contrast to and refutes the claims from

Fujita et al. (2014), and confirms the cell specificity of transgene

expression in dnSNARE mice (Figures 4A and 4B). In slices from
dnSNARE mice off Dox, we found that the effect of exogenous

D-serine on NMDA-fEPSPs was independent of the time of day

(Figure 4C; F(2,28) = 0.085, p = 0.918, one-way ANOVA), in
Neuron 94, 840–854, May 17, 2017 845



contrast with slices from single gene controls (GFAP-tTA nega-

tive) in which the same oscillations found in wild-type (WT)

mice were observed (F(2,15) = 8.666, p = 0.0032). In slices ob-

tained at ZT0 from dnSNAREmice off Dox, D-serine significantly

augmented NMDA-fEPSPs (Figure 4D; t(9) = 4.39, p = 0.0017,

paired Student’s t test; see Figures S4E and S4F) and the result-

ing saturation index was identical to that found at ZT6 (Figure 4E;

t(18) = 0.44, p = 0.665, Student’s t test). Additionally, NMDAR

subunit composition was the same in ZT0 and ZT6 slices (Fig-

ure 4H; p > 0.05, one-way ANOVAs) and amperometric measure-

ments revealed similar levels of D-serine in ZT0 and ZT6 slices

from dnSNARE mice off Dox (Figures 4F and 4G; p > 0.05, Stu-

dent’s t tests). Importantly, reintroducing Dox into the diet for a

month to suppress transgene expression (‘‘dnSNARE on Dox’’;

STAR Methods) was sufficient to restore daily oscillations of

D-serine (Figure 4C; F(2,24) = 8.042, p = 0.0024, one-way

ANOVA) and the differential saturation at ZT0 and ZT6 (Figure 4E;

t(14) = 3.52, p = 0.0034, Student’s t test). Together, these data

demonstrate that D-serine oscillations rely on astrocytic

SNARE-dependent supply of D-serine during the dark phase.

D-serine and its synthesizing enzyme serine racemase are

also present in neurons (Balu et al., 2014; and see Wolosker

and Radzishevsky, 2013), suggesting a potential contribution

of neurons to D-serine supply. This has prompted the proposal

of an ‘‘L-serine/D-serine shuttle’’ wherein (1) astrocytes provide

L-serine to neurons, (2) D-serine is synthesized in neurons from

L-serine, and (3) neurons release D-serine (Wolosker and Rad-

zishevsky, 2013). According to this view, an alternative interpre-

tation of our results would be that neuronal D-serine release is

impaired in dnSNARE mice due to the lack of L-serine supply

from astrocytes. However, providing exogenous L-serine

(20 mM, 45 min) did not restore the saturation index in dnSNARE

slices at ZT0 (Figures S4G and S4H), indicating that the expres-

sion of the dnSNARE transgene directly prevented the release of

D-serine, not L-serine, by astrocytes.

Cholinergic Tone Drives Wakefulness-Dependent
D-Serine Release from Astrocytes
In addition to being tightly correlated with vigilance states (Lee

et al., 2005; Marrosu et al., 1995; Zant et al., 2016), cholinergic

signaling potentiates NMDAR activity and modulates NMDAR-

dependent functions (Kirkwood et al., 1999; Lin et al., 2014;

Markram and Segal, 1990; Yang et al., 2013; Zappettini et al.,

2014). ACh also elicits intracellular Ca2+ signaling in astrocytes

through muscarinic receptors (Takata et al., 2011), a4b2- and

a4b4-nAChR (Gahring et al., 2004), or a7nAChRs (Sharma and

Vijayaraghavan, 2001; Shen and Yakel, 2012) and can promote

D-serine release or synthesis (Lin et al., 2014; Singh et al.,

2013; Takata et al., 2011). Therefore, we hypothesized that

ACh is the signal that tunes D-serine levels to wakefulness and

tested whether cholinergic agonists can enhance the saturation

index of NMDARs in ZT6 slices (Figure 5A). Application of a

broad AChR agonist, carbamylcholine (Carba; Figure 5E),

caused a full saturation of NMDARs (Figure 5A; p < 10�7 versus

control, Bonferroni post hoc tests) that persisted in the presence

of atropine (p = 0.899 versus Carba), suggesting the involvement

of nicotinic (nAChRs), rather than muscarinic, receptors. The

most abundant nAChRs expressed by hippocampal astrocytes
846 Neuron 94, 840–854, May 17, 2017
in C57BL/6 mice are a4b2- and a4b4-nAChRs (Gahring et al.,

2004), but Carba still caused a full saturation of NMDARs in

the presence the a4b4- and a4b2-nAChR antagonist DHbE

(p = 0.889). In contrast, we found that the effect of Carba

was prevented by the a7nAChR antagonist MLA (Figure 5A;

p < 10�9), in line with observations that a7nAChR activation pro-

motes NMDAR activity (Lin et al., 2014; Yang et al., 2013; Zap-

pettini et al., 2014) and favors D-serine release (Singh et al.,

2013). As expected from this finding, the a7nAChR selective

agonist AR-R17779 (AR-R) alone elicited a full saturation of

NMDARs (p < 10�8 versus control), which was attenuated by

the co-application of MLA (p < 10�4 versus AR-R). Importantly,

stimulation of a7nAChRs did not change the subunit composi-

tion of NMDARs (Figure S5A), indicating that it did not change

NMDAR affinity for D-serine but rather increased extracellular

D-serine levels. Finally, in line with studies reporting the pres-

ence of a7nAChRs on astrocytes (Duffy et al., 2011; Gahring

et al., 2004; Sharma and Vijayaraghavan, 2001; Shen and Yakel,

2012; Zhang et al., 2014), we found that application of neither

Carba nor AR-R altered the saturation index in slices from

dnSNARE mice off Dox (Figure 5A; F(2,24) = 0.0031, p = 0.997,

one-way ANOVA), suggesting that a7nAChR stimulation elicits

D-serine release from astrocytes.

That the stimulation of a7nAChRs elevates D-serine levels in

ZT6 slices suggested that the saturating levels of D-serine found

at ZT0 could be due to a basal activation of a7nAChRs. We

tested this hypothesis and found that incubations of ZT0 slices

with MLA for 60 min or more reduced NMDAR saturation index

to a level similar to that normally found at ZT6 (Figures 5B and

5C; t(19) = 8.78, p < 10�6, Student’s t test), while it had no effect

in slices obtained at ZT6 (t(16) = 0.8, p = 0.4354), or in ZT0 slices

from dnSNARE mice off Dox (t(18) = 0.66, p = 0.5176). Alto-

gether, these results indicate that the daily oscillations in

NMDAR co-agonist site occupancy are driven by the wakeful-

ness-dependent endogenous activation of a7nAChRs upstream

of astrocytic exocytosis.

Similar to ACh, the activity of noradrenergic neurons is phased

to vigilance state (Aston-Jones and Bloom, 1981), and norepi-

nephrine (NE) directly impacts astrocyte Ca2+ activity through

a1 adrenergic receptor a1AR (Ding et al., 2013; Paukert et al.,

2014). We thus asked whether adrenergic activity could also in-

fluence the release of D-serine and found that the saturation in-

dex in ZT6 slices was altered neither by the presence of NE nor

by the specific a1AR agonist methoxamine (Figure 5A; p > 0.05,

Bonferroni post hoc tests). Similarly, we found that oscillations in

D-serine availability do not originate from changes in purinergic

tone across the 24 hr period (Figures S5C–S5G), demonstrating

that wakefulness-dependent release of hippocampal D-serine is

selectively influenced by cholinergic neuromodulation.

Our findings suggest a direct and specific mechanistic link

between a7nAChR activity and NMDAR co-agonist site, which

is highly relevant in the context of schizophrenia. Indeed,

the a7nAChR is the target of several therapeutics that have

been taken into clinical trials to improve cognitive deficits asso-

ciated with schizophrenia (Freedman, 2014; Beinat et al., 2015;

Javitt, 2015). Yet the mechanism underlying their beneficial

effect is ill defined. We asked whether the most recent of

them, EVP-6124 (FORUMPharmaceuticals, phase III clinical trial
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Figure 5. Endogenous Cholinergic Signaling Controls D-Serine Availability across the 24 hr Period

(A) NMDAR saturation index in slices from WT and dnSNARE mice off Dox in the presence of adrenergic and cholinergic agonists/antagonists: norepinephrine

(NE, 10 mM), a1AR agonist (MTX, 20 mM), AChR broad agonist (Carba, 50 mM), Carba and the muscarinic AChR antagonist atropine (+Atrop, 5–10 mM), Carba and

the a4b2- and a4b4-nAChR antagonist DHbE (+DHbE, 1 mM), Carba and the a7nAChR antagonist MLA (+MLA, 50–100 nM), the a7nAChR agonist AR-R17779

alone (AR-R, 20 mM), and the combination of AR-R and MLA. See Figure 5E.

(B) Effect of MLA incubation on NMDA-fEPSPs potentiation by D-serine. Individual experiments are shown. Plateau effect is reached after 60 min incubation

(gray area).

(C) Effect of MLA incubation (>60 min) on NMDAR saturation index in ZT0 and ZT6 slices from WT mice, and ZT0 slices from dnSNARE off Dox.

(D) Experimental set up for i.p. injections of EVP-6124 or vehicle in WT mice (left) and saturation index of NMDARs in slices obtained 4 hr later (right).

(E) Table summarizing the various compounds, their abbreviation, concentration, action, and target. Pooled data are shown as mean ± SEM.

See also Figure S5.
NCT01716975), was capable of enhancing NMDAR saturation

index. Pharmacokinetic studies have shown that EVP-6124 rea-

ches peak brain concentration 2 hr after administration and re-

mains at effective concentrations for at least 4 hr (Prickaerts

et al., 2012). We administered EVP-6124 to WT mice at ZT0

(0.4mg/kg i.p single dose, as in Prickaerts et al., 2012; Figure 5D)

and found that this significantly increased the saturation index of

NMDARs in slices obtained 4 hr later (t(19) = �3.37, p = 0.0032,

Student’s t test) without causing prolonged wakefulness or

enhanced locomotor activity (Figure S5B). This indicates that

a7nAChR-targeting therapeutics can enhance NMDAR activity,

likely via D-serine, raising the possibility that this is the mecha-

nism of action that mediates their beneficial effects on cognition.

Activity of MS-DBB Cholinergic Fibers Drives the
Release of D-Serine in the Hippocampus
To confirm that in situ release of endogenous ACh elicits

D-serine elevations, we employed the ChAT-ChR2-eYFP BAC

transgenic mouse line that selectively expresses channelrho-

dopsin (ChR2) in cholinergic fibers (Zhao et al., 2011). These

mice display strong expression of ChR2-eYFP in the medial

septum (MS) and the ventral diagonal band of Broca (DBB),

where the cholinergic fibers innervating the hippocampus origi-

nate (Figures 6A and 6B; Teles-Grilo Ruivo and Mellor, 2013).
In slices obtained at ZT4, optical stimulation of these fibers

(460 nm, 10 s at 5 Hz/min for 15 min; STAR Methods; Figures

6C and S6B–S6F) caused a slow and long-lasting enhancement

of NMDA-fEPSPs (Figure 6D; 24.0% ± 11.2% at 50–70 min [2]

versus baseline [1], t(9) = 2.82, p = 0.0198, paired Student’s

t test) that was not observed in ChAT-ChR2�/� mice (Fig-

ure S6G). This effect was not observed on AMPA-fEPSPs either

(Figure S6H), indicating that it was specific to NMDARs and not

due to an overall increase in synaptic strength. Importantly,

application of exogenous D-serine 70 min after optical stimula-

tion had no further effect on NMDA-fEPSPs (Figures 6D;

2.8% ± 1.9% [3] versus [2], t(9) = 1.57, p = 0.150), revealing a

full saturation of NMDARs caused by the optical stimulation.

Consistently, optical stimulation was unable to potentiate

NMDA-fEPSPs when delivered in the presence of saturating

levels of exogenous D-serine (Figure 6E; t(9) = �1.32,

p = 0.217), confirming that the release of endogenous ACh by

direct stimulation of cholinergic fibers causes an increased

occupancy of the NMDAR co-agonist site. To ask whether

a7nAChR mediates this effect, we repeated the experiment in

the presence of the a7nAChR antagonist MLA and found that op-

tical stimulation failed to cause an increase of NMDA-fEPSPs

(Figure 6F; t(9) = 0.06, p = 0.953) while subsequent D-serine

application produced a standard 20.2% ± 4.2% potentiation
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Figure 6. Cholinergic Volume Transmission Elicits a Long-Lasting Increase of NMDAR Co-agonist Site Occupancy

(A and B) Upper panels: eYFP fluorescence in the ventral diagonal band of Broca (DBB) and medial septum (MS) of ChAT-ChR2-eYFP mice (A), and their

hippocampal projections (B). Anatomical structures are indicated for guidance and comparison with Zhao et al. (2011): caudate putamen (CPu), corpus callosum

(cc), anterior commissure (ac), globus palidus (GP), habenula (Hb), and dentate gyrus (DG). Lower panels: 203 confocal images (maximum projection of three

z-planes) of eYFP fluorescence and ChAT immunoreactivity in the MS (showing numerous cholinergic neurons; A) and the hippocampus (showing cholinergic

fibers [arrowheads] and varicosities [arrows]; B).

(C) Set up of optogenetic experiments.

(D) Individual example (left) and average effect over time (right) of the optical stimulation of hippocampal cholinergic fibers on NMDA-fEPSPs. D-serine was

applied at the end of the experiment to assess NMDAR saturation. Bar graphs show the average effect of light (2), compared to the baseline (1), and that of

D-serine application (3), compared to the post-light plateau (2).

(E and F) Same as (D) in the presence of D-serine from the start of the experiment (E) or in the presence of MLA (F). In (E) the effect of D-serine is not shown on the

time course. Data are shown as mean ± SEM.

See also Figure S6.
(t(9) = �4.44, p = 0.003). This indicates that NMDARs had re-

mained unsaturated following the optical stimulation and that

a7nAchR indeed mediates D-serine elevations driven by ACh

transmission. As a last validation, we reasoned that optical stim-

ulation of cholinergic fibers should have no effect in slices ob-

tained at ZT0, in which we found that both ACh and D-serine

are already present at elevated levels. Accordingly, NMDA-
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fEPSPs remained unchanged following optical stimulation and

D-serine application in ZT0 slices (Figure S6I).

We conclude that the release of endogenous ACh from MS-

DBB cholinergic fibers scattered in the hippocampus elicits a

long-lasting surge in D-serine concentration that causes a

long-term potentiation of NMDAR activity, via the stimulation of

a7nAChRs.
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Figure 7. Astrocyte-Specific a7nAChR Knockout Abolishes D-Serine Oscillations

(A) Schematic of stereotaxic injections of Cre-encoding AAV5 virus in area CA1 of a7nAChRflox/flox and a7nAChR+/+ littermates.

(B) eGFP fluorescence and DAPI staining in the hippocampus, 35 days after AAV5 injection.

(C) Percentage of GFAP+ cells (astrocytes) that are eGFP+ (expressing iCre) and percentage of eGFP+ cells that are GFAP+, counted by two independent in-

vestigators (J.D. and T.J.P.).

(D) Astrocyte specificity of the viral transduction: confocal (403) images showing DAPI nuclear staining, eGFP fluorescence, NeuN (neuron), andGFAP (astrocyte)

immunoreactivity.

(legend continued on next page)
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Astrocytic a7nAChRs Mediate ACh-Driven D-Serine
Oscillations
There have been increasing reports of the presence of a7nAChR

on astrocytes (Duffy et al., 2011; Gahring et al., 2004) along with

confirmations that such receptors are functional and play a

signaling role (Sharma and Vijayaraghavan, 2001; Shen and

Yakel, 2012). However, a7nAChRs are expressed by all cell

types in the hippocampus, and while the RNA sequencing

(RNA-seq) database shows expression in astrocytes, it is less

abundant than in neurons (Gahring et al., 2004; Zhang et al.,

2014). We thus asked whether a7nAChRs required for the wake-

fulness-dependent regulation of D-serine availability are located

on astrocytes or neurons. We used mice in which exon 4 of

Chrna7 is floxed (a7nAChRflox/flox; STAR Methods; Figure S7;

Hernandez et al., 2014) and performed stereotaxic injections of

adeno-associated viruses (AAVs) encoding Cre recombinase

and GFP reporter. Mice were injected with an AAV5 encoding

GFAP(0.7)-eGFP-T2A-iCre into area CA1 to selectively trans-

duce astrocytes (Figure 7A), or with an AAV9 encoding

eSYN-eGFP-T2A-iCre both in areas CA3 and CA1 to transduce

neurons (Figure 7H). Mice were sacrificed at 35 ± 6 days post-in-

jection and sections were immuno-stained for the astrocyte

marker GFAP and the neuronal marker NeuN to confirm cell-

type specificity of the transduction. As shown in Figures 7B–

7D and 7I–7K, both the AAV5 and AAV9 viruses were highly

selective for astrocytes and neurons, respectively.

NMDAR saturation index was assessed in slices from these

animals, and these experiments were carried out blind to

mouse genotype (STAR Methods). We found that the effect of

D-serine application was independent of the time of day in

slices from AAV5-a7nAChRflox/flox mice (Figure 7E; F(2,42) =

0.4439, p = 0.6446, one-way ANOVA) while it was ZT depen-

dent in slices from AAV5-a7nAChR+/+ mice (F(2,20) = 5.5778,

p = 0.0119). At ZT0, D-serine applications yielded a significant

increase of NMDA-fEPSPs in slices from AAV5-a7nAChRflox/flox

(Figure 7F; t(15) = 8.2, p < 10�5, paired Student’s t test),

revealing that the saturation index was impaired and similar

to that found at ZT6 (Figure 7G; t(29) = 0.8, p = 0.4278, Stu-

dent’s t test). Thus, the loss of a7nAChR on astrocytes

abolishes the oscillations in NMDAR saturation index. In

contrast, the effect of D-serine application remained time-of-

day dependent in AAV9-a7nAChRflox/flox slices (Figure 7L;

F(2,34) = 8.6824, p = 0.0009, one-way ANOVA) in which

NMDARs were fully saturated at ZT0 (Figure 7M; t(12) = 0.91,

p = 0.3825; Figure 7N; t(22) = 4.36, p = 0.0002), indicating

that the genetic deletion of the a7nAChR in pre- and postsyn-

aptic neurons (as well as stratum radiatum interneurons) is

without effect on the daily fluctuations of NMDAR co-agonist

site occupancy. We conclude that astrocytic a7nAChRs are

required for converting ACh drive into oscillations of NMDAR

co-agonist site occupancy.
(E) Effect of D-serine on NMDA-fEPSPs in slices obtained from AAV5-injected a7

(F) Individual slopes of NMDA-fEPSPs before (pre) and after (post) D-serine appl

(G) Saturation index at ZT0 and ZT6 in slices from AAV5-injected a7nAChRflox/flo

(H–N) Same as (A)–(G) for AAV9-injected animals. Note the neuronal specificity

transduction. Pooled data show mean ± SEM.

See also Figure S7.
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DISCUSSION

We demonstrate that by sensing wakefulness-dependent

release of ACh through a7nAChRs, astrocytes modulate the

amount of D-serine they provide to synaptic NMDARs

throughout the day (Figure 8). There are three main conse-

quences to this finding. First, this represents a new mechanism

whereby NMDARs, and NMDAR-dependent functions, are

controlled by vigilance state-dependent cholinergic activity

through their co-agonist site. Second, we show that astrocytes

are central to this mechanism: they locally shape synaptic

properties to the ongoing brain activity by monitoring the neuro-

modulator environment, a new function we term ‘‘contextual

guidance.’’ Third, by linking cholinergic activity, a7nAChRs,

astrocyte-derived D-serine, and NMDARs, this new pathway is

greatly relevant to schizophrenia, and we demonstrate that the

stimulation of a7nAChRs with a clinically tested drug (EVP-

6124) is sufficient to enhance NMDAR function.

The degree of occupancy of the co-agonist binding site

directly dictates the ability of NMDARs to be activated by gluta-

mate (Kleckner and Dingledine, 1988). Since glutamate is fully

saturating to NMDARs during synaptic transmission (Clements,

1996), D-serine availability is the limiting factor to NMDARactiva-

tion. We found that D-serine levels fluctuate in vivo as a function

of wakefulness over a range of concentrations that spans

NMDAR co-agonist site sensitivity. Therefore, the wakefulness-

dependent control of D-serine we describe represents a new

and major mechanism for the regulation of NMDAR activation

throughout the day. It allows more robust NMDAR activity and

higher learning capabilities during windows of higher behavioral

alertness, in line with the well-documented memory-enhancing

effect of nicotine. Such ‘‘on-demand’’ control of NMDAR activa-

tion also allowsmaintaining lower levels of hippocampal NMDAR

activity during periods of rest, which could be relevant to synap-

tic downscaling and memory consolidation that occur during

slow-wave sleep (Maingret et al., 2016). Overall, we predict

that D-serine levels are regulated on demand in other brain re-

gions as a function of their involvement in a specific behavioral

task, vigilance state, or response to the hormonal status of the

animal.

Behavioral states are intrinsically bound to neuronal popula-

tion dynamics and to the activity of neuromodulator systems.

For instance, states of wakefulness and attention coincide with

bursting patterns of septal and/or locus coeruleus neurons and

with volume transmission of NE and ACh (Aston-Jones and

Bloom, 1981; Pinto et al., 2013; Lee et al., 2005; Zant et al.,

2016). A significant body of evidence has now brought astro-

cytes into this scheme and suggests that astrocytes can sense

brain states through volume transmission (Chen et al., 2012; Hir-

ase et al., 2014; Navarrete et al., 2012; Paukert et al., 2014;

Takata et al., 2011). Our study validates and extends this
nAChRflox/flox and a7nAChR+/+ littermates at different ZTs.

ication, at ZT0 and ZT6 in slices from AAV5-injected a7nAChRflox/flox.
x and a7nAChR+/+ mice.

of the transduction. Sham, injected animals that showed no signs of virus



Figure 8. Cholinergic Transmission Tunes the Gating of NMDARs through Astrocyte-Dependent D-Serine Release

The medial septum and diagonal band of Broca (MS-DBB) send scattered cholinergic projections to the hippocampus. During active wakefulness (1), MS-DBB

neurons fire in the theta frequency (2), which elicits the release of acetylcholine in the extracellular space (3). This cholinergic tone is sensed by astrocytes

through a7nAChRs (4). This drives the vesicular release of astrocytic D-serine at synapses (5) to enhance NMDAR activity and NMDAR-dependent functions (6).

The cessation of MS-DBB activity (during sleep and rest) suppresses the cholinergic-induced activation of a7nAChRs on astrocytes and reduces D-serine

release.
emerging view by showing that hippocampal astrocytes sense

wakefulness-dependent ACh neuromodulation and use this in-

formation to tune synaptic NMDAR activation via D-serine

release. Based on similar reports that NE shapes astrocyte inter-

actions with neurons in a context-dependent manner (Paukert

et al., 2014), we postulate that the capability of hippocampal

astrocytes to sense information about the brain state and use

it to appropriately tune synaptic properties can be generalized

to other neuromodulator systems and gliotransmission path-

ways. Therefore, we propose a new function for astrocytes

wherein, by monitoring the neuromodulator environment and

releasing appropriate gliotransmitters, astrocytes locally shape

synaptic properties to the ongoing brain context, thus providing

contextual guidance to synapses.

Multiple human mutations associated with schizophrenia

point to a compromised function of the NMDAR co-agonist

binding site, and this has become a leading hypothesis for the

etiology and treatment of this disorder (Javitt, 2015; Moghad-

dam and Javitt, 2012; Ripke et al., 2014). This includes muta-

tions that impair the synthesis, availability, or binding of D-serine

such as mutations associated with srr, DAO, and Grin1, respec-

tively coding for D-serine synthesizing enzyme serine racemase

(SR), D-serine degrading enzyme D-amino acid oxidase (DAAO),

and NMDAR GluN1 subunit that contains the co-agonist binding

site (Labrie et al., 2012; Ma et al., 2013; Ripke et al., 2014). Simi-

larly, the mutation of Disc-1 (disrupted-in-schizophrenia-1), a

direct regulator of SR, is among the most notorious mutations

associated with schizophrenia and causes a depletion of
D-serine (Ma et al., 2013). In line with this genetic evidence, clin-

ical studies reported decreased D-serine levels in the plasma of

schizophrenic patients (Hashimoto et al., 2003; Bendikov et al.,

2007), and administration of D-serine improves negative, posi-

tive, and general symptoms of schizophrenia (Kantrowitz

et al., 2010). In parallel, the dysregulation of the cholinergic sys-

tem has historically been a hallmark of schizophrenia (Javitt,

2015) and clinical attention is particularly focused on the

a7nAChR. Indeed, a7nAChR modulators seem to significantly

improve the cognitive deficits associated with schizophrenia in

clinical trials (Beinat et al., 2015; Freedman, 2014; Javitt, 2015)

even though no mechanisms have been proposed to explain

such beneficial effects. Our work demonstrates that these two

major hypotheses for the etiology and treatment of schizo-

phrenia are mechanistically linked, via astrocytes. We show

that impairing cholinergic signaling results in reduced D-serine

availability and that, conversely, endogenous cholinergic activity

can be bypassed with a clinically tested a7nAChR partial

agonist to successfully enhance NMDAR activation. This pro-

vides mechanistic insights into the effects of clinically used

a7nAChR modulators and highlights their potential to restore

D-serine levels in schizophrenic patients, which is relevant

when considering the nephrotoxicity of direct D-serine adminis-

tration (Orozco-Ibarra et al., 2007). More importantly, our work

places astrocytes at the center of this pathway, offering a new

functional framework for the treatment of schizophrenia and

opening the search for innovative approaches and targets to

the field of glial biology.
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In this context, the details of the signal transduction pathway

linking the activation of a7nAChR to corresponding synaptic

levels of D-serine will need to be defined. The a7nAChR is

a highly Ca2+-permeable ionotropic receptor and its activation

triggers localized Ca2+ surges in astrocytes (Shen and Yakel,

2012; Sharma and Vijayaraghavan, 2001). Since D-serine release

is SNARE and Ca2+ dependent (Henneberger et al., 2010; Marti-

neau et al., 2013; Sultan et al., 2015), we presume that a7nAChR

activation generates the optimal intracellular Ca2+ conditions

that stimulate the release of D-serine-containing vesicles. Inter-

estingly, evidence also exists that muscarinic AChRs induce an

IP3R2-mediated release of D-serine from astrocytes (Takata

et al., 2011) or that TRPA1 channels regulate D-serine release

(Shigetomi et al., 2013). Together, these results suggest that a

complex and diversified set of local (membrane channels) and

global (IP3R2-dependent) Ca
2+ sources control the release of

D-serine. Our results also identify a pool of wakefulness-inde-

pendent D-serine that remains unaffected by the blockade of

a7nAChRs and SNARE-mediated vesicular release. This sug-

gests the existence of a tonic source of D-serine that could be

either astrocytic, but non-vesicular (Shigetomi et al., 2013), or

neuronal (Wolosker and Radzishevsky, 2013). That multiple

sources and routes of D-serine co-exist could constitute another

interesting therapeutic target to control D-serine levels with, or

independently of, wakefulness.
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Mouse: dnSNARE (GFAP-tTA:TeTO-dnSNARE) Pascual et al., 2005 Available upon request

Mouse: a7nAChRflox (B6(Cg)-Chrna7tm1.1Ehs/YakelJ) Hernandez et al., 2014;

Jackson laboratory

Jax No.: 026965

Oligonucleotides

Primer: Exon 4 Chrna7 Forward: GTGCCAGACCACATGT

GCATTGG

This paper N/A

Primer: Exon 4 Chrna7 Reverse: GGTCACTGAGCAGTG

GTGGACAG

This paper N/A

Primer: ChAT-ChR2-eYFP transgene Forward: TCTGTT

CCCAGGTCGGCAGC

Zhao et al., 2011 N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Primer: ChAT-ChR2-eYFP transgene Reverse: GCAAGGTAG

AGCATAGAGGG

Zhao et al., 2011 N/A

Primer: dnSNARE TSL transgene Forward: TGGATAAAGAAG

CTCATTAATTGTCA

Pascual et al., 2005 N/A

Primer: dnSNARE TSL transgene Reverse: GCGGATCCAG

ACATGATAAGA

Pascual et al., 2005 N/A

Primer: dnSNARE tTA transgene Forward: ACTCAGCGCT

GTGGGGCATT

Pascual et al., 2005 N/A

Primer: dnSNARE tTA transgene Reverse: GGCTGTACGCG

GACCCACTT

Pascual et al., 2005 N/A

Software and Algorithms

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

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

Freeze Frame and Freeze View Coulbourn Instruments http://www.coulbourn.com/

category_s/277.htm

Clampex 9.2 and Clampfit9.2 Molecular Devices N/A

Other

Accucore C18 column for HPLC Thermo Fisher Cat. No. 17126-152130

Micro-dialysis probe Harvard Apparatus Cat. No. CMA 7 P000082

Guide Cannula Harvard Apparatus Cat. No. CMA P000138
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

All animal experiments were conducted in accordance with the guideline of the Animal Care and Use Committee of Tufts University.

Animals, housing and genotyping
Adult male mice (3-6 months old) were used throughout this study with the exception of Figure 7 where experiments were occasion-

ally performed on a7nAChRflox/flox or a7nAChR+/+ females. All animals were kept on a 12-12 light-dark cycle and housed in groups of

2-5 siblings with water and food ad libitum. Nomouse was single-housed for more than 24h under any circumstances, including after

surgery where littermates were housed back together as soon as sternal recumbency was reached. Behavior and electrophysiology

experiments were conducted by a male experimenter. Littermates of the same sex were randomly assigned to experimental groups.

ChAT-ChR2-eYFP BAC transgenic mice were purchased from Jackson Laboratory (B6.Cg-Tg(Chat-COP4*H134R/EYFP)6Gfng/J,

Stock #014546) and bred in our facility (2 females and 2 males founders). Genotyping was performed on tails samples taken from

7 day old pups using the same set of primers and PCR cycling conditions described in Zhao et al. (2011). Mice referred to as

ChAT-ChR2-eYFP�/� (or ChR2�/�) were littermate non-carriers of the transgene.

Heterozygous a7nAChRfloxed/+ mice in which exon 4 of theChrna7 gene is flanked by loxP sites (B6-Chrna7LBDEx4007Ehs) originated

from Dr. K. Dineley’s lab (Department of Neurology, University of Texas, Medical Branch, Galveston, TX 77555) where they were

generated as described in Hernandez et al. (2014). They were cleared from quarantine after 2 weeks, backcrossed with C57BL/6

mice and bred in our facility. Primers used for genotyping were: (forward) GTG CCA GAC CAC ATG TGC ATT GG and (reverse)

GGT CAC TGA GCA GTG GTG GAC AG, giving a 474 base pair (bp) band for the endogenous Chrna7 allele and a �650bp band

for the floxed allele (see Figure S7).

The dnSNAREmice were bred and genotyped as previously described (Pascual et al., 2005; Sultan et al., 2015). In these mice, the

expression of the tetracycline transactivator (tTA) is driven by the GFAP promoter, which ensures the selective expression of the

construct in astrocytes of adult mice. In the absence of Doxycycline (Dox), tTA binds to the tetracycline response element which per-

mits the expression of the dnSNARE and eGFP transgenes. The dnSNARE transgene codes for the cytosolic portion (96 amino acids)

of the vesicle associatedmembrane protein VAMP2which acts as a dominant-negative that inhibits vesicular exocytosis (Sultan et al.,

2015). Importantly, breeders were maintained on a Dox-containing diet (40mg/kg) at all times and pups (all genotypes) were kept on

Doxuntil theywereweaned (4weeks), in order to prevent in utero anddevelopmental expression of the transgene. This is of paramount
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importance since GFAP promotor activity, although selectively restricted to astrocytes in adults (see Zhang et al., 2014; http://web.

stanford.edu/group/barres_lab/cgi-bin/igv_cgi_2.py?lname=gfap), is found in a population of neuronal precursor cells during early

post-natal development (Su et al., 2004). GFAP-tTA negative mice were used as single gene controls (Figure 4). Animals were used

8 weeks after Dox removal from diet. Additionally, 12 dnSNARE mice were put back on a Dox-containing diet at �P80 for 4 weeks

before being used for electrophysiology (Figure 4) in order to shut off transgene expression and control for possible off-target long-

lasting cellular effects of dnSNARE expression (‘‘dnSNARE on Dox’’). Importantly, some doubts have been raised by Fujita et al.

(2014) about the cell-selectivity of the expression of the dnSNARE construct in these mice. In their publication, they reported broad

and marked expression of the transgene GFP reporter in hippocampal and cortical neurons. This is not the case for the dnSNARE

line originating from and bred in our lab and we encourage readers to refer to Figure S3 where we performed immunohistochemistry

andextensive cell counting that demonstrate theabsenceof neuronal expressionof the transgene inour line. Inparticularweshow that

not a single eGFP-positive neuron was found among 5,884 and 5,887 neurons counted (by two separate investigators) in confocal

z stacks of images taken from dnSNARE off Dox mice from our lab (See section on Immunohistochemistry, fluorescence imaging

and cell counting, below). This is in agreement with all but one publication that have used dnSNARE mice since they were generated

in 2005, and in strikingly contrasts with results from Fujita et al., suggesting possible genetic drift of the line used by Fujita et al. or

technical/procedural issues in their study (such as the absence of Dox during development).

Zeitgeber timescale
The Zeitgeber time (ZT) scale arbitrarily sets the origin of the 24h period (ZT0) to the onset of the light-phase, allowing comparison

among studies independently of the actual clock-time settings of animal facilities. Onset of light (ZT0) was at 7am during daylight

saving time and 6am otherwise in our facility. It should be noted that for electrophysiology experiments at ZT0, mice that were still

awake in their home cage at that time were favored over mice already nested. This criterion was applied to avoid mitigating effects

due to periods of rest of unknown duration prior to light onset. We measured that an average of 3 min elapsed between taking the

mouse cage off the rack in the animal facility to the decapitation of the animal.

METHOD DETAILS

Slice preparation
Experiments were carried out on acute hippocampal slices from adult male mice (3-6 months). After decapitation under isoflurane

anesthesia, the brain was quickly removed from the skull and placed in ice-cold artificial cerebrospinal fluid (aCSF) saturated with

95%O2 and 5%CO2 and containing 2mMMg2+ and 1mMCa2+ to limit excitotoxicity. Hippocampal coronal slices (350 mm)were incu-

bated 35 min at 33�C in 1.5 mMMg2+ and 2 mM Ca2+-containing aCSF and then allowed to recover for 45 min at room temperature.

Slices were then transferred into a recording chamber, where they were perfused with aCSF (�1mL/min) saturated with 95%O2/5%

CO2. The aCSF composition was (inmM): 125NaCl, 2.5 KCl, 1.25 NaH2PO4, 26NaHCO3 and 10 glucose (pH 7.3, 290-300mOsm.L-1).

Field recordings
Schaffer collaterals were electrically stimulated at 0.05 Hz with a concentric tungsten electrode placed in the stratum radiatum.

Evoked field excitatory post-synaptic potentials (fEPSPs) were recorded using a glass electrode (2-4MU) filled with aCSF and placed

in the stratum radiatum. Intensity of stimulation (< 120 mA, 100 ms, except for Figure S5A, where a different stimulator was used) was

set appropriately to avoid population spikes, and the slope of field responses was monitored throughout. Experiments were per-

formed at 33�C in the presence of 2 mM Ca2+ and 50 mM picrotoxin. NMDAR-mediated responses were isolated in low Mg2+ con-

centration (0.2 mM) with 10 mM NBQX to block AMPA/Kainate receptors. When AMPAR-mediated responses were recorded

(Figure S5), NBQX was omitted and the concentration of Mg2+ was 1.3 mM. Data were recorded with an Axopatch C (Axon Instru-

ments), and collected and analyzed using Clampex9.2 and Clampfit9.2 software (Axon Instruments). Average traces were obtained

from 20-30 min of stable recordings. Unless major run-up, rundown or electrical noise appeared on the recordings that prevented

accurate analysis, no experiments were excluded.

Optogenetics
ForChR2 excitation in slices fromChAT-ChR2-eYFPBAC transgenicmice, square pulses of blue light (460/50nm, 20msduration)were

delivered through the40Xwater immersionobjectiveofaPrairieTechnologiesUncagermicroscopeequippedwitha75Wmercury lamp

(Olympus, U-LH75XEAPO). Illumination was applied to the entire visual field centered on the tip of the recording pipette and the output

light power measured at the microscope objective was 600-800 mW. Trains of light-pulses were delivered using a high-speed shutter

(Uniblitz VMM-D4, Vincent Associates). The frequency and duration of trains (5 Hz, 10sec) were controlled by an A310 Accupulser

(World Precision Instruments) triggered by Clampex9.2. When brain slices were obtained from ChAT-ChR2-eYFP BAC transgenic

mice, carewas taken to reduce exposure to light during the slicing procedure andwhenslicesweremanipulated under themicroscope.

Drugs
With the exception of EVP-6124 hydrochloride (MedChem Express) that was injected i.p. at 0.4 mg/kg, drugs were purchased from

Tocris or Sigma, prepared as 1000X aliquots (stored at �20�C) in distilled water, DMSO (CPT) or 90% alcohol (picrotoxin) and bath
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applied at concentrations indicated in the main text with a 1:1000 dilution. D-serine was also injected i.p. at 200mg/kg for behavioral

experiments. ZnCl2 250 nM (Sigma) was used in 10mMTricine (Sigma) with the relation [Zinc]free = [Zinc]applied/200 (Paoletti and Ney-

ton, 2007; Papouin et al., 2012). It should be noted that Zinc and Ro25-6981 are partial antagonists that inhibit �70%–80% and

�90% of the current flowing through GluN2A-NMDARs (GluN1/GluN1/GluN2A/GluN2A) and GluN2B-NMDARs (GluN1/GluN1/

GluN2B/GluN2B), respectively (Paoletti and Neyton, 2007). The subunit composition of NMDARs impacts many of their properties

and in particular their affinity for glycine and D-serine (Paoletti et al., 2013), and remains unchanged throughout the 24h period in

our study guarantees that their affinity for exogenous D-serine is unchanged.

EVP-6124 (or vehicle: 0.04%DMSO in saline) was injected i.p. at ZT0 in awake mice (9 mice total for this experiment), in the animal

facility. Mice were then immediately returned to their home cagewith their siblings and left undisturbed for 4 hr (ZT4). During this time,

they were closely monitored to check for possible behavioral effects of EVP-6124 injection. All of the 9 injectedmice nested and were

immobile in the hour following the injection. None of the mice injected with EVP-6124 showed any sign of prolonged wakefulness or

enhanced locomotor activity (see below).

D-serine biosensor measurements in conditioned medium
For D-serine measurements with amperometric biosensors, slices were obtained exactly as described above for electrophysiology

experiments. Typically, 6-8 hemi-slices were obtained for those experiments, approximately spanning from Bregma �1.5 to �2.6.

After 30min at 33�C and 45min recovery at RT, slices were taken individually to carefully separate the hippocampus from the rest

of the slice. To minimize manipulation and damage to slices, a small portion of cortex immediately above the hippocampus (motor

and somatosensory cortex typically) was left attached and therefore participated in the following incubation. Hippocampal-cortical

slices were then allowed an additional 15min of recovery before being placed in 3mL of aCSF gently oxygenated with 95% O2/

5% CO2, where they were incubated for 90min at RT. Ca2+ and Mg2+ concentration were 2mM and 1.5mM respectively. To favor

oxygenation and access to glucose, this incubation was performed in two separate 1.5 mL tubes that received 3-4 hippocampal sli-

ces each. The conditionedmedium (CM) was then carefully drained and immediately frozen (�80�C) until used for D-serine measure-

ment (see below). Incubated tissue was frozen too (�80�C) until protein extraction was performed using a Pierce BCA protein assay

kit. On average, the concentration of protein for all incubated 6-8 slices was, in WT: 13.8 ± 0.7 mg/ml of protein at ZT0 and 13.1 ±

0.4 mg/mL at ZT6; and in dnSNARE: 10.1 ± 0.8 mg/ml of protein at ZT0 and 12.7 ± 0.8 mg/ml of protein at ZT6. Two CM measure-

ments fell under the detection limit of our sensors, raising uncertainties about their accuracy, and were excluded from the analysis

(Figure 4F).

D-serine and null biosensor electrodes, 0.5 mm in length and 50-60 mm in diameter, were purchased from Sarissa Biomedical and

used according tomanufacturer’s instructions (Dale et al., 2005; http://www.sarissa-biomedical.com/products/sarissaprobes.aspx).

These biosensors consist of platinumelectrodes coatedwithD-serine degrading enzyme (DAAO) embedded in a perm-selective layer

(the null-sensor consisting of the perm-selective layer alone is used to subtract non-selective signals). The degradation of D-serine by

DAAO involves the stoichiometric use of 2 electrons, which provides a linear electronic readout of D-serine concentration. Calibration

experiments showed that the biosensor electrodes reliably and linearly detect D-serine for concentrations of 0.1 to 50 mM (Figure 1), in

line with manufacturer specifications. The electrodes were mounted on Scientifica micromanipulators to allow submersion and posi-

tioning in the recording chamber of the electrophysiology setup at 33�C in a vehicle solution (aCSFmade the day of slice incubation).

Control of biosensors’ potential and measurement of current through biosensors were operated using a bipotentiostat (Digi-IVY,

Model DY2023). Biosensors and null sensors were rehydrated at 33�C for 30 min to 1h under continuous perfusion of the vehicle so-

lution.Cycling from�500 to+500mVandbackwascarriedout several timesassuggestedbymanufacturer, andbiosensorswere then

allowed to polarize to +500mV for 60min until capacitive decaywas imperceptible. TheCMwas then perfused in the recording cham-

ber where the biosensors were submerged. The aCSF made on the day of CM collection was used as the baseline and wash-out

vehicle solution. The volume of CM incubated with slices (3 mL) was set by preliminary experiments aimed at determining theminimal

volumeofCMallowingplateaudetectionby thebiosensorswith thismethod. As seenon tracesof Figure 1F, artifacts usually appeared

on recordings as the perfusion systemwas switched to the CMor from the CMback to the vehicle solution (after the 3mL had passed

through). A similar artifact was purposefully generated during perfusion of the calibrating (1 mM) D-serine solution when 3 mL had

passed through, by gently tapping the recording chamber. As can be seen on the calibration trace (Figure 1F, bottom) the plateau

detection is fully reached by the time 3 mL have been perfused (artifact on the trace). Though no current was generally observed

on the null-sensor, currentsmeasured on this sensor electrodewere subtracted from currentsmeasured on the D-serine sensor elec-

trode toobtain apure ‘‘D-serine-induced’’ amperometric signal. Sensorswere calibrated at theendof every experimentwith 0.1, 0.5, 1

and 10 mMD-serine tomeasure their sensitivity (in our hands, some biosensor electrodes successfully detected D-serine amounts as

low as 50 nM). This allowed a determination of the absolute concentration of D-serine in CM.

Classical use of these biosensors consists of penetrating brain slices with the biosensor electrode itself, which typically results in

an immediate peak detection of tens of mM of D-serine, likely due to tissue destruction and irreversible damage to neurons and glia,

causing intracellular D-serine (which accounts for most of brain D-serine) to be released into the extracellular space. After tens of

minutes of decay this is expected to stabilize to a steady-state level thought to reflect the endogenous extracellular concentration

of D-serine in slices (Shigetomi et al., 2013). Instead, this is more likely to reflect residual amounts of D-serine escaping the scar-

ring/dying tissue surrounding the biosensor. Additionally this approach is highly dependent on how deep sensors are forced into

the slice, which dictates how much of the sensor is in contact with damaged tissue and therefore how much D-serine is detected.
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Last but not least, we found that such a method could cause deterioration of the sensor itself upon penetration in the slice. Together

these concerns encouraged us to employ a different approach (conditioned medium approach), described above.

Enforced-wakefulness and enriched-environment housing
Enforced-wakefulness (EW) is usually achieved by ‘‘gentle handling’’ which consists of exposing animals to unknown and potentially

stressful stimulations for about 6 hr (new bedding, new cage, handling, novel objects, noise and poking, rattling on the cage grid)

(Vecsey et al., 2013). In an effort to achieve EW with minimal stress to the animals, EW was carried out over a shorter duration

and without handling at all. Since D-serine availability decreases within the first hour of the light-phase (Figure 1) we were able to

assess the effect of only 2 hr of EW. This is still sufficient to distinguish between a circadian and a wakefulness-dependent mecha-

nism (see main text) while avoiding any confounding effects from long periods of EW that increase locomotor activity and cause

stress as shown by dramatic elevation of corticosterone levels (Vecsey et al., 2013). This also allowed EW to occur in home cages

without handling the mice, removing the bedding, grid, water or food and without presentation of any novel object. The cage was

simply placed in a new room. Typically, no further action was required to maintain animals awake for the first hour since this was

enough to elicit classic exploratory behavior and social interaction. For the following hour, the cagewas occasionally gently displaced

to maintain the animals alert and by 1.5h into the EW, the filter-lid was partially removed from the top of the cage. Subsequent olfac-

tory stimulation provided enough arousal to keep mice awake until ZT2.

Enriched environment housing (EEH) consisted of novel objects such as plastic hamster tunnels, igloos, cubes, slides and plat-

forms of different colors and textures dispersed around the cage (objects were wiped with alcohol beforehand). Items were not fixed

to the bottom of the cage andmice were free to displace them. Three to fivemales from the same litter were housed in the same, large

cage (26 3 47 3 20 cm). The grid was removed and the cage top was covered with high-ceiling lid so that mice could also explore

their environment vertically. Food was provided ad libitum and water was provided via two 40 mL water dispensers (BioServInc

#9019), also contributing to novelty. Finally, at the onset of the dark-phase (ZT12), mice were provided a running metallic wheel

that was removed at the onset of the light-phase (ZT0). EEH was provided for at least 2 consecutive days and limited to a maximum

of 5 days in order to prevent habituation.

In vivo microdialysis and HPLC
Cannula implantation: 6-8 week old male C57BL/6J mice (Jackson Laboratory, 000664) received a unilateral cannula implantation

surgery. Briefly, mice were anesthetized using isoflurane. Buprenorphine (0.05mg/kg, sub cutaneous) was given pre-operative

and post-operative as needed. Hippocampal coordinates were measured (�2mm, left 1.5mm) from Bregma and the midline. The

guide cannula (CMA P000138) was inserted just above the cortex and secured with dental cement and two contra lateral anchor

screws. Mice recovered 7 days before sampling. Cannula implantation was verified at the end of the experiments following transcar-

diac 4%PFA perfusion and brain sectioning. Placement of the cannula was assessed by a separate investigator and animals showing

mistargetting were excluded from the HPLC analysis. All procedures were approved by Tufts IACUC.Microdialysis: Mice were habit-

uated to single housing for at least 7 days prior to sampling. On the day of sampling, probes (CMAP000082) were inserted through the

guide cannula at ZT0. ACSF (Harvard Appparatus, 597316) was perfused through the probe at a rate of 0.5ul/minute for 6 hr. Dialysis

samples were collected every hour and frozen at �80C. During sampling, mice were video recorded using Pinnacle video capture

software. Video scoring: Animals were scored as active (mobile or immobile but awake) or inactive (nested and absence of move-

ment) eachminute of the 6 hr recording. The average activity over the 6 hr sampling was then compared to the average concentration

of D-serine collected in the dialysis sample.High performance liquid chromatography: D-serine detection was performed using HPLC

and an Accucore C18 column (Thermo Fisher, 17126-152130). An organic phase (methanol) and aqueous phase (50mM phosphate

buffer, pH 4.34) were perfused at a rate of 200ul/minute in a step protocol: 0-6 min 3% organic, 6.5-10 min 20% organic, 11-14 min

80%organic, and equilibrated at 3%organic for 7min. Samples were diluted in half with aqueousmobile phase and derivatized using

o-Phthaldialdehyde (Pickering, O120) andN-Acetyl-L-Cysteine (Sigma, A8199). After derivatization, 1M acetic acid was added. 1ul of

sample was injected and run on the column, followed by a second replicate run from the same sample. Standards were prepared

from D- and L-serine (Sigma) in aqueous mobile phase at a ratio of 1:10. The area under the D-serine peak was used to calculate

the sample concentration relative to standards. For each animal, the average activity was plotted versus the average D-serine con-

centration. Statistical significance was assessed using a correlation analysis.

Wakefulness assessment, EEG-EMG recordings and analysis
The implantation of electroencephalogram (EEG) electrodes (Pinnacle Technology) was conducted stereotaxically under isoflurane

anesthesia on 6-8 week old male C57BL/6J mice (Jackson Laboratory, 000664). The skull surface was exposed and four insulated

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

and the other two were inserted bilaterally in the parietal areas. Two insulated wire electrodes were inserted bilaterally into the nuchal

muscle for electromyogram (EMG) recordings. Electrodes connected to a micro-connector (Pinnacle technology) were secured at

the surface of the skull with dental acrylic. Mice received buprenorphine (0.08 mg/kg) and saline i.p. and allowed 5 days of recovery.

Lightweight recording cables (Pinnacle Technology) were connected to the head implants andmicewere placed in Pinnacle Plexiglas

cages containing water and food ad libitum for acclimation for 2-3 days. EEG and EMG signals were amplified and bandpass filtered

at 0.5–100 Hz and 10–100 Hz, respectively, using a 15 LT Bipolar Physiodata amplifier system (Grass Technologies) and sampled at
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400 Hz with a MP150 data acquisition system (BIOPAC Systems). The system was equipped with infra-red cameras to monitor mice

behavior and activity throughout the recording. EEG and EMG waveforms were then analyzed as in Kohtoh et al. (2008) using

SleepSign for Animal software (Kissei Comtec) with minor changes. Briefly, waveforms were analyzed by 10 s epochs (1024 FFT

points). Each Epoch was divided in 5 regions that were FFT calculated with a Hanning Window and averaged. Three frequency

bands were calculated: d (0.75-4Hz), q (4-8Hz) and a (8-12Hz) and the values were used to determine vigilance states using the

following algorithm with the indicated order of priority: 1-Clear locomotion or EEG integral > 3-5 mV/sec = active wakefulness;

2- EEG integral < 3-5 mV/sec and EEG d power > 250-500 mV2 = Non-REM sleep; 3- EEG integral < 3-5 mV/sec and EEG q/(d+ q) ratio

and/or EEG a /(d+ a) > 45% = Non-REM sleep; 4- otherwise = quiet wakefulness. For experiments in which mice were administered

saline or EVP-6124 i.p. (Figure 5), their activity was assessed in home cage for the following 4hrs through videomonitoring and scored

by minute bins as in Figure 2 (score 1: wakefulness, locomotor activity or otherwise active behavior; score 0: immobility).

Fear conditioning
All mice used for behavior were exclusively handled by a male investigator (TP) who also performed cage change over the few weeks

prior to experiments. Here again, mice were fully adult (3 to 6months old) and housed in groups of 2-5. Wemeasured that an average

of 2min elapsed between the time themouse cagewas taken off the rack in the facility tomoment animals were all placed in the 4 fear

conditioning chambers (i.e., 5min or less until first shock). Mice were naive, had undergone no previous procedure (except for i.p.

injections where applicable, see below) and were sacrificed within 24h after the training session. Mice that were used for fear con-

ditioning were not re-used for electrophysiology or any other type or procedures or experiments. Out of 155 animals used for fear

conditioning experiments, only 3 were excluded from the analysis for the following reasons: blindness, escaping the fear enclosure,

impaired baseline locomotor and exploratory behavior.

Four conditioning chambers (Coulbourn Instruments, H10-11R-TC) were situated inside a sound-attenuating isolation cabinet

(Coulbourn Instruments, H10-24T). They consisted of metal rod floors, two metallic walls, one of which was mounted with a dim ceil-

ing-facing white light bulb, a metallic ceiling, a rear plexiglass panel and a front plexiglass opening. Grid floor was connected to a

precision shocker (Coulbourn Instruments H13-15) administering 0.5mA, 2 s shocks. The tray, grid floor, ceiling and all four wall

panels of the chamber, as well as the inside of the sound-attenuating cabinet were thoroughly wiped with 70% alcohol solution

and dried before and after each session. A Panasonic WV-BP334 B/W camera was mounted in the celling of each chamber con-

nected to a PCI-1410 (ACT-610) interface, allowing subsequent automated detection and measurement of freezing responses using

FreezeFrame and FreezeView software (Coulbourn Instruments). Freezing was defined as a complete and continuous absence of

movement, except for respiratory motion, for at least 1 s.

Training consisted of a single 5min session during which two shocks were delivered (at t = 180 and 240 s). No auditory stimuli were

provided. Mice were then immediately placed back in their home cage and returned to the animal facility. Testing was carried out 24h

later for all groups, except for acquisition/short-term memory assessment that was performed 1h after training (Figure 3E). Testing

consisted of a single session of 3 min during which no shocks were delivered. Context B consisted of visual, olfactory, tactile, dimen-

sional and lighting differences to context A. It was obtained by using a small plastic enclosure (17 cmwide X 27 cm long X 17 cm high)

with a distinctive plastic smell, positioned in the center of the original conditioning chamber. Its walls were high enough to mask the

rest of the conditioning chamber and covered with a black andwhite checkeredmotif. The floor of the enclosure was paddedwith lab

diapers to mask the underlying grid floor. Diapers texture was new to mice and very distinctive from the metallic rods through which

the shocks were delivered during training. Brighter lighting was provided. No auditory stimulus was presented in either context. For

the ZT23 group, handling of mice was carried out under red light, except for the dim lighting of the contextual chamber. Mice were

returned to the animal facility at least 30min prior to light onset.

For D-serine administration experiments, littermates were randomly separated into receiving a different treatment and run simulta-

neously. Brain extracellular D-serine concentration peaks �1 hr after i.p. D-serine injection and lasted at least 1h (Fukushima et al.,

2004). D-serine (200 mg/kg) and vehicle (0.9% saline) were therefore injected i.p. into wild-type littermates 1h prior to conducting

behavior training. ThisdoseofD-serinewasefficientat increasingextracellularbrainD-serine, asshownbymicro-dialysismeasurements

(Figure S3B). The 1h delay between injection and training also prevented cueing the training with the unpleasant injection procedure.

Adeno-associated viruses and stereotaxic surgeries
Two to three month old mice from the a7nAChRfloxed line were anesthetized by isoflurane inhalation. Buprenorphine HCl (0.1 mg/kg)

was administered subcutaneously as a pre-emptive analgesic. Once under deep anesthesia, mice were immobilized in a Kopf ste-

reotaxic apparatus using intra-aural positioning studs to stabilize the skull and a hole was drilled on the surface of the skull at the

appropriate coordinates. Using a 30G needle and Neuros syringe (Hamilton Co.), 2 mL of AAV5-GFAP(0.7)-eGFP-T2A-iCre

(2.6 x1010 genome copies, Vector Biolabs #VB1131) were injected into area CA1 with the following coordinates (anterior, lateral,

depth [mm] relative to Bregma): (�2.0, +1.5, �1.5) or 1 mL of AAV9-eSYN-eGFP-T2A-iCre (7.8 3 109 genome copies, Vector

Biosystems #VB1089) into the CA1 and CA3 areas: (�2.0, +1.5, �1.5) and (�2.0, +2.6, �2.2) respectively. Injection rates of

100 nL/min were controlled by a micro syringe pump controller (World Precision Instrument Micro4). After injection, the incision

site was sutured with 6-0 nylon sutures (Unify, #XS-N618R11). Animals were postoperatively monitored until recovered.

Recordingswere obtained fromslices ofAAV5-GFAP(0.7)-eGFP-T2A-iCreorAAV9-eSYN-eGFP-T2A-iCre injecteda7nAChRflox/flox

animals ora7nAChR+/+ littermates at three different ZT times (seemain text). eGFP fluorescence in sliceswas visualized under 460 nm
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light, and recording and stimulating electrodes were placed accordingly in regions of interest (ROI) of the CA1 s. radiatum with the

best levels of fluorescence. Immediately after recordings, slices were briefly mounted on a slide and the location, spread and pene-

trance (% fluorescent cells) of the infection was inspected by appreciating the eGFP fluorescence under an epifluorescence micro-

scope. For the AAV9-injected animals, the infection was considered successful when eGFP fluorescence was observed both

in CA3 and CA1 pyramidal neurons, including cell bodies, dendrites and Schaffer collaterals. Transduction failures in either of these

regions typically resulted in the cell bodies not being fluorescent (despite strong fluorescence in surrounding layers due to

projections from transduced regions). Results from slices showing no or low infection in either CA3 or CA1 were discarded from

the final analysis. For either virus serotype, results from slices showing no transduction at all were pooled and considered as

‘‘sham’’ (ie, surgery/injection controls) in Figure 7L.

Immunohistochemistry, fluorescence imaging and cell counting
Mice were anesthetized with isoflurane then transcardially perfused with PBS followed by 4% paraformaldehyde (PFA). Brains were

extracted, post-fixed and cryoprotected by immersion in 30% (w/v) sucrose in PBS at 4�C. Brains were sectioned (50 mm thick) using

a sliding microtome (Leica SM2000R). Sections were washed with PBS containing 0.3% Triton X-100 (PBS-Tx), and non-specific

labeling was blocked using 5% bovine serum albumin (BSA). Sections were incubated with primary antibodies diluted in 1%

BSA/0.3% Tx in PBS overnight at 4�C on an orbital shaker. The following primary antibodies were used: anti-GFP (1:1000, Invitrogen,

A11122), anti-ChAT (1:200, Millipore, AB144P), anti-NeuN (1:1000, Millipore, ABN78), and anti-GFAP (1:1000, AbCam, ab4674). The

following day, sections were washed three times in PBS-Tx then incubated with the appropriate AlexaFluor 488, 594, 633 secondary

antibody (1:1000, Life Technologies) for 2 hr at room temperature on an orbital shaker. After the incubation, sections were rinsed with

PBS-Tx three times then mounted on Superfrost Plus slides (VWR) and coverslipped with Vectashield HardSet Mounting Medium

with DAPI (Vector Laboratories). Whole section imaging was performed using the 10x lens of a Keyence BZ-X710 fluorescence mi-

croscope. Confocal stacks were taken using a Nikon A1R confocal microscope equipped with a 20x (N.A. 0.75) and 40x oil-immer-

sion lens (NA 1.0). Images were acquired with a resolution of 10243 1024 pixels. Images were adjusted for brightness and contrast in

Fiji (Schindelin et al., 2012). Anti-GFP and anti-ChAT immunostaining in Figure 6was performed as in Zhao et al. (2011). Sections from

dnSNARE mice were immunostained with anti-GFAP and anti-NeuN.

Cell counting in Figures 7 and S4 was performed independently by two investigators (TP and JD) on at least 12 high-resolution

z stacks (3 animals, 2 sections per animal, 2 stacks per section) spanning the 50 mm range of tissue at 1-2 mm increments. The

Cell Counter plug-in in Fiji (Schindelin et al., 2012) was used to colocalize each cell’s nucleus (DAPI staining) with a cell-specific

marker (GFAP or NeuN) and the reporter (GFP) by scanning through the z-planes manually. In results shown in Figures 7B–7D

and 7I–7K, both the AAV5 virus and the AAV9 virus were remarkably selective for astrocytes and neurons respectively. For the

AAV5 virus, we found that 100% (investigator 1, JD) and 99.8% (investigator 2, TJP) of eGFP expressing cells (1271 and 1174

eGFP+ cells counted respectively; 90-100 cells per stack) were GFAP+ (i.e., astrocytes). On average 80.0 ± 2.0% (JD) and 80.4 ±

3.0% (TJP) of all astrocytes (GFAP+) in the ROI (total astrocytes JD: 1592, TJP: 1467) were eGFP+ (expressing iCre). In sections

from AAV9 injected mice, we found that virtually all eGFP+ cells in area CA1 and 98 to 99% of eGFP+ cells in CA3 were NeuN+

(i.e., neurons) and that �75% of all neurons (JD: 73.4 ± 5%; TJP: 78.8 ± %6%) in the ROI expressed iCre recombinase (eGFP+).

QUANTIFICATION AND STATISTICAL ANALYSIS

When applicable (field recordings, D-serine biosensor measurements in conditioned medium, in vivo micro-dialysis and HPLC, fear

conditioning, adeno-associated viruses and stereotaxic surgeries), exclusion criteria are explained in the correspondingmethod sec-

tion above. Briefly, no electrophysiology experiments were excluded unless major rundown, run-up or noise prevented accurate

analysis. Two C.M. measurements were excluded from the analysis because they fell under the biosensors detection limit. Only 3

out of 155 animals were excluded in the fear conditioning experiments due to blindness, lack of locomotor activity or escaping

the enclosure. Finally, viral infections and micro-dialysis probes were excluded in case of lack of infection and/or mistargetting. In

all electrophysiology experiments, n indicates the number of independent slices analyzed. In behavior experiments, n indicates

the number of independent animals. For in vivo micro-dialysis/HPLC experiments, n indicates the number of animals from which

one dialysate was obtained. For fluorescence imaging, n is the number of individual cells counted. This information is explicitly re-

ported in all figures either as a number in the bar graph or as individual data points. An analysis of variance was performed with a

Shapiro-Wilk normality test to verify normality of data distribution whenever applicable and determine the appropriate subsequent

statistical analysis. Statistical tests used in this study are paired or unpaired Student’s t tests, Pearson tests, an agreement test, a

Wilcoxon Matched-pairs signed rank test, and one-way or repeated-measures ANOVAs followed, whenever appropriate, by Bonfer-

roni post hoc tests. Statistical tests used are reported in figure legends and/or in the text along with the n-value, the test-value

(F(df1, df2), t(df) etc.) and the exact p value. P value of 0.05 was used as the significance threshold throughout this study. When

statistical results are reported for a group of comparisons using the same test, the test-value is omitted and the closest p value is

reported. In figures, p values are illustrated as follow, for all tests used: p > 0.05: n.s.; p < 0.05: *; p < 0.01, **; p < 0.001: ***.
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