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Gliotransmission, the release of molecules from astrocytes, regu-
lates neuronal excitability and synaptic transmission in situ.
Whether this process affects neuronal network activity in vivo is
not known. Using a combination of astrocyte-specific molecular
genetics, with in vivo electrophysiology and pharmacology, we
determined that gliotransmission modulates cortical slow oscilla-
tions, a rhythm characterizing nonrapid eye movement sleep.
Inhibition of gliotransmission by the expression of a dominant
negative SNARE domain in astrocytes affected cortical slow oscil-
lations, reducing the duration of neuronal depolarizations and
causing prolonged hyperpolarizations. These network effects re-
sult from the astrocytic modulation of intracortical synaptic trans-
mission at two sites: a hypofunction of postsynaptic NMDA recep-
tors, and by reducing extracellular adenosine, a loss of tonic A1
receptor-mediated inhibition. These results demonstrate that
rhythmic brain activity is generated by the coordinated action of
the neuronal and glial networks.

adenosine � astrocytes � gliotransmission � NMDA receptor

Nonrapid eye movement (NREM) sleep is characterized by
global cortical oscillations of synchronized neuronal activity

(1, 2). Major components of this activity are slow oscillations (�1
Hz), observed also under some forms of anesthesia (2–5). Slow
oscillations are a fundamental network phenomenon that orga-
nizes other sleep rhythms (1), and have been suggested to have
a role in sleep-dependent memory consolidation (6, 7).

Different mechanisms have been proposed to control slow
oscillations, including excitatory-inhibitory interactions (8), neu-
ronal intrinsic properties (9, 10), and the modulation of synaptic
transmission (4, 11). Although pharmacological (4, 11) studies
have shown the importance of synaptic modulation on slow
oscillations, it is not known whether endogenous cellular systems
capable of modulating synaptic transmission have a role in
shaping this cortical rhythm.

Recently, brain slice experiments showed that a glial cell
subtype, the astrocyte, modulates synaptic transmission through
the release of different molecules (gliotransmission) including
D-serine and ATP (12, 13). D-serine acts as a coagonist of
NMDA receptors (14) increasing postsynaptic NMDA currents
(15), whereas ATP is rapidly hydrolyzed to adenosine, which acts
on A1 receptors to suppress synaptic transmission (16, 17).
Because astrocytes are intimately associated with pre and
postsynaptic terminals (18, 19), on which they exert modulatory
actions, they have the potential to act as endogenous regulators
of slow oscillations.

Support of this hypothesis comes from the observation that
gliotransmission is essential for the normal accumulation of the
homeostatic sleep pressure (20). This fundamental process is
assessed by measuring the dynamic change in slow wave activity
(SWA; 0.5–4 Hz) of the EEG during NREM sleep. Because slow
oscillations underlie low frequency (�1 Hz) components of
SWA, we hypothesized that gliotransmission may directly impact
brain dynamics in the slow oscillation (�1 Hz) range. To test this

hypothesis, we have used a combination of glial-cell specific
molecular genetics, which inhibits the release of chemical trans-
mitters from astrocytes, together with patch-clamp, extracellular
and EEG recordings in vivo to monitor the impact of gliotrans-
mission on the generation of slow oscillations.

We show that the attenuation of gliotransmission leads to
reduced cortical slow oscillations. These changes in network
activity are due to integrated effects of gliotransmission on A1
and NMDA receptors. These data provide a demonstration that
the output of a neuronal network relies on the coordinated
activity of an electrically excitable neuronal system in concert
with an electrically inexcitable glial cell system, in which synaptic
connectivity generates the rhythm that is tuned by glial-
dependent neuromodulation.

Results
To determine the role of astrocytes in the regulation of cortical
slow oscillations, we used a line of transgenic mice with impaired
gliotransmission (17), in which expression of the dominant
negative (dn)SNARE domain within astrocytes blocks the re-
lease of neuroactive molecules (21), including ATP (17) from
these cells. Dominant negative SNARE mice are obtained by
crossing two different mouse lines: GFAP.tTA, in which the
expression of the tet-off tetracycline transactivator is driven by
the astrocyte-specific promoter GFAP, and tetO.dnSNARE, in
which the dnSNARE domain of the vesicle protein synaptobre-
vin II, as well as the reporter EGFP are coexpressed (20) under
the control of a tetO promoter (17). Doxycycline (dox) sup-
presses transgene expression in dnSNARE mice (Fig. S1 A). To
prevent potential developmental influences of transgenes, ani-
mals were maintained on a dox-containg diet until weaning,
which prevents transgene expression throughout development
(20). Dox was then removed for at least 3 weeks (see Materials
and Methods), and transgene expression was assessed by moni-
toring the fluorescence of the reporter transgene EGFP (Fig.
S1A, the use of an antibody against GFP did not result in the
staining of additional cells compared with monitoring EGFP
fluorescence; Fig. S1K). Transgenes were selectively expressed
in astrocytes, because EGFP colocalizes with the astrocytic
markers GFAP (Fig. S1 B and E), glutamine synthetase (Fig. S1
C and E), S100� (Fig. S1 D and E), but not with the neuronal
marker NeuN (Fig. S1 F and J) nor with NG2, aspartocyclase
(ASPA) (22) or Iba1, markers of NG2-positive glia, oligoden-
drocytes, and microglia, respectively (Fig. S1 G–J). GFAP
staining is similar in WT and dnSNARE animals (Fig. S1 L and M),
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suggesting that transgenes expression in astrocytes does not
induce reactive astrocytosis.

Dominant Negative SNARE Expression Reduces Slow Oscillations Un-
der Conditions of High Sleep Pressure. Initially, we obtained chronic
EEG recordings from freely behaving WT and dnSNARE mice
(20) while varying the homeostatic sleep pressure load across the
sleep–wake cycle. The self-normalized NREM power spectra of
dnSNARE and WT mice were compared at the end of the
light-phase (low sleep pressure), at the beginning of the light
phase (intermediate sleep pressure), and after sleep deprivation
(high-sleep pressure) (see Materials and Methods). Dominant
negative SNARE mice exhibited a significant reduction in the
power within the frequency domain of slow oscillations (0.4–1.0
Hz) under conditions of high homeostatic sleep pressure (Fig. 1).

Gliotransmission Modulates Cortical Slow Oscillations. To investigate
the cellular and molecular mechanisms through which gliotrans-
mission modulates brain dynamics in the slow frequency range
(�1 Hz), we used anesthetized mice, a preparation that enhances
slow oscillations (2, 4). This experimental manipulation further
allows single and multiple neurons electrophysiological record-
ings, as well as local pharmacological manipulations. Because
our surface EEG electrodes were mostly recording from cortical
areas, we studied cortical slow oscillations, and used this rhythm
as a model to understand the role of astrocytes in the modulation
of brain activity at the circuit level.

We performed extracellular local field potential (LFP) re-
cordings in vivo from the somatosensory cortex of urethane
anesthetized dnSNARE animals and WT littermates. Attenua-
tion of gliotransmission in transgenic animals significantly de-
creased the power of this rhythm (WT, n � 37 animals;
dnSNARE, n � 45; Fig. 2 A–C). Importantly, when dnSNARE
expression is prevented by constantly feeding animals with dox,

cortical slow oscillation power was undistinguishable from WT
littermates similarly fed dox (WT on dox, 0.4-to 1-Hz power,
0.55 � 0.02, n � 10; dnSNARE on dox, 0.54 � 0.03, n � 6,
P � 0.05).

We confirmed this finding by performing in vivo patch-clamp
recordings from pyramidal neurons (Fig. S2 A) in the somato-
sensory cortex of WT and dnSNARE animals. Neurons from
dnSNARE animals have a significantly lower probability of
being at the depolarized potential (up-state probability) com-
pared with controls (Fig. 2 D and E), whereas the maximal
amplitude of the depolarization (up-state amplitude) is similar
(Fig. 2F). No differences in neuronal input resistance and resting
potential were observed between dnSNARE and WT animals
(Table S1). Also, up-state transitions occur at lower frequency
in dnSNARE animals compared with controls (Fig. 2G). The
average single cell firing rates were not significantly reduced in
dnSNARE mice (control, 0.25 � 0.11 AP/s, n � 8; dnSNARE,
0.06 � 0.03 AP/s, n � 9; P � 0.05).

On average, the duration of the depolarized potential (up-
state duration) is significantly shorter in dnSNARE animals
compared with controls (average values: WT, 0.72 � 0.02 s, n �
418 events from eight mice; dnSNARE, 0.56 � 0.02 s, n � 425
from nine mice; P � 0.001 Kolmogorov–Smirnov test) (Fig. S3),
and the down-state duration is significantly longer (average WT,
0.82 � 0.04 s, n � 427 from eight mice; dnSNARE, 1.54 � 0.12,
n � 439 from nine mice; P � 0.001 Kolmogorov–Smirnov test)
(Fig. S3). The decreased up-state probability observed in the
dnSNARE animals (Fig. 2 D and E) is, thus, due to shorter and
less frequent transitions to the depolarized up state, and longer
transitions to the down state (Fig. S3).

Dominant Negative SNARE Expression Does Not Affect Astrocytic
Supportive Functions. Because dnSNARE expression inhibits glio-
transmission (17, 21), and because of the importance of astro-
cytes in the homeostatic regulation of the extracellular concen-
tration of K� and glutamate, it is necessary to determine whether
dnSNARE expression alters astrocytic homeostatic properties.
To test this hypothesis, we performed whole-cell recordings from
astrocytes in hippocampal slices from both control and
dnSNARE animals, and found the glia from these animals to be
indistinguishable. Astrocytes exhibited highly negative resting
potentials, an absence of action potential firing on depolarizing
current injection (Fig. S4 A and B), a linear I-V relationship, and
low input resistance typical of passive astrocytes (Fig. S4 C and
D) (23). No significant differences were observed between
astrocytes from control and dnSNARE animals. To assess glial
responses to neuronal activity, we evoked synaptic transmission
while recording the current responses of astrocytes. These
currents are mainly mediated by K� channels and glutamate
transporters, and can be taken as a measure of the capacity of
astrocytes to buffer extracellular K� and clear synaptically-
released glutamate (24, 25). No differences in current responses
of astrocytes were found between control and dnSNARE mice
(Fig. S4E). Also, the total and surface expression of EAAT2, a
major glutamate transporter expressed primarily in astrocytes, is
not affected in dnSNARE animals when compared with controls
(Fig. S4 F and G). These data show that expression of the
dnSNARE transgene does not alter astrocytic supportive func-
tions, and allow for the conclusion that attenuated cortical slow
oscillations in dnSNARE mice does not result from defects in
transmitter clearance and K� uptake.

Astrocytic dnSNARE Expression Leads to Hypofunction of Neuronal
NMDA Receptors. Two main targets of gliotransmission are the A1
adenosine receptor (17) and the NMDA receptor (15, 26). Given
that previous studies have shown that the prolonged depolar-
ization phase of the slow oscillations is in part due to the activity
of the NMDA receptor (4, 11), we asked whether the decreased

Fig. 1. Dominant negative SNARE animals exhibit reduced EEG low-
frequency (�1 Hz) component under conditions of high homeostatic sleep
pressure. (A) Data were collected from both dnSNARE and WT littermates
during NREM sleep (20), and normalized to the total power of the EEG
between 0.39–20 Hz (see Materials and Methods). High homeostatic pressure
corresponds to recovery after sleep deprivation (WT, n � 7; dnSNARE, n � 6,
white horizontal bar: ANOVA, genotype, F � 5.398, P � 0.02; genotype X
frequency, F � 2.58, P � 0.001, vertical black bars: posthoc test, P � 0.05).
Intermediate homeostatic pressure corresponds to sleep at the beginning of
the light phase (WT, n � 9; dnSNARE, n � 8, ANOVA, NS). Low pressure
corresponds to sleep at the end of the light phase (WT, n � 9; dnSNARE, n �
8, ANOVA, NS). (B) Histograms reporting the average power of the slow
oscillations (0.4–1 Hz) in WT and dnSNARE animals under conditions of high
sleep pressure (WT, n � 7; dnSNARE, n � 6) (Left), intermediate sleep pressure
(WT, n � 9; dnSNARE, n � 8) (Center), and low sleep pressure (WT, n � 9;
dnSNARE, n � 8) (Right). *, P � 0.05.

15038 � www.pnas.org�cgi�doi�10.1073�pnas.0906419106 Fellin et al.

http://www.pnas.org/cgi/data/0906419106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0906419106/DCSupplemental/Supplemental_PDF#nameddest=ST1
http://www.pnas.org/cgi/data/0906419106/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0906419106/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0906419106/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/cgi/data/0906419106/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0906419106/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0906419106/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0906419106/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0906419106/DCSupplemental/Supplemental_PDF#nameddest=SF4


up-state duration that we observed in the dnSNARE animals
could be due to an effect mediated through the NMDA recep-
tors. To test this hypothesis, we first measured, in slice prepa-
rations, the AMPA/NMDA current ratio at cortical synapses,
which are considered to be essential for the generation of slow
oscillations (2, 8, 27, 28).

We performed patch-clamp recordings from layer 2/3 pyra-
midal neurons (Fig. S2 C and D) while extracellularly stimulating
layer 4, and found the AMPA/NMDA current ratio to be
significantly increased in slices from dnSNARE compared with
control animals (Fig. 3 A and B). The increase we observed in
AMPA/NMDA ratio could be due to an increase in AMPA
receptor activity or to a decrease of NMDA receptor function.
To discriminate between these two possibilities, we performed
Western blottings, and demonstrated that glial dnSNARE ex-
pression did not alter the total protein expression of the AMPA
receptor subunits GluR1, GluR2, or the NMDA receptor sub-
units NR1, NR2A, and NR2B (Fig. 3 C and D; Fig. S4 H and I).
Immunostaining against the GluR1 and NR2A subunit confirms
that the general pattern of distribution of AMPA and NMDA
receptors is not altered in dnSNARE mice (Fig. S5). However,
surface biotinylation studies to label receptors inserted in the
plasma membrane show that astrocytic dnSNARE expression
regulated NMDA receptors and selectively reduced NR2A and
NR2B, but not NR1, GluR1, and GluR2, subunit surface
expression (Fig. 3 C and D; Fig. S4 H and I). Given that NMDA
receptors require both NR1 and NR2 subunits to form a
functional channel, a decrease in the surface expression of the
NR2 subunits results in a reduced activity of the receptor.

Because astrocytes exhibit SNARE-dependent D-serine re-
lease (29), which potentiates NMDA receptor channel opening
(15), we asked whether, in addition to reducing surface NMDA

receptor density, dnSNARE expression caused an additional
D-serine-dependent reduction in NMDA receptor activity. Ap-
plication of D-serine (100 �M) did not significantly change the
synaptic AMPA/NMDA current ratio of control slices, whereas
it led to a small, but significantly increase in the NMDA
component of the synaptic current and as a consequence to a
decrease in the AMPA/NMDA ratio in slices from dnSNARE
mice (Fig. 3 E–H). Although this result suggests that cortical
astrocytes can normally control NMDA receptor activity by
releasing D-serine, it must be noted that addition of exogenous
D-serine to slices from dnSNARE animals only partially rescue
the AMPA/NMDA ratio to that measured in control slices (Fig.
3 G and H). This result agrees with the biochemical data,
demonstrating that dnSNARE expression leads to a hypofunc-
tion of NMDA receptors mainly through a reduction in surface
expression of NR2 subunits.

Nonneuronal Regulation of NMDA Receptors Modulates Slow Oscil-
lations. To ask whether astrocyte-dependent changes in NMDA
receptor function underlie the alterations in network activity in
dnSNARE mice, we performed in vivo pharmacological exper-
iments targeting these receptors in control and dnSNARE
animals while monitoring spontaneous activity with LFP record-
ings. In control experiments, we first determined that there was
no significant rundown of cortical slow oscillations during the
extended period required to perform pharmacology in vivo (Fig.
S6 A and B), and that topical application on the surface of the
brain results in drug diffusion through all of the cortical layers
underneath the craniotomy (Fig. S6 C–E). Local application of
the NMDA receptor antagonist D-(�)-2-amino-5-phosphono-
pentanoic acid (D-AP5; 50–100 �M) to the cortical surface led
to a significant reduction in the power of cortical slow oscilla-

Fig. 2. Reduced slow oscillations in the somatosensory cortex of anesthetized dnSNARE animals. (A) Representative LFP recording showing slow oscillation
activity in the somatosensory cortex of WT (Upper) and dnSNARE (Lower) animals. (B) Normalized power spectra corresponding to the experiments shown on
the left from WT and dnSNARE animals. Power spectra are normalized to the total spectral power (see SI Materials and Methods). (C) Average power of the slow
oscillations (0.4–1 Hz) in 37 WT, 45 dnSNARE animals. Data are shown as percentage of the total spectral power. Student’s t test was used for evaluating statistical
significance. Unless otherwise stated, in this as well as in the other figures: *, P � 0.05; **, P � 0.01. (D) (Left) In vivo current-clamp recordings from representative
neurons showing slow oscillations in the cortex of WT (Upper) and dnSNARE (Lower) animals. Action potentials are truncated for presentation purposes. (Right)
Membrane voltage histogram corresponding to the traces shown on Left. (E) Average up-state probability. Data are obtained from 11 cells from 8 WT and 14
cells from 9 transgenic animals. When multiple cells were recorded in the same animal, a single value of the up-state probability corresponding to that particular
animal was calculated by averaging the values from the different cells. (F) Average maximal up-state amplitude in 8 WT and 9 dnSNARE animals. (G) Average
up-state frequency in WT (n � 8) and dnSNARE (n � 9) animals.
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tions in control animals (Fig. 4 A–C) in agreement with previous
studies (4, 11). NR2B-containing NMDA receptors have been
shown to be an important target of glutamate release from
astrocytes (26). Application of ifenprodil (10–15 �M; Fig. S6 F
and G), an antagonist of the NR2B-containing NMDA recep-
tors, had no effect on cortical slow oscillation power, suggesting

that NR2B-containing receptors do not have a crucial role in the
generation and maintenance of this rhythm.

Because dnSNARE expression and NMDA receptor antago-
nists similarly reduce cortical slow oscillation power, we asked
whether the inhibitory action of D-AP5 would be occluded by
glial dnSNARE expression. In contrast to control animals, the
addition of D-AP5 to dnSNARE mice did not significantly
reduce the power of cortical slow oscillations (Fig. 4 A–C).
Specificity of action of D-AP5 was confirmed by the observation
that (5S,10R)-(�)-5-Methyl-10,11-dihydro-5H-dibenzo[a,d]cy-
clohepten- 5,10-imine maleate (MK-801; 20–40 �M), a different
NMDA receptor antagonist, had a similar action in control mice
(Fig. S7) with no significant effect in dnSNARE animals.

Given that dnSNARE expression in astrocytes reduces syn-
aptic D-serine in brain slice preparation, we tested whether
D-serine had a differential effect on cortical slow oscillations in
WT and dnSNARE animals. Application of exogenous D-serine
(300 �M) causes a significant increase in the power of these
oscillations in dnSNARE animals (Fig. S8). The increase in
cortical slow oscillation power in dnSNARE animals (163 �
11% of control, n � 9) was significantly higher than the effect
of D-serine in WT animals (131 � 8% of control, n � 10; P �
0.05) (Fig. S8C). Altogether these results are consistent with
the notion that the reduced NMDA receptor function resulting
from glial dnSNARE expression leads, at least in part, to the
altered cortical slow oscillations observed in these transgenic
mice in vivo.

Slow Oscillations Are Endogenously Modulated at Multiple Loci. Prior
investigations using dnSNARE mice have demonstrated that
astrocyte-derived adenosine causes a tonic A1 receptor-
mediated inhibition of excitatory synaptic transmission (17, 20).
Therefore, we took the opportunity afforded by the dnSNARE
mouse to ask whether slow oscillations are endogenously mod-

Fig. 3. Astrocytes control NMDA receptor activity at intracortical synapses. (A) Example of AMPA- and NMDA-mediated EPSCs in WT and dnSNARE animals.
Traces are the average of at least 10 consecutive EPSCs. (B) Average AMPA/NMDA ratio in 13 cells from 4 WT and 14 cells from 4 dnSNARE animals. (C) Total (total,
1/10 of input) (Left) and cell surface (surface) (Right) protein from somatosensory cortical slices were immunoblotted with anti-NR1, NR2A, NR2B, GluR1,
�-tubulin, and �-actin antibodies. (D) The expression of each subunit was normalized by tubulin (receptor/tubulin) and the immunoblots of dnSNARE mouse were
compared with those in WT (NR1, NR2A, GluR1, n � 5; NR2B, n � 6 animals) (Left). The surface expression of each subunit was normalized by their total
(surface/total), and the immunoblots from dnSNARE mice were compared with the WT (n � 5, *, P � 0.05, **, P � 0.001) (Right). (E and F) Representative examples
of AMPA- and NMDA-mediated EPSCs (E) and time course of the NMDA-mediated currents (F) in WT and dnSNARE animals before and after application of
D-serine (100 �M). Traces in E are the average of at least 10 consecutive EPSCs. (G and H) AMPA/NMDA ratio in nine cells from four WT and in eight cells from
four dnSNARE animals under the different experimental conditions.

Fig. 4. Smaller contribution of NMDA receptors to slow oscillations in
dnSNARE compared with WT mice. (A) Representative traces of LFP recordings
from a WT (Upper) and a dnSNARE (Lower) animal showing the effect of
D-AP5 (100 �M) on slow oscillations. (B) Power spectra of the experiments
shown in A. (C) Mean values of the power of the slow oscillations in 13 WT and
11 dnSNARE animals in the presence of D-AP5 (50–100 �M). Values are
expressed as percentage of slow oscillation power under control conditions
(see SI Materials and Methods). Values of the power of the slow oscillations
under basal conditions for WT and dnSNARE mice from this as well as for other
pharmacological experiments were pooled together in Fig. 2C.
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ulated at multiple loci, the A1 receptor as well as the NMDA
receptor.

Topical application of the A1 receptor antagonist 8-cyclopen-
tyl-1.3-dimethylxanthine (CPT; 10 �M) caused a significant
increase in slow oscillation power in control animals (Fig. 5
A–C). In contrast, application of CPT had no effect on slow
oscillation power in dnSNARE mice (Fig. 5 A–C). Decreasing
CPT concentration to 1 �M had a similar effect (WT, 137 � 11%
of control, n � 10, P � 0.01; dnSNARE, 113 � 16% of control,
n � 8, P � 0.05). These results agree with experiments per-
formed in cortical slices showing that astrocytes provide a tonic
activation of A1 receptors that inhibits cortical excitatory syn-
apses (20). Application (20–30 min) of the A1 receptor agonist
2-Chloro-N-cyclopentyladenosine (CCPA; 10 �M) in
dnSNARE animals leads to significant decrease in the power of
the slow oscillations (basal 0.49 � 0.02; CCPA, 0.13 � 0.05; n �
5, P � 0.01), demonstrating that A1 receptors are expressed and
functional in dnSNARE animals.

If astrocytic dnSNARE expression leads to two opposing
effects on cortical slow oscillations (an hypofunction of synaptic
NMDA receptors and a decreased activation of A1 receptors),
the simultaneous pharmacological inhibition of NMDA and A1
receptors should decrease slow oscillations in WT mice similarly
to what observed in dnSNARE animals. Indeed, coapplication
of D-AP5 (50–100 �M) and CPT (1 �M) in WT animals caused
a significant reduction of slow oscillations (Fig. S9).

Discussion
During NREM sleep and some forms of anesthesia, slow oscil-
lations are the major cortical rhythm. In this study, we gained two
fundamental insights into the regulation of these oscillations.
First, that by releasing chemical transmitters, nonneuronal cells
modulate slow oscillations. And second, that diverse signals
converge on distinct receptors (A1 and NMDA) to coordinately
regulate network activity.

Selective Inhibition of Gliotransmission Results in Altered Network
Activity in Vivo. Astrocytic dnSNARE expression reduces the
power of slow oscillations under conditions of high sleep pres-
sure in behaving mice. Under urethane anesthesia, a condition
that promotes cortical slow oscillations, independent whole-cell
and LFP recordings confirm a significant impact of gliotrans-
mission on cortical slow oscillations. Our results are consistent

with the idea that astrocytes continuously and dynamically
regulate neuronal networks.

Our genetic manipulation is specific for astrocytes, because
dnSNARE has never been detected in neurons, microglia,
oligodendrocytes, or in NG2� glia in various brain regions (Fig.
S1) (17, 19, 20). The modification of cortical slow oscillations is
not due to developmental effects, because we limited transgene
expression to a brief period in adult life (see Materials and
Methods). Also, our observations are not the result of transgene
insertion site, because we found indistinguishable results (see
Results) within our control group from WT littermates and
dnSNARE mice in which transgene expression was inhibited
throughout life as a result of a dox-containing diet. Last, the
depth of anesthesia was the same in WT and dnSNARE animals
(see Materials and Methods). Most importantly, under conditions
of high homeostatic pressure when slow oscillations are the main
cortical activity, reduced EEG power in the frequency band
corresponding to the slow oscillations was confirmed in behaving
mice (Fig. 1), ruling out any potential effect of anesthesia in the
observed phenomenon.

Astrocytes Modulate Slow Oscillations by Regulating Cortical Syn-
apses at Multiple Sites. The changes we observed in cortical slow
oscillations result from changes in synaptic receptor function.
Dominant negative SNARE expression causes an hypofunction
of postsynaptic NMDA receptors leading to an increased
AMPA/NMDA ratio. Also, A1 receptors are well known for
causing powerful suppression of synaptic transmission (20, 30,
31). Indeed, in the hippocampus and cortex, the expression of
dnSNARE in astrocytes leads to an enhancement of synaptic
transmission that results from reduced extracellular adenosine
and the consequent removal of a tonic A1-mediated inhibition
(17, 20). The effects that we observe on cortical slow oscillations
in the dnSNARE mice are likely to be generated by the
integration of multiple effects on A1 and NMDA receptors at
cortical synapses as confirmed by the finding that simultaneous
inhibition of the NMDA and A1 receptors results, in WT mice,
in a reduction of slow oscillation power similar to that observed
in dnSNARE animals (Fig. S9).

It is important to note that the increase in AMPA/NMDA
ratio at cortical synapses and the consequent shortening of
up-state duration of cortical neurons during slow oscillations
agrees with computational models showing that AMPA/NMDA
ratio is crucial in shaping the transition to the depolarized phase
of the slow oscillations (32).

In conclusion, we show that a nonneuronal cell, the astrocyte,
modulates cortical rhythms by regulating synaptic receptor func-
tion, which is expected to lead to important changes in synaptic
transmission. Astrocytic modulatory actions on cortical synapses
involve multiple pathways. On the one hand, astrocytes exert an
excitatory action on synaptic transmission by regulating NMDA
receptors. On the other, they tonically suppress synapses through
A1 receptors. These data demonstrate that certain brain oscillations
are generated by the combined action of neuronal and glial
networks in which synaptic connectivity generates the rhythm that
is modulated by astrocyte-dependent synaptic regulation.

Materials and Methods
In Vivo EEG/EMG Recordings. All procedures were in strict accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory Animals
and were approved by the Tufts University, University of Pennsylvania Insti-
tutional Animal Care and Use Committees, and the Italian Ministry of Health.
EEG/EMG implantation surgery was performed as in ref. 33. EEG/EMG signals
were conveyed by a light-weight cable, high- and low-pass filtered at 0.3 and
30 Hz and 10 and 100 Hz, respectively (15 LT Bipolar amplifier; Astro-Med),
amplified and sampled at 200 Hz. Description of EEG data analysis can be
found in the SI Materials and Methods.

Fig. 5. The A1 receptor antagonist CPT increases slow oscillations in WT, but
not in dnSNARE animals. (A) LFP Traces showing the effect of CPT on slow
oscillations in WT (Upper) and dnSNARE (Lower) mice. (B) Power spectra of the
experiments displayed in A. (C) Mean values of slow oscillation power after
CPT (10 �M; WT, n � 6; dnSNARE, n � 6).
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In Vivo Patch-Clamp Recordings. Bigenic GFAP.tTA and tetO.dnSNARE trans-
genic animals (dnSNARE mice) (17) and their WT littermates aged 6–12 weeks
old were anesthetized by an intraperitoneal injection of urethane (2 g/kg).
Because these transgenic mice have been backcrossed onto a C57BL6/J geno-
type for �10 generations, C57BL6/J mice were used as controls in some
experiments. Because no difference was observed between C57BL6/J and the
WT littermates of dnSNARE mice, control data were pooled. Body tempera-
ture was measured with a rectal probe and kept at 37 °C with a heating pad.
Depth of anesthesia was assured by continuously monitoring, respiration rate,
eyelid reflex, vibrissae movements, and monitoring reactions to tail and toe
pinching. Monitoring all these parameters no difference in anesthesia depth
was observed between WT and dnSNARE animals. After the animal was
anesthetized, an incision was made and the skull exposed. A craniotomy (1.8
mm) was drilled in the skull overlaying the somatosensory cortex, and the
surface of the cortex was continuously kept moist with normal Hepes-
buffered artificial cerebrospinal fluid (aCSF). The dura was carefully dissected,
and a metal plate was glued on the skull for head fixation. Patch-clamp
recordings were performed as described in ref. 34; 3- to 4-M� glass pipette
were used as recording electrodes and filled with the following intrapipette
solution (in mM): K-gluconate 140, MgCl2 1, NaCl 8, Na2ATP 2, NaGTP 0.5,
Hepes 10, phophocreatine 10 to pH 7.2 with KOH. Biocytin 2 mg/mL was
included in the pipette solution for subsequent morphological reconstruction.
Signals were amplified by a Multiclamp 700 B, filtered at 2 KHz, digitized at 10
KHz with a digidata 1320, and stored with pClamp 9.2 (Axon instruments).

Details on data analysis and slice electrophysiology can be found in SI Mate-
rials and Methods.

In Vivo Extracellular Recordings. Mouse preparation and surgery was as de-
scribed for patch-clamp experiments. LFPs were recorded with custom-built
electrodes made of two parallel tungsten electrodes (FHC). Electrodes were
placed to record from the superficial layers of the somatosensory cortex.
Signals were amplified with an AM-amplifier (AM-system), filtered at 0.1
Hz-10 KHz, and digitized at 50 KHz. Recordings started 5–10 min after the
electrodes were inserted in the cortex. For the description of data analysis, see
SI Materials and Methods.

Statistics. In in vivo experiments, N values always refer to animal number,
whereas in slice experiments, N values refer to the slice number. Student’s t
test was generally used to evaluate statistical significance. In pharmacological
experiments when drug effect was assessed within the same animal, paired t
test was used. For Fig. S3C, Kolmogorov–Smirnov test was used. Data are
presented as mean � SEM. A 2-factor ANOVA (frequency, genotype) was used
to compare the power spectra in Fig. 1.
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