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An emergent concept in neurosciences consists in considering brain functions as the product of dynamic interactions between neurons
and glial cells, particularly astrocytes. Although the role played by astrocytes in synaptic transmission and plasticity is now largely
documented, their contribution to neuronal network activity is only beginning to be appreciated. In mouse olfactory bulb slices, we
observed that the membrane potential of mitral cells oscillates between UP and DOWN states at a low frequency (�1 Hz). Such slow
oscillations are correlated with glomerular local field potentials, indicating spontaneous local network activity. Using a combination of
genetic and pharmacological tools, we showed that the activity of astroglial connexin 43 hemichannels, opened in an activity-dependent
manner, increases UP state amplitude and impacts mitral cell firing rate. This effect requires functional adenosine A1 receptors, in line
with the observation that ATP is released via connexin 43 hemichannels. These results highlight a new mechanism of neuroglial interac-
tion in the olfactory bulb, where astrocyte connexin hemichannels are both targets and modulators of neuronal circuit function.
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Introduction
Over the last two decades, emerging concepts that integrate glial
cells, and in particular astrocytes, in the regulation of neuronal

activity and metabolism have considerably improved our under-
standing of brain functions (Barres, 2008; Nedergaard and
Verkhratsky, 2012; Pellerin and Magistretti, 2012; Araque et al.,
2014). However, although the role played by astrocytes in the
modulation of synaptic transmission and plasticity is well docu-
mented, their contribution to network activity is only beginning
to be considered both in vitro (Angulo et al., 2004; Poskanzer and
Yuste, 2011; Lee et al., 2014) and in vivo (Amzica et al., 2002;
Fellin et al., 2009; Halassa et al., 2009; Lee et al., 2014). Most of
these studies point out the role played by astrocyte calcium-
dependent vesicular release (Bezzi et al., 2004; Pascual et al., 2005;
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Significance Statement

An emergent concept in neuroscience consists in considering brain function as the product of dynamic interactions between
neurons and glial cells, particularly astrocytes. A typical feature of astrocytes is their high expression level of connexins, the
molecular constituents of gap junction channels and hemichannels. Although hemichannels represent a powerful medium for
intercellular communication between astrocytes and neurons, their function in physiological conditions remains largely unex-
plored. Our results show that in the olfactory bulb, connexin 43 hemichannel function is promoted by neuronal activity and, in
turn, modulates neuronal network slow oscillations. This novel mechanism of neuroglial interaction could influence olfactory
information processing by directly impacting the output of the olfactory bulb.
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Jourdain et al., 2007; Bergersen et al., 2012; Lee et al., 2014), a
mechanism that is still controversial (Fiacco et al., 2007; Petravicz
et al., 2008; Agulhon et al., 2010; Hamilton and Attwell, 2010; Li
et al., 2013; Fujita et al., 2014).

Yet, astrocytes could contribute to neuronal network activity
through other pathways. A typical feature of astrocytes is their
high level of connexin (Cx) expression (Cx43 and Cx30), the
molecular basis for gap junction channel and hemichannel (HC)
functions (Giaume et al., 2010). Both of these channels are per-
meable to numerous neuroactive compounds (Bennett et al.,
2003; Giaume et al., 2013). Whereas the role of astroglial gap
junctions (Wallraff et al., 2006; Rouach et al., 2008; Lutz et al.,
2009; Pannasch et al., 2011) and nonchannel functions of Cx30
(Pannasch et al., 2014) have been studied extensively in the hip-
pocampus, the role of Cx-formed HCs in physiological condi-
tions is only beginning to be appreciated (Stehberg et al., 2012;
Torres et al., 2012; Chever et al., 2014). Therefore, we asked
whether Cx HC function in astrocytes impacts neuronal network
activity.

As a model, we used the mouse olfactory bulb (OB), where
intricate neuroglial interactions have been described previously
(De Saint Jan and Westbrook, 2005; Gurden et al., 2006; Roux et
al., 2011). In addition, the OB presents the advantage of exhibit-
ing strong network activity in acute slice preparations, as re-
flected by coordinated long-lasting depolarizations in mitral cells
(MCs) belonging to the same glomerulus (Carlson et al., 2000;
Schoppa and Westbrook, 2001, 2002; Christie et al., 2005; Chris-
tie and Westbrook, 2006; De Saint Jan et al., 2009). The involve-
ment of intrinsic membrane properties (Heyward et al., 2001)
and/or circuit interactions as well as the contribution of neuro-
glial interactions in these network activity patterns are still
unclear.

Our results uncover a novel mechanism of neuroglial interac-
tion in the OB, where Cx43 hemichannel function in astrocytes is
promoted by neuronal activity and, in turn, modulates neuronal
network function via a purinergic pathway. This mechanism
could influence olfactory information processing by directly im-
pacting the output of the OB.

Materials and Methods
All experiments were performed according to the European Community
Council Directives of January first 2013 (2010/63/EU) and followed In-
stitut National de la Santé et de la Recherche Médicale guidelines for the
ethical treatment of animals. They were also in accordance with institu-
tional (CNRS Comité Operationnel pour l’Ethique dans les Sciences de la
Vie) and international (NIH guidelines) standards and legal regulations
(Ministère de l’Agriculture et de la Pêche) regarding the use and care of
animals. All efforts were made to minimize the number of animals used
and their suffering.

Animals
C57BL/6 mice (Charles River Laboratories) were used as wild-type (WT)
mice. To assess astroglial connexin functions, we used knock-out mice,
including Cx30�/� (Cx30 KO; Teubner et al., 2003), Cx43fl/fl:GFAP-cre
(Cx43 KO), a conditional knock-out of Cx43 in astrocytes (Theis et al.,
2003), and the double knock-out (dKO) Cx30�/� Cx43fl/fl:GFAP-cre
(Wallraff et al., 2006). Both male and female mice were used in this study.

Drugs and peptides
The following drugs were used in this study: tetrodotoxin citrate (TTX;
0.5 �M; Tocris Biosciences), 4-hydroxyquinoline-2-carboxylic acid
(kynurenic acid; 2 mM; Tocris Biosciences), carbenoxolone (CBX; 100
�M; Sigma), 4-(2-(7-amino-2-(furan-2-yl)-[1,2,4]triazolo[1,5-a][1,3,5]
triazin-5-ylamino)ethyl)phenol (ZM 241385; 10 nM; Tocris Biosciences),
8-cyclopentyl-1,3-dipropylxanthine (DPCPX; 1 �M; Tocris Biosciences),

the mimetic peptide Gap26 (amino acid sequence VCYDKSFPISHVR;
purity, �95%; 300 �g/ml; Thermo Fisher Scientific; Chaytor et al.,
1997), and a scrambled peptide containing the same amino acids as the
Gap26 (amino acid sequence PSFDSRHCIVKYV; purity, �95%; 300
�g/ml, Thermo Fisher Scientific). To avoid peptide degradation, pep-
tides were diluted in oxygenated ACSF 2 min before application on the
slices. To test the impact of Cx43 hemichannel function, analysis was
performed within the first 10 –15 min of recording after peptide expo-
sure, because it has been reported that Gap26 has an effect on gap junc-
tion communication after 30 min exposure (Desplantez et al., 2012).

Tissue preparation for electrophysiological recordings
As described previously (Roux et al., 2011), mice [postnatal day 14
(P14)–P25] were killed by decapitation, and the olfactory bulbs were
rapidly dissected in ice-cold oxygenated (95% O2–5% CO2) solution
containing the following (in mM): 83 NaCl, 26.2 NaHCO3, 1 NaH2PO4,
2.5 KCl, 3.3 MgSO4 0.5 CaCl2, 70 sucrose, and 22 D-glucose, pH 7.3
(osmolarity, 315 mOsm). Horizontal slices (250 –350 �m) were cut using
a vibratome (Microm HM 650V) in the same solution, incubated for
30 – 40 min at 34°C in the standard extracellular solution (see Electro-
physiological recordings section below) in which 10 mM of pyruvate
was added, and stored at room temperature until use (up to 5 h after
decapitation).

Electrophysiological recordings
Slices were placed in a submerged recording chamber mounted on an
upright microscope (Zeiss Axioskop FS) equipped for infrared differen-
tial interference contrast (DIC) microscopy and epifluorescence. They
were perfused continuously with an oxygenated extracellular solution
(ACSF) containing (in mM) 124 NaCl, 26 NaHCO3, 3 KCl, 1.25
NaH2PO4, 1.3 MgCl2, 2 CaCl2, and 20 D-glucose, pH 7.4 (room temper-
ature) at a rate of 2 ml/min. Patch-clamp recordings were performed
with 3–7 M� glass electrodes filled with (in mM) 105 K-gluconate, 30
KCl, 10 HEPES, 10 phosphocreatine, 4 ATP-Mg, 0.3 GTPTris, and 0.3
EGTA, pH 7.4 (290 mOsm) for current-clamp recordings, or 107.5 Cs-
gluconate, 20 HEPES, 8 Na-gluconate, 8 tetraethylammonium (TEA)-Cl,
4 ATP-Mg, 0.3 Na3-GTP, 0.2 EGTA, 5 QX-314, pH 7.2 (280 mOsm) for
voltage-clamp recordings. Sulforhodamine B (SrB; 1 mg/ml; Invitrogen)
was systematically added to this internal solution to verify cell integrity
after recording. Whole-cell membrane voltages were recorded with a
MultiClamp 700B amplifier (Molecular Devices), sampled with a Digi-
data 1322A Interface, and recordings (10 kHz sampling, 2 kHz filtering)
were performed with pClamp9 software (Molecular Devices). Series re-
sistances were compensated at 80%. Input resistance was measured in
voltage-clamp mode by applying hyperpolarizing voltage pulses (10 mV,
150 ms) from a holding potential of �60 mV for MCs. Unless indicated,
all recorded MCs were maintained by steady current injection at the same
DOWN state membrane potential (�60 mV) to minimize the variability
related to this parameter. Mitral cell recordings included in this work
presented 29 � 11 M� access resistance (Ra). We did not observe any
significant correlation between access resistance and UP state amplitude.
Local field potential (LFP) recordings were performed with 0.5–1 M�
glass pipettes filled with extracellular solution.

Data analysis
Analysis was performed using Matlab software (MathWorks).

Cross-correlograms. Cross-correlogram analyses were performed with
custom-written, MATLAB-based programs. A significant value for the
correlation coefficient (r) at the lag zero indicates that the two signals do
not evolve independently. We defined the delay between the two signals
as the lag corresponding to the time delay that optimizes the correlation
between them. To study the temporal relationship between MC mem-
brane potential fluctuations and LFP signals recorded either in the glom-
erulus affiliated with the MC or in neighboring glomeruli, spikes were
removed from the MC signal, and cross-correlogram analysis was per-
formed on recordings filtered in the 0.05– 0.6 Hz frequency band.

UP state detection. The strategy developed by Seamari et al. (2007) for
characterizing UP and DOWN states is based on a method used in finan-
cial data analysis: crossover of moving averages. Periods where a signal
keeps its tendency to increase or decrease (trending periods) can be
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tracked with fitted exponential moving averages (EMAs), whereas
changes in this trending behavior (trend reversal) are detected by cross-
ing over two EMAs with different window sizes. The windows sizes were
chosen to detect events occurring between 0.05 and 2 Hz. Accordingly,
classical Fourier analysis reveals a peak at those frequencies. The crossing
points of the two EMAs are good approximations of the transitions be-
tween UP and DOWN states (i.e., of both UP initiations and termina-
tions). Similar results were obtained with a more classical method based
on the decomposition of the histogram of the membrane potential into a
mixture of two Gaussians.

Ethidium bromide uptake assays
HC activity was assessed by ethidium bromide (EtBr; 314Da) uptake
assays (Giaume et al., 2012) in 300-�m-thick acute OB slices prepared as
described above for electrophysiological recordings. Briefly, slices were
first preincubated for 15 min in different submerged chambers contain-
ing oxygenated (95% O2 and 5% CO2, pH 7.4) ACSF and different phar-
macological compounds. EtBr (4 �M) was then directly added in the
chamber. Repetitive gentle pipetting allowed homogenization of the so-
lution. This compound is membrane impermeable but can transit
through large-pore channels before binding to the cell’s DNA when it
becomes more fluorescent. After 10 min exposure to EtBr, slices were
washed (two times for 5 min each) in normal ACSF, fixed for 3 h in 4%
PFA in PBS, and processed for anti-GFAP immunostaining and Nissl
staining (see Immunostaining section below). Sections were mounted in
Fluoromount and imaged with a confocal laser-scanning microscope
equipped with a 40� objective and three lasers (argon, 488 nm; helium/
neon, 543 nm; helium/neon, 633 nm). Images were taken 25 �m below
the slice surface in each condition. Pictures were analyzed with MBF
ImageJ software. By means of Nissl and GFAP staining, regions of interest
(ROIs) were defined corresponding to astrocyte nuclei located in the
glomerular layer. The mean EtBr fluorescence intensity was measured in
each ROI, after background removal. Background was evaluated on at
least five regions devoid of cell bodies for each analyzed frame. Results for
the different conditions were normalized by the mean EtBr signal ob-
tained in the corresponding WT control condition.

Immunostaining (after EtBr uptake assays)
Antibodies. Mouse monoclonal anti-GFAP antibodies (1:500; Sigma,
clone GA-5) were used as primary antibodies. Goat anti-mouse Igs con-
jugated to Alexa fluor dyes (1:4000; Invitrogen) were used as secondary
antibodies.

Protocols. Acute OB slices (300 �m thick) were prepared as for electro-
physiology and fixed in 4% PFA overnight at 4°C. Alternatively, slices
were fixed during 3 h following EtBr assays (see above). After two PBS
washes (30 min each), slices were permeabilized with PBS containing
0.2% gelatin and 1% Triton X-100 for 1 h at room temperature and
incubated overnight at 4°C with mouse anti-GFAP antibodies diluted in
PBS containing 0.2% gelatin and 0.25% Triton X-100. After two washes
(30 min each), sections were incubated for 2 h at room temperature with
secondary antibodies. After two washes (20 min each), Nissl counter-
staining was performed by incubating the sections during 20 min in
Neurotrace reagent (1:100; Invitrogen) diluted in PBS. After three washes
(10 min each), sections were mounted in Fluoromount and imaged with
a confocal laser-scanning microscope, equipped with a 40� objective
and three lasers (argon, 488 nm; helium/neon, 543 nm; helium/neon,
633 nm).

ATP dosage by bioluminescence assays
Extracellular levels of ATP were determined from OB acute slices pre-
pared as described above (n � 2 slices/well/condition) incubated in 1 ml
of oxygenated ACSF containing Gap26 (300 �g/ml) or not. After
equilibration, slices were treated for 30 min in presence of the ectonucle-
otidase inhibitor ARL 67156 trisodium salt (6- N, N-Diethyl-D-�,
�-dibromomethylene ATP trisodium salt; Tocris Bioscience) to inhibit
ATP hydrolysis. Then, samples of extracellular medium were collected,
and extracellular ATP was directly measured using a bioluminescent ATP
assay kit (PerkinElmer) as described previously (Cotrina et al., 1998).
Luminescence was measured using a luminometer (Berthold Technolo-
gies) according to the manufacturer’s instructions. The extracellular ATP

was normalized to the protein content determined from pooled OB slices
by BCA kit (Thermo Scientific).

Statistics
For each data group, results are expressed as mean � SEM, and n refers to
the number of independent experiments. Comparisons are considered
significant at p � 0.05, p � 0.01, and p � 0.001, and p values for corre-
lation coefficients were obtained via the corrcoef function (MathWorks).

Results
Mitral cell membrane potential bimodality
Whole-cell recordings from MCs were performed in mouse acute
OB slices (P14 –P25). A fluorescent molecule, sulforhodamine B
(SrB), was systematically included in the patch-clamp pipette
solution to assess cell morphology and integrity (Figs. 1A1,B1,
3D). We monitored MCs at their resting membrane potential in
the current-clamp configuration and observed spontaneous al-
ternations between depolarized states often associated with
spikes and silent hyperpolarized states (Fig. 1A2,C) resulting in a
bimodal distribution (Fig. 1A3). Such slow alternations between
two distinct membrane potentials are reminiscent of neocortical
neuron oscillations typically observed during slow wave sleep and
anesthesia (Steriade et al., 1993), as well as during quiet wakeful-
ness (Crochet and Petersen, 2006). By analogy, we defined the
activated state as the UP state and the hyperpolarized state as the
DOWN state in the rest of our study. Only MCs with clear UP and
DOWN states and allowing long (�10 min) stable recordings
were included in the following analysis (45 of 61). Detected UP
state frequency was 0.19 � 0.01 Hz (n � 45). The firing rate
monitored during UP states was 11.47 � 1.5 Hz, whereas it
reached only 0.16 � 0.04 Hz during DOWN states. UP and
DOWN state membrane potentials corresponded to �48.5 � 0.8
mV and �52.9 � 0.8 mV, respectively, with a potential difference
between those two states (referred to as the UP state amplitude)
of 4.4 � 0.3 mV. The transitions between these two voltage levels
lasted (337.5 � 18.3 ms for DOWN to UP states and 518.2 � 45.5
ms for UP to DOWN states). Short buildups of EPSPs could be
observed at UP state initiation (Fig. 1C). UP and DOWN state
durations were 2775 � 459 ms and 3579 � 334 ms, respectively.

Mitral cell slow oscillations depend on glomerular
glutamatergic synaptic transmission
We next aimed to determine the source of these MC spontaneous
slow oscillations, in particular whether they are generated by in-
trinsic membrane properties or rely on synaptic activity. We did
not observe any significant correlation between MC membrane
potential and UP state frequency or UP state amplitude (r �
0.054, p � 0.76 and r � �0.045, p � 0.79; Fig. 2A,B, respec-
tively). This observation suggests that UP state generation does
not depend on intrinsic voltage-gated cellular mechanisms, such
as the persistent sodium channel activation involved in tufted
cells spontaneous depolarizations/bursting (Hayar et al., 2004b).
To confirm this hypothesis, we analyzed recordings performed in
MCs with a sectioned apical dendrite tuft (as a result of the slicing
procedure; Fig. 1B). In 16 of 17 cases, truncated MCs showed a
unimodal distribution of their membrane potential (Fig. 1B3)
associated with a silent state or a tonic firing rate (Fig. 1B2). This
result was unlikely due to the deterioration of MC viability since
they did not display any somatic morphological abnormalities,
and their electrophysiological profile was stable across the whole
recording duration (�10 min), with a resting membrane poten-
tial (�53.3 � 0.8 mV, n � 17) not significantly different from
that of MCs with an intact apical dendrite (�52.9 � 0.8 mV, n �
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45, p � 0.84, Mann and Whitney U test). Therefore, apical den-
drite tuft integrity at the glomerulus level is required for UP and
DOWN states generation in MCs. This result further supports the
hypothesis that MC slow oscillations are not generated by intrin-

sic membrane properties (at least at the somatic and proximal
dendritic levels) and suggests that cell interactions occurring at
the level of the glomerular layer are likely responsible for the
generation of UP and DOWN states. Although some excitatory
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(blue) as a counterstaining. A2, Whole cell patch-clamp recording of an MC in the current-clamp configuration. The membrane potential shows spontaneous alternations between depolarized states
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Figure 2. UP and DOWN states in mitral cells require glutamatergic transmission. A, B, Absence of correlation between the mean membrane potential of individual MCs and UP state features
(frequency and amplitude). Measurements were performed in MC recordings without current injection. C, Example of an MC recording in the voltage-clamp configuration at the reversal potential
for chloride. Note the slow (inward) excitatory currents, likely corresponding to barrages of EPSCs, the frequency of which is similar to that of UP states (0.15 � 0.06 Hz, n � 5). D, Treatment with
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interactions have been reported to occur between MC lateral
dendrites (Aroniadou-Anderjaska et al., 1999b; Didier et al.,
2001; Salin et al., 2001), most of the glutamatergic transmission
in the OB occurs in the glomerular layer (Isaacson, 1999; Schoppa
and Westbrook, 2001, 2002; Urban and Sakmann, 2002; Christie
and Westbrook, 2006; De Saint Jan and Westbrook, 2007; Pimen-
tel and Margrie, 2008; De Saint Jan et al., 2009). When MCs were
maintained at the reversal potential for chloride in the voltage-
clamp configuration, large and slow excitatory currents could be
observed (32.8 � 8.1 and 22.8 � 5.4 pA, n � 5). These events
were likely associated with UP states because they occurred at a
similar frequency (0.15 � 0.06 Hz; Fig. 2C). To further confirm
that excitatory inputs are involved in UP state generation, we
directly tested whether ionotropic glutamate receptor activation
is necessary for UP/DOWN state alternations. Extracellular ap-
plication of kynurenic acid (2 mM), a nonspecific ionotropic
glutamatergic receptor antagonist, completely abolished the oc-
currence of UP states in a reversible manner (n � 4; Fig. 2D).
Altogether, these results indicate that MC slow oscillations are
not mediated by cell intrinsic dynamics, but are dependent on
circuit interactions and rely on glutamatergic transmission, most
likely in the glomerular layer.

Mitral cell slow oscillations are correlated with glomerular
network activity
Bistability of membrane potential associated with UP and
DOWN states, first described in the neocortex during slow wave
sleep or under anesthesia (Steriade et al., 1993), has been shown
to involve coordinated activity of multiple cortical cells in recur-
rently connected networks (Timofeev et al., 2000; Sirota and Buz-
sáki, 2005; Chauvette et al., 2010; Crunelli and Hughes, 2010).
We therefore investigated the possibility that similar network
activity could occur in OB slices. We recorded LFP with an extra-
cellular electrode placed within the glomerulus where the apical
dendrite of a simultaneously recorded MC was located. This was
achieved by the inclusion of SrB in the internal solution of the
patch-clamp pipette used for MC recording, which allowed visu-
alizing the MC dendritic projections (Fig. 3A,D1, left). Like MC
recordings, LFP signals exhibited fluctuations (Fig. 3D, middle)
in the 0.05– 0.5 Hz frequency range (Fig. 3B). These fluctuations
were strongly correlated with the slow oscillations of the MC
membrane potential but in antiphase (r � �0.69 � 0.09, n � 4;
Fig. 3C) and with a short delay (�80 ms, Fig. 3C, inset). Although
the current sources generating the LFP signal in the olfactory
glomeruli are still unclear (Aroniadou-Anderjaska et al., 1999a;
Karnup et al., 2006), these observed LFP variations suggest that
synchronous network activity occurs spontaneously in this ex
vivo OB preparation.

Interestingly, the correlation between LFP and MC mem-
brane potential fluctuations decreased when the LFP was re-
corded in a glomerulus adjacent to the glomerulus where the
recorded MC projected its apical dendrite, and this correlation
was completely abolished for LFP recorded in more distant glom-
eruli (Fig. 3D2). Along these lines, when two extracellular elec-
trodes were placed in the same glomerulus (Fig. 3E1), the
correlation between the two signals was strong and progressively
decreased with distance (and the number of glomeruli) between
the two electrodes (Fig. 3E2,F). These results suggest that in OB
slices, the spontaneous slow oscillations monitored in a given MC
reflect the activity of a local neuronal circuit in the close proxim-
ity of the associated glomerulus, which could act as an indepen-
dent functional unit.

Neuronal activity promotes connexin-formed hemichannel
function in astrocytes
Altogether, the aforementioned observations show that the
spontaneous membrane potential alternations of the MCs in
acute OB slice preparations result from glomerular network
interactions, where the role of astrocytes could be investi-
gated. Glomerular astrocytes have their soma at the border of
the glomerulus and send processes toward the glomerulus
center (Bailey and Shipley, 1993; Chiu and Greer, 1996; Roux
et al., 2011). Their morphology is thus ideally suited to detect
neuronal activity within individual glomeruli, as shown pre-
viously (De Saint Jan and Westbrook, 2005; Roux et al., 2011).
Indeed, we reported that the membrane potential of glomer-
ular astrocytes oscillates in a correlated manner with the LFP
recorded in the same glomerulus (Roux et al., 2011). We also
showed that astroglial Cxs are enriched within glomeruli com-
pared to the extraglomerular region (Roux et al., 2011). Aside
from their implication in gap junctional communication,
these membrane proteins constitute possible candidates for
HC function, allowing exchanges between the intracellular
and extracellular media (Bennett et al., 2003; Giaume et al.,
2013; Chever et al., 2014; Abudara et al., 2015). To test this
possibility, HC activity was assessed in the OB by using EtBr
uptake assays (Giaume et al., 2012). Ethidium bromide fluo-
rescence was measured in GFAP-immunoreactive cells of the
glomerular layer, after postfixation and processing of the slices
(see Materials and Methods). We first observed that a large
part of the EtBr uptake relied on Cx-formed HCs in astrocytes,
as established previously in other preparations (Retamal et al.,
2007; Orellana et al., 2009). Indeed, in a double knock-out
mouse for the two main astroglial Cxs (Cx30 and Cx43), EtBr
fluorescence was divided by two (49.6% of control) compared
to the control condition (Fig. 4A1,A2, B1,B2,D). Another mem-
brane protein family called pannexins (Panxs) has also been
shown to form HCs in astrocyte plasma membranes, at least in
cultured astrocytes (Iglesias et al., 2009; Giaume et al., 2013),
and accordingly, part of the EtBr uptake could be attributed to
Panx channel activity. However, treatment of the slices with
carbenoxolone, a blocker of both Cx-formed and Panx-
formed channels (Giaume et al., 2013), reduced EtBr fluores-
cence to a level similar to the dKO slices (Fig. 4D). This
observation suggests that, unlike Cxs, Panxs make little con-
tribution to EtBr uptake in OB astrocytes.

Because glomerular astrocytes are able to detect spontane-
ous neuronal activity (Roux et al., 2011), the possible impact
of this activity on astroglial HC function was next investigated.
Interestingly, we found that EtBr uptake was strongly reduced
(to 57% of control) when spontaneous neuronal activity was
inhibited by TTX treatment (Fig. 4C1,C2,E). Importantly, this
inhibition was not observed in slices from dKO mice (Fig. 4E),
indicating that Cx HCs are the main targets of this activity-
dependent EtBr uptake. Altogether, these results show that
spontaneous neuronal activity promotes the activation of Cx-
formed HCs in astrocytes.

Astroglial connexins impact mitral cell slow oscillations
Since astroglial Cx HCs are open in an activity-dependent man-
ner in OB slices, we then asked whether they have, in turn, an
impact on neuronal activity. Because the pharmacology of Cx
channels is largely unspecific (Giaume and Theis, 2010), we first
addressed this question using Cx dKO mice in which astrocytes
lack Cx43 and Cx30 expression (Wallraff et al., 2006).
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Patch-clamp recordings showed that MCs in dKO mice also
undergo spontaneous UP and DOWN states (Fig. 5B). Only MCs
with clear UP and DOWN states and allowing long stable record-
ings (�10 min) were included in the analysis (39 of 74 for WT, 38
of 79 for dKO; p � 0.75, Fisher’s exact test). We observed that the
frequency of UP states was similar in both mouse lines (WT,
0.20 � 0.01 Hz, n � 39; dKO, 0.22 � 0.01 Hz, n � 38; p � 0.43;
Fig. 5C), indicating that the frequency of the OB slow oscillations
does not depend on Cx expression in astrocytes. Similarly, no
difference was detected between WT and dKO MCs for UP and
DOWN state durations (Fig. 5D,E): UP states lasted 1662 � 82
ms and 1648 � 133 ms in WT and dKO MCs, respectively;
DOWN state duration was 3694 � 272 ms and 3685 � 279 ms in
WT and dKO MCs, respectively. However, UP state amplitude
was significantly reduced in dKO mice (4.5 � 0.2 mV) compared
to WT mice (6.0 � 0.3 mV; Fig. 5F). Noteworthy, the difference
in UP state amplitude reported here for cells maintained at �60
mV was also observed for cells monitored at their spontaneous
membrane potential, without current injection. Indeed, whereas
membrane potential was not significantly different in WT and

dKO MCs (WT, �52.9 � 0.8 mV, n � 45;
dKO, �52.1 � 0.6 mV, n � 32; p � 0.26,
Mann and Whitney U test), the UP state
amplitude was smaller in dKO MCs (WT,
4.43 � 0.26 mV; dKO, 3.53 � 0.20 mV;
p � 0.01). Interestingly, this reduction in
UP state amplitude in dKO MCs was as-
sociated with a significant reduction
(	36%) of the firing rate during UP states
compared to WT MCs (Fig. 5G). Based on
these observations, we concluded that Cx
expression in astrocytes has an impact on
MC slow oscillations and their spontane-
ous firing rate.

Astroglial hemichannels modulate MC
slow oscillations
Because the use of Cx knock-out animals
does not allow discriminating between
Cx-mediated gap junction channel and
HC functions, we used Gap26, a mimetic
peptide, to specifically target Cx43 HC
function (Chaytor et al., 1997) in OB
slices. This peptide, which presents a se-
quence of amino acids similar to a portion
of the first extracellular loop of Cx43, has
been shown to prevent Cx43 HC opening
in astrocytes (Retamal et al., 2007; Chever
et al., 2014; Abudara et al., 2015) and
Cx43-transfected cells (Desplantez et al.,
2012; Wang et al., 2012). Notably, we con-
ducted short applications of Gap26 (�15
min) to prevent the potential effects on
gap junctional communication that have
been described for longer treatments
(�30 min) (Desplantez et al., 2012). To
mimic the dKO condition regarding HC
function, we intended to block all poten-
tial Cx-formed HCs in astrocytes. Since
there is currently no tool to specifically
block Cx30 HCs, we performed Cx43 HCs
inhibition with Gap26 in OB slices from
Cx30 KO mice (Teubner et al., 2003). In

these conditions, we confirmed by EtBr uptake assays that Gap26
inhibits HC activity in astrocytes, as indicated by a 37% decrease
in EtBr fluorescence in GFAP positive cells (Cx30 KO, 88.1 �
1.9% of control; Cx30 KO 
 Gap26, 64.5 � 2.3% of control; p �
0.001; n � 687 and 308 for control and Gap26 conditions, respec-
tively; two-tailed t test; Fig. 6A1,A2).

We then aimed to determine the effect of Gap26 treatment on
MC slow oscillations. Patch-clamp recordings allowed determin-
ing UP and DOWN state characteristics prior to and after Cx43
HCs blockage in individual Cx30 KO MCs maintained at �60
mV. We observed that Cx43 HC inhibition by Gap26 signifi-
cantly reduces the amplitude of the UP state (Fig. 6B1). Impor-
tantly, the amplitude observed after Gap26 treatment was similar
to the amplitude reported in the dKO (Fig. 6C). In parallel, we
performed the same experiment with dKO MCs to test for poten-
tial unspecific effects of Gap26. In this case, Gap26 treatment had
no detectable effect on dKO MC slow oscillation amplitude (Fig.
6B2,C), demonstrating that the impact of Gap26 on MCs UP state
amplitude requires astroglial Cx expression. The reduction in UP
state amplitude in the Cx30 KO cannot be explained by an in-

dKO

TTX

G
FA

P
Et

B
r

N
is

sl
G

FA
P

Et
B

r
N

is
sl

G
FA

P
Et

B
r

N
is

sl

Control

A1

B1

C1

*

*

*

*
*

A2

B2

C2

D

E

WT
dKO

WT+CBX

%
 o

f c
on

tr
ol

150

100

50

0

***
***

%
 o

f c
on

tr
ol

150

100

50

0

+TTXWT
dKO

+TTX

###

ns***

Figure 4. Spontaneous neuronal activity promotes astroglial connexin-formed hemichannels opening in the olfactory bulb
glomerular layer. Hemichannel activity was assessed by ethidium bromide (red) uptake assays. A1–C2, Astrocytes (asterisks) are
identified by GFAP immunoreactivity (green), and Nissl (blue) is used as a counterstaining. Higher magnifications are shown in the
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conditions are not significantly different.
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crease in Ra over the course of the record-
ing, because we did not observe any
significant correlation between these two
measures (p � 0.46). Moreover, when
comparing the beginning and the end of
the recordings, changes in Ra were not dif-
ferent between Cx30 KO and dKO MCs
(p � 0.64, two-tailed Mann and Whitney
U test), although the reduction in UP state
amplitude was observed only in the Cx30
KO MCs (Fig. 6C). To rule out a potential
effect of the development stage, we di-
vided our Cx30 KO recordings into two
groups depending on the mouse postnatal
age (P14 –P18 and P19 –P25). Since
Gap26 reduced UP state amplitude to a
similar extent in both groups (interaction,
p � 0.99; treatment effect, p � 0.01; age
effect, p � 0.11; repeated-measures two-
way ANOVA), we concluded that within
the P14 –P25 range, the developmental
stage cannot account for differences in the
Gap26 effect. An additional control was
performed using a scrambled peptide: al-
though it was composed of the same
amino acids as Gap26, it did not impact
MC UP state amplitude (5.26 � 0.31 mV
vs 5.13 � 0.14 mV for control and scram-
ble conditions, respectively; two-tailed Wil-
coxon matched-pairs signed rank test, p �
0.88; n � 4). Altogether, these observa-
tions indicate that Cx43 HC activity in-
creases the amplitude of MC UP states.

Connexin 43, but not connexin 30, is
involved in the modulation of MC
slow oscillations
Because the above experiments were
performed in Cx30 KO slices, we could
not exclude that Cx30 HCs and/or Cx30-
mediated gap junction channels are also
involved in the modulation of MC slow
oscillations. To evaluate the respective
contribution of Cx30 and Cx43, we used knock-out mice in
which these Cxs were singly deleted in astrocytes (Teubner et al.,
2003; Theis et al., 2003). We found that the frequency of the UP
states in these mice was similar to that in WT and dKO MCs
(Cx43 KO mice, 0.22 � 0.03 Hz, n � 10; Cx30 KO mice, 0.21 �
0.01 Hz, n � 22). Again, no difference was detected for UP and
DOWN state durations among the tested mouse lines: UP states
lasted 1276 � 169 ms and 1756 � 145 ms in Cx43 KO and Cx30
KO MCs, respectively, whereas DOWN state durations reached
4085 � 885 ms and 3440 � 264 ms in Cx43 KO and Cx30 KO
MCs, respectively. However, whereas UP state amplitude was
not affected by Cx30 deletion (5.8 � 0.3 mV), it was signifi-
cantly reduced in the Cx43 KO, to a similar extent as in the
dKO (Cx43 KO, 4.3 � 0.5 mV; dKO, 4.5 � 0.2 mV; Fig. 6D).
Importantly, we did not observe any difference in Ra for the
MCs recorded in the four different genotypes (one-way
ANOVA, p � 0.47), indicating that disparities in Ra cannot be
accounted for the reported differences in UP state amplitudes.
Based on these observations, we concluded that Cx30 expres-

sion in astrocytes has no impact on the amplitude of MC slow
oscillations. Instead, Cx43, and in particular Cx43 HC func-
tion, plays a crucial role in this phenomenon.

Connexin 43 hemichannel contribution to MC slow
oscillation requires adenosine A1 receptor function
Connexin 43 HCs have been shown to be permeable to several
compounds that have an impact on neuronal activity (Bennett et
al., 2003; Giaume et al., 2013), a major one being ATP (Kang et
al., 2008; Torres et al., 2012; Chever et al., 2014). Based on these
observations, we first tested whether ATP is released through
Cx43 HCs in our conditions. We performed extracellular ATP
dosage with bioluminescence assays on OB slices from Cx30 KO
and dKO mice, with and without Gap26 treatment. Connexin43
HC blockade by Gap26 reduced extracellular ATP levels by
	50% in control Cx30 KO slices, but not in dKO slices, where
both Cxs are lacking (Fig. 7). The reduction of ATP levels induced
by Gap26 in control slices was similar to the reduction induced by
Cx gene deletion (dKO condition). We then investigated whether
Cx43 HC blockade also reduces extracellular ATP levels when
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neuronal spiking is blocked by TTX. TTX treatment itself de-
creased ATP levels compared to control, and the resulting ATP
levels were not significantly different from ATP levels in the
Gap26 condition (control, 39.49 � 4.70 nM ATP/mg protein;
TTX, 28.42 � 5.16 nM ATP/mg protein; Gap26, 17.97 � 4.37 nM

ATP/mg protein; n � 8 independent experiments; repeated mea-
sures one-way ANOVA followed by Newman Keuls post hoc tests,
p � 0.001). This result is consistent with our previous observa-
tion that TTX suppresses HC opening as assessed by EtBr uptake
assays (Fig. 4E). Importantly, we also observed that TTX treat-
ment occludes the suppressing effect of the Gap26 on ATP levels
(21.98 � 5.15 nM ATP/mg protein for TTX
Gap26 condition;
repeated measures two-way ANOVA; interaction, p � 0.04).
These results indicate that ATP release is associated with Cx43
HC activity in OB slices, as shown previously in other brain re-
gions (Kang et al., 2008; Torres et al., 2012; Chever et al., 2014),
and that at least part of the ATP release that relies on Cx43 HC
opening is dependent on neuronal activity.

ATP is rapidly catabolized into adenosine by ectonucleoti-
dases in the extracellular space (within 	200 ms; Dunwiddie et
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al., 1997) and purinergic signaling depends on a delicate balance
between ATP and adenosine (Poskanzer and Yuste, 2011; Lohr et
al., 2014). In the OB, the balance ATP/adenosine is likely in favor
of adenosine since the ecto-5�-nucleotidase, an enzyme respon-
sible for the dephosphorylation of AMP to adenosine (the last
step of ATP conversion to adenosine), is highly expressed in this
region (Langer et al., 2008). Thus, we questioned whether aden-
osine originating from astroglial ATP could be involved in the
modulation of MC UP state amplitude mediated by Cx43 HCs.

Typically, adenosine can activate two main types of receptors,
the A2A and A1 adenosine receptors, which have opposite effects
on neuronal function: in most brain areas, A2A receptor activa-
tion is facilitating, whereas A1 receptor activation suppresses
neuronal activity at the single cell level (Cunha, 2001). Both types
of purinergic receptors are expressed in the OB (Dixon et al.,
1996; Kaelin-Lang et al., 1999). We first tested the impact of A2
receptor activation on UP state amplitude by recording MCs in
the presence of ZM 241385 (10 nM), an antagonist of A2 recep-
tors. This treatment had no effect on MC UP state amplitude
(4.80 � 0.88 mV vs 4.78 � 0.75 mV in control and ZM 241385
conditions, respectively; two-tailed Wilcoxon matched-pairs
signed rank test, p � 0.84; n � 6 for both conditions), ruling out
the involvement of A2 receptors in the modulation of UP states
by Cx43 HCs. In contrast, we found that a blockade of A1 recep-
tors with DPCPX (200 nM) reduced the amplitude of UP states
(7.1 � 0.4 mV, n � 8 vs 4.4 � 0.6 mV, n � 8 for control and
DPCPX conditions, respectively; Fig. 8A,C). This observation
suggests that adenosine, of astroglial and/or neuronal origin, can
increase UP state amplitude via A1 receptor activation.

To test whether adenosine A1 receptor activation is involved
in the modulation of MC UP states via Cx43 HCs, we reiterated
Gap26 experiments in Cx30 KO slices, but in the presence of
DPCPX (Fig. 8A). We found that, in addition to a reducing effect

on UP state amplitude (Fig. 8C), DPCPX completely occludes the
inhibition of MC UP state amplitude associated with Gap26
treatment (Fig. 8A,C), suggesting that A1 receptor activation is
downstream to ATP/adenosine release through Cx43 HCs. Alto-
gether, these observations indicate that astroglial Cx43 HCs con-
trol the level of extracellular ATP and that A1 receptor activation
by its metabolite, adenosine, is a critical step in the modulation of
MC slow oscillations by Cx43 HC activity.

Discussion
Spontaneous slow oscillations persist in OB acute slices, both at
the single cell and network levels, as revealed by UP and DOWN
states in MCs correlated with slow fluctuations in the glomerular
LFPs. We show here that this spontaneous neuronal activity
promotes the opening of Cx43 HCs in astrocytes. We further
demonstrate that in turn, astroglial Cx43 HC activity controls
extracellular ATP levels and impacts the amplitude of MC UP
states via A1 receptor activation. Our results uncover a neuroglial
dialog, where Cx43 HC function in astrocytes is both a target and
a modulator of neuronal network function in the OB.

Astroglial connexin hemichannels, both targets and actors in
neuroglial interactions
Hemichannel activity in astroglia has been described previously
in pathological (Contreras et al., 2003; Retamal et al., 2007; Orel-
lana et al., 2009; Abudara et al., 2015) and, more recently, in
physiological conditions (Stehberg et al., 2012; Torres et al., 2012;
Chever et al., 2014). Our results extend this knowledge by show-
ing that HC opening in astrocytes, as well as their impact on
extracellular ATP levels, depends on neuronal activity (Fig. 4E).
The mechanism by which spontaneous neuronal activity pro-
motes astroglial HC function may rely on the local decrease in
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extracellular calcium induced by glutamatergic neuronal func-
tion, as shown in hippocampal slices (Torres et al., 2012).

Our observations indicate that, as opposed to HC function,
gap junction-mediated communication plays a minor role with
respect to the modulation of spontaneous OB slow oscillations.
Indeed, the blockade of Cx43 HC activity per se, by applying
Gap26 in Cx30 KO slices, was sufficient to totally mimic the
reduction in MC UP state amplitude observed in dKO MCs, a
condition where both HC and gap junction channel functions are
disrupted. However, although this result rules out the contribu-
tion of Cx43-mediated gap junctional communication, it does
not exclude a potential role played by Cx30. Interestingly, delet-
ing the Cx30 gene, a condition that abolishes both Cx30 gap
junction channel and HC functions, has no impact on MC UP
state amplitude, suggesting that Cx30 is not involved in the mod-
ulation of MC slow oscillations. Furthermore, although the two
Cxs have a similar contribution to astroglial gap junctional com-
munication in the OB (Roux et al., 2011), Cx43 deletion impacts
MC behavior, whereas Cx30 deletion does not. Finally, although
astrocytes are able to communicate through gap junction chan-
nels in the Cx43 KO (Roux et al., 2011), UP state reduction in
MCs is similar to that in the dKO, where astrocyte gap junctional
communication is disrupted. Altogether, these observations in-
dicate that gap junction channel function is not primarily in-
volved in the modulation of MC UP states, as opposed to Cx43
HC function.

Astrocyte-derived purines modulate slow network dynamics
Our study indicates that the modulation exerted by Cx43 HCs
requires functional adenosine A1 receptors. Indeed, like in other
brain regions (Kang et al., 2008; Torres et al., 2012; Chever et al.,
2014), astrocyte Cx43 HCs in the OB are responsible for ATP
release. Previous data suggest that the conversion of ATP to aden-
osine is prominent in the OB compared to other brain regions
(Langer et al., 2008). This feature suggests that adenosine plays a
major role in the OB circuit function compared to ATP. Al-
though we found that inhibiting Cx43 HC function reduces ex-
tracellular ATP levels, we cannot exclude that adenosine is
directly released via Cx43 HCs, or that activation of Cx43 HCs
induces a chain of cellular events resulting in the release of ATP/
adenosine (Lovatt et al., 2012).

The importance of astrocyte-derived purines in the modula-
tion of slow network rhythms has previously been highlighted in
the neocortex, during sleep following sleep deprivation (Fellin et
al., 2009; Halassa et al., 2009) or inflammatory stress (Nadjar et
al., 2013), and in an ex vivo model of slow oscillations (Poskanzer
and Yuste, 2011). Overall, these studies strongly suggest a role for
astrocyte calcium-dependent vesicular release in the modulation
of neocortical slow oscillations. Our study highlights an addi-
tional pathway that also involves astrocyte-derived purines, but
relies on Cx43 HC-mediated gliotransmission and impacts slow
oscillation amplitude: treatment with an A1 receptor antagonist
reduces the amplitude of MC UP states per se, and blockade of
Cx43 HCs has no effect when A1 receptors are inhibited. Alto-
gether, these results indicate that although ATP/adenosine can
also be released by neurons and other cell types (Brambilla et al.,
2005; Lovatt et al., 2012; Lohr et al., 2014), astrocyte-derived
adenosine is involved in slow oscillatory patterns in different
neuronal circuits.

UP/DOWN states are driven by complex network interac-
tions. Explaining the impact of adenosine receptors on such in-
teractions by extrapolating the already known functions of
adenosine receptors at the synaptic level is extremely difficult.

Nonetheless, since A1 is facilitating and A2 suppressing, one may
hypothesize that the enhancement of UP states by adenosine is
due to the facilitating A2 receptor activation or via the A1-
receptor mediated suppression of inhibitory interneuron func-
tion (disinhibition; Ulrich and Huguenard, 1995; Oliet and
Poulain, 1999; Morairty et al., 2004). Our results indicate that
A1-mediated disinhibition is most likely, although we cannot
rule out a direct enhancement of the excitatory transmission by
A1 receptor activation.

Mechanisms of UP state generation in the olfactory bulb
Two different mechanisms have been proposed to explain persis-
tent activities and UP states in different brain areas, including the
OB: one relies on intrinsic membrane properties (Heyward et al.,
2001; Hayar et al., 2004b; Major and Tank, 2004), and the other
involves self-sustained excitation mediated by recurrent activity
and balanced by inhibition (Sanchez-Vives and McCormick,
2000; Shu et al., 2003). The OB circuit seems perfectly adapted to
the second model: MCs associated with individual glomeruli
form recurrent networks via dendrodendritic interactions and
Cx36-based gap junctions (Isaacson, 1999; Schoppa and West-
brook, 2001; Urban and Sakmann, 2002; Christie et al., 2005;
Christie and Westbrook, 2006), modulated by inhibitory inputs
located in both the glomerular and the deeper layers (Lledo et al.,
2005; Fukunaga et al., 2014). Our results argue in favor of a
network-mediated mechanism, with a critical role for glomerular
layer interactions: the frequency and amplitude of MC slow os-
cillations are not correlated with their membrane potential (Fig.
2A,B), which rules out a role played by MC intrinsic membrane
properties, and the blockade of glutamatergic transmission in-
hibits MC UP state generation (Fig. 2D). While these observa-
tions point toward a network-generated process, our data are also
compatible with a combination of the two aforementioned mod-
els (i.e., single cell and network mechanisms). Indeed, tufted cells
are able to drive the glomerular circuit (Hayar et al., 2004a; De
Saint Jan et al., 2009), and unlike MCs, they show spontaneous
depolarizations in the slow frequency range, dependent on in-
trinsic membrane properties (Hayar et al., 2004b). Tufted cells
intrinsic properties could thus generate the oscillation that drives
the MC recurrent network in the slow oscillatory mode.

Intrinsic slow oscillations in olfactory bulb circuits:
implications for sensory processing
In vivo, OB slow oscillations are thought to mainly result from the
phasic inputs related to the respiratory cycle (Macrides and Cho-
rover, 1972; Cang and Isaacson, 2003). However, the persistence
in the OB of slow oscillatory activities in acute slices (present
study; Carlson et al., 2000; Puopolo and Belluzzi, 2001; Schoppa
and Westbrook, 2001, 2002; Christie et al., 2005; Christie and
Westbrook, 2006; De Saint Jan and Westbrook, 2007; De Saint
Jan et al., 2009) or in vivo after tracheotomy (Ravel and Pager,
1990; Fontanini et al., 2003), pharmacological blockade of the
sensory input (Stakic et al., 2011), or uncoupling from the respi-
ratory cycle (Grosmaitre et al., 2007) suggests that slow rhythmic
activity is also intrinsic to OB circuits. In vivo, such intrinsic slow
oscillations are likely entrained by rhythmic external stimuli that
exhibit overlapping frequencies (Schoppa and Westbrook, 2001;
Hayar et al., 2004b). Along these lines, transitions from UP to
DOWN states can be triggered by external auditory stimuli in the
auditory cortex under anesthesia (Gao et al., 2009). Such a strat-
egy (“synchronization of pulse-coupled biological oscillators”;
Mirollo and Strogatz, 1990) is known to optimize energy costs for
the generation of oscillatory activity (Buzsaki, 2006).
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In the OB, we found that the reduced MC UP state amplitude
in mice lacking both astroglial Cxs is associated with lower UP
state firing rates compared to WT MCs. In vivo, the amplitude of
the depolarization during UP states could play a critical role in
controlling the gain of sensory responses (Castro-Alamancos,
2009): by bringing excitatory inputs closer to the firing threshold,
UP states could increase the probability of olfactory sensory in-
puts to evoke a spike in the target MCs (but see Reig et al., 2015).
Therefore, when astroglial Cx43 HCs are active, MC responses to
weak stimuli may be facilitated, as well as the transmission of
information to downstream areas.

Taken as a whole, this study shows that OB astrocytes, via
activity-dependent Cx43 HC function, are able to modulate MC
UP state amplitude. The bidirectional interaction between astro-
cytes and neuronal circuits described herein may be crucial in
determining the gain of olfactory inputs and thus contribute to
olfactory information processing.
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nels in astrocytes: how to study their properties. Methods Mol Biol 814:
283–303. CrossRef Medline
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