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Astrocytes interact dynamically with neurons by modifying synaptic activity and plasticity. 33 
This interplay occurs through a process named gliotransmission, meaning that neuroactive 34 
molecules are released by astrocytes. Acting as a gliotransmitter, D-serine co-agonist of the 35 
NMDA receptor at the glycine binding site, can be released by astrocytes in a calcium [Ca2+]i-36 
dependent manner. A typical feature of astrocytes is their high expression level of connexin43 37 
(Cx43), a protein forming gap junction channels and hemichannels associated with dynamic 38 
neuroglial interactions. Pharmacological and genetic inhibition of Cx43 hemichannel activity 39 
reduced the amplitude of NMDA EPSCs in mouse layer 5 prefrontal cortex pyramidal 40 
neurons, without affecting AMPA EPSCs currents. This reduction of NMDA EPSCs was 41 
rescued by addition of D-serine in the extracellular medium. Long-term potentiation of 42 
NMDA and AMPA EPSCs after high frequency stimulation was reduced by prior inhibition 43 
of Cx43 hemichannel activity. Inactivation of D-serine synthesis within the astroglial network 44 
resulted in the reduction of NMDA EPSCs that was rescued by adding extracellular D-serine. 45 
We showed that the activity of Cx43 hemichannels recorded in cultured astrocytes was 46 
[Ca2+]i-dependent. Accordingly, in acute cortical slices clamping [Ca2+]i at a low level in 47 
astroglial network resulted in an inhibition of NMDA EPSCs potentiation that was rescued by 48 
adding extracellular D-serine. This work demonstrates that astroglial Cx43 hemichannel 49 
activity is associated with D-serine release. This process, occurring by direct permeation of 50 
D-serine through hemichannels or indirectly by Ca2+ entry and activation of other [Ca2+]i-51 
dependent mechanisms, results in the modulation of synaptic activity and plasticity. 52 

 53 
  54 
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Significance statement 55 
We recorded neuronal glutamatergic (NMDA and AMPA) responses in prefrontal cortex 56 
neurons and used pharmacological as well as genetic interventions to block connexin-57 
mediated hemichannel activity specifically in a glial cell population. For the first time in 58 
astrocytes we demonstrated that hemichannel activity depends on the intracellular calcium 59 
concentration and is associated with D-serine release. Blocking hemichannel activity reduced 60 
the long-term potentiation of these excitatory synaptic currents triggered by high frequency 61 
stimulation. These observations may be particularly relevant in the prefrontal cortex where D-62 
serine and its converting enzyme are highly expressed. 63 
  64 
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Introduction 65 
An important step in establishing the occurrence of dynamic neuroglial interactions has been 66 
the demonstration that glial cells can deliver neuroactive molecules, termed “gliotransmitters” 67 
impacting neurotransmission (Kettenmann and Zorec, 2013). These include neurotransmitters 68 
(ATP, glutamate), eicosanoids, lactate, and the cytokine tumor necrosis factor  that can be 69 
released from astrocytes through several pathways. D-serine is another interesting 70 
gliotransmitter which is also released by astrocytes (Martineau et al., 2008) and acts as a 71 
agonist at the glycine site of NMDARs in neurons (Martineau et al., 2006; Wolosker, 2007), 72 
playing important roles in glutamatergic transmission and synaptic plasticity (Mothet et al., 73 
2005; Panatier et al., 2006; Fossat et al., 2012; Papouin et al., 2012). Interestingly, memory 74 
processes rely on the capacity to express functional plasticity, notably long-lasting changes in 75 
synaptic strength driven by NMDAR activation (Morris, 2013), and it has been shown that D-76 
serine release from astrocytes, dependent on their intracellular calcium concentration [Ca2+]i, 77 
regulates long term potentiation (LTP) in hippocampus (Henneberger et al., 2010). Initially, in 78 
vitro and immunohistochemical studies suggested that serine-racemase, the L- to D-serine 79 
converting enzyme, was found only in astrocytes which were therefore considered as the main 80 
source of D-serine in the brain (Schell et al., 1995; Wolosker et al., 1999). However, more 81 
recent studies indicate a neuronal expression of serine racemase (Miya et al., 2008; Ding et 82 
al., 2011; Ehmsen et al., 2013; Wolosker et al., 2016). So, it is now accepted that both cell 83 
types produce and use D-serine as a key signaling molecule (see Martineau et al., 2014). 84 
 85 
It has been suggested that alterations in the extracellular D-serine level leads to neurological 86 
and psychiatric disorders (see Martineau et al., 2014). In this context, the prefrontal cortex 87 
(PFC) is thought to be involved in the physiopathological development of schizophrenia since 88 
a hypofunction of the PFC (Tan et al., 2007) and an altered glutamatergic transmission have 89 
been observed in subjects with schizophrenia (Lewis et al., 2003; Poels et al., 2014). So far, 90 
deficits in glutamatergic transmission have been considered to be mostly of neuronal origin. 91 
However, recent studies suggest that astrocytes could also contribute to the control of 92 
glutamatergic synaptic transmission (Bernardinelli et al., 2014). D-serine has been showed to 93 
be released by astrocytes following [Ca2+]i-dependent vesicular fusion of either large (Kang et 94 
al., 2013) or small synaptic-like vesicles (Bezzi et al., 2004; Martineau et al., 2008; 2013) but 95 
it is not excluded that alternative non-vesicular pathways may be involved. One such 96 
mechanism consists of the opening of connexin (Cx) hemichannels, which may also 97 
contribute to D-serine release either directly as a pathway for diffusion or indirectly by 98 
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facilitating Ca2+ entry that subsequently activates other [Ca2+]i-dependent D-serine release 99 
mechanisms. Indeed, in the brain, astrocytes express a large amount of these gap junction 100 
proteins (Giaume et al., 2013). Interestingly, connexin 43 (Cx43) hemichannel activity has 101 
already been associated with the release of gliotransmitters, such as glutamate and ATP (Ye et 102 
al., 2003; Kang et al., 2008; Stehberg et al., 2012) leading to the modulation of synaptic 103 
transmission in hippocampus (Chever et al., 2014; Abudara et al., 2015) and olfactory bulb 104 
(Roux et al., 2015). 105 
 106 
In the present study, we investigated whether Cx43 hemichannel activity is associated with D-107 
serine release by PFC astrocytes and thus affects neuroglial interaction and synaptic plasticity. 108 
For this purpose, we recorded NMDA and AMPA EPSCs in pyramidal neurons and used 109 
pharmacological as well as genetic interventions to suppress Cx43 hemichannel activity in 110 
astrocytes. We were able to show that the [Ca2+]i- and serine racemase-dependent release of 111 
D-serine from astrocytes affected NMDA EPSCs. The latter were decreased by preventing 112 
Cx43 hemichannel activity in astrocytes and were rescued by addition of extracellular D-113 
serine. While the intimate release mechanism from astrocytes was not a focus of our 114 
investigation, we showed that inhibition of Cx43 hemichannel activity impacted synaptic 115 
plasticity since it reduced long-term potentiation of NMDA and AMPA EPSCs triggered by 116 
high frequency stimulation. 117 
 118 
 119 120 
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Materials and Methods 121 
All experiments were performed according to the European Community Council Directives of 122 
January first 2013 (2010/63/EU) and followed the Institut National de la Santé et de la 123 
Recherche Médicale (INSERM) guidelines for ethical treatment of animals. Experiments 124 
were also done in accordance with institutional French (Comité Opérationnel pour l'Ethique 125 
dans les Sciences de la Vie du Centre National de la Recherche Scientifique, CNRS) and 126 
international (NIH guidelines) standards as well as legal regulations (Ministère de 127 
l'Agriculture et de la Pêche) for the use and care of animals. Along this work all efforts were 128 
made to minimize the number of animals used and their suffering. 129 
Animals 130 
Wild type and transgenic hGFAP-eGFP mice with astrocytes expressing the enhanced green 131 
fluorescent protein (eGFP) under the control of a human glial fibrillary acidic protein (GFAP) 132 
promoter (Nolte et al., 2001) were used as controls. To assess astroglial Cx functions, we used 133 
the Cx43fl/fl:GFAP-cre (Cx43 KO) mouse line to selectively knock-out Cx43 in astrocytes 134 
(Theis et al., 2003). Mice of either sex were used along this study. 135 
Cell cultures 136 
Astrocytes in culture were prepared from the cortex of newborn C57BL6 mice as previously 137 
described (Même et al., 2006). Briefly, the cortices were dissected, their meninges were 138 
peeled off and the tissue was mechanically dissociated in phosphate buffered saline (PBS) 139 
supplemented with D-glucose (33 mM). Cells were seeded on poly-ornithine coated 100-mm-140 
diameter plastic dishes at a density of 2 x 106 cells/dish in Dulbecco’s modified Eagle's 141 
medium (DMEM), supplemented with penicillin (10 U/ml), streptomycin (10 g/ml, 142 
GIBCO), and 10% fetal calf serum (FCS). When cells had reached confluence, 1 μM of 143 
cytosine-arabinoside was added to the culture medium for 3 days to prevent microglia 144 
proliferation. Medium was changed twice a week and secondary cultures were used after one 145 
week. Secondary astrocyte cultures were obtained by harvesting sub-confluent 1-week-old 146 
primary cultures with trypsin-ethylenediaminetetraacetic acid (EDTA) and plating on poly-147 
ornithine coated 14 mm diameter glass coverslips (1.5 × 105 cells) in the same culture 148 
conditions.  149 
 150 
Measurement of hemichannel activity in cultured astrocytes 151 
Dye uptake in cultured astrocytes  152 
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Ethidium bromide (EtBr, 314 Da) uptake was measured in cultured astrocytes in control 153 
condition, and after treatment with the Ca2+ ionophore ionomycin (1 μM). Cultured astrocytes 154 
were pre-incubated in standard 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 155 
buffer containing (in mM): NaCl (150), KCl (5.4), MgCl2 (1), CaCl2 (2), HEPES (5), and D-156 
glucose (10) (pH was adjusted to 7.4). Cells were maintained either in the standard solution, 157 
or in presence of CBX (50 μM) or Gap26 peptide (100 M) for 5 min, and then exposed to 5 158 
μM EtBr for 10 min at room temperature (RT). Cells were then washed with the same buffer 159 
and fixed with 4% paraformaldehyde in PBS. Fixed cells were examined at 40x with a 160 
confocal laser-scanning microscope (Leica SP5, Wetzlar, Germany). Stacks of 10 consecutive 161 
confocal images taken at 0.5 m intervals were acquired. Six images were captured for each 162 
experimental condition per animal. Images of EtBr uptake were analyzed with Image J 163 
program (NIH software). 164 
 165 
Electrophysiological recordings of hemichannel currents in cultured astrocytes 166 
Secondary astrocyte cultures were harvested by trypsin-EDTA and replated on glass 167 
coverslips for at least 3 h prior to electrophysiological recordings. This treatment yields round 168 
shaped solitary astrocytes for subsequent whole-cell recording experiments. The bath solution 169 
was composed of (in mM): NaCl (130), CsCl (10), MgCl2 (1), CaCl2 (1.8), HEPES (10) (pH 170 
7.4) while the pipette solution was (in mM): CsCl (130), Na-aspartate (10), CaCl2 (0.26), 171 
MgCl2 (1), EGTA (2), tetraethylammonium (TEA)-Cl (7) and HEPES (5) (pH 7.2). Pipette 172 
[Ca2+] was 50 nM as calculated with Webmax software 173 
(http://www.stanford.edu/~cpatton/webmaxcS.htm), the composition of the 200 nM pipette 174 
[Ca2+] solution was calculated with the same software. Single-channel currents were recorded 175 
with an EPC 7 PLUS patch-clamp amplifier (HEKA Electronik, Germany). The holding 176 
potential was -80 mV and pulse duration of voltage steps to various potentials was 15 sec 177 
long. Voltage ramp stimulation ranged from -70 to +70 mV and was applied over a 10 sec 178 
time period. Currents were filtered by a 7-pole Bessel low-pass filter at 1 kHz cut-off 179 
frequency. Data were digitized at 1 kHz using a NI USB-6221 data acquisition device 180 
(National Instruments, TX, U.S.A) and WinWCP acquisition software designed by Dr. J. 181 
Dempster (University of  Strathclyde, U.K.). Hemichannel membrane charge transfer (Qm) 182 
was calculated by integrating the unitary current traces over the duration of the voltage step 183 
as: . 184 
 185 
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Electrophysiology recordings in acute cortical slices 186 
Slice preparation and recording conditions 187 
Mice from postnatal day P21 to P28 mice (P0 being the day of birth) were killed by 188 
decapitation, and the PFC was rapidly dissected in ice-cold oxygenated (95% O2–5% CO2) 189 
solution containing (in mM): NaCl (83), NaHCO3 (26.2), NaH2PO4 (1), KCl (2.5), MgSO4 190 
(3.3), CaCl2 (0.5), sucrose (70), and D-glucose (22), pH 7.3 (osmolarity, 315 mOsm). Coronal 191 
slices (250 μm) were cut in the same solution using a vibratome (Microm HM 650V, Thermo 192 
Fisher, Waltham, CN, U.S.A.), incubated for 30 min at 34°C in the standard artificial 193 
cerebrospinal fluid solution (ACSF) and stored at room temperature until use. All solutions 194 
were perfused continuously and oxygenated with a mixture of 95% O2 and 5% CO2. Slices 195 
were then placed in a submerged recording chamber mounted on an upright microscope 196 
(Zeiss Axioskop FS, Germany) equipped for infrared differential interference contrast 197 
microscopy and epifluorescence. They were perfused continuously with the standard 198 
oxygenated ACSF containing (in mM): NaCl (124), NaHCO3 (26), KCl (3), NaH2PO4 (1.25), 199 
MgCl2 (1.3), CaCl2 (2), and D-glucose (20), pH 7.4 at RT at 2 ml/min. Whole-cell voltage-200 
clamp recordings for pyramidal neurons were performed with borosilicate glass pipettes (3-5 201 
MΩ in bath) containing (in mM): Cs-methylsulfonate (115), HEPES (10), ATP (4), CsCl 202 
(20), GTP (0.4), ethylene glycol tetraacetic acid (EGTA) (10), (adjusted to pH 7.4 with 203 
CsOH; 281 mOsm). Whole-cell voltage-clamp recordings of astrocytes were performed with 204 
borosilicate glass pipettes (6-7 MΩ in bath) containing (in mM): K-gluconate (105), KCl (30), 205 
HEPES (10), phosphocreatine (10), ATP-Mg(4), GTPTris(0.3), and EGTA(0.3), pH 7.4 206 
(adjusted to pH 7.4 with KOH) (290 mOsm). In Ca2+-clamp experiments, 0.45 mM EGTA 207 
and 0.14 mM CaCl2 were added to the control intracellular astrocyte solution to maintain 208 
intracellular free CaCl2 at a steady-state concentration of 50–80 nM (calculation by 209 
WebMaxChelator) (adapted from Henneberger et al., 2010). When required, the currently 210 
most effective serine racemase inhibitor L-erytho-3-hydroxyaspartate (HOAsp) (Wako 211 
Chemicals; Ki = 49 μM) was added to the astrocyte intracellular solution (Strisovsky et al., 212 
2005). Whole-cell currents were recorded with a MultiClamp 700B amplifier (Molecular 213 
Devices, Sunnyvale, CA, U.S.A.), sampled with a Digidata 1322A Interface (10 kHz 214 
sampling, 2 kHz filtering), and the analysis was performed with the pClamp9 software 215 
(Molecular Devices). Series resistances were compensated at 80% for pyramidal cells and 216 
astrocytes. Input resistance was measured in voltage-clamp mode by applying hyperpolarizing 217 
voltage pulses (-10 mV, 150 ms) from a holding potential of -60 mV for pyramidal neurons 218 
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and from a holding potential of -80 mV for astrocytes. Only pyramidal neurons with a resting 219 
membrane potential more negative than -55 mV and astrocytes with a resting membrane 220 
potential more negative than -75 mV were kept for further analysis. Access resistance of the 221 
recording pipette was tested at the beginning and the end of each experiment, all recordings 222 
with an access resistance (Ra) > 25 MΩ or more than 20% change between the beginning and 223 
the end of the experiment were excluded from analysis. Electrical stimuli (1-10 μA, 0.2 ms 224 
duration) were delivered (ISO-Flex A.M.P.I., Jerusalem, Israel) extracellularly in layer 2-3 225 
using 1 MΩ glass electrodes filled with the external solution described above. The stimulation 226 
intensity corresponded to 50% of the maximum response. For analysis at least five 227 
consecutive traces were averaged. 228 
 229 
Dye coupling experiments in astrocytes 230 
Cells were identified as astrocytes based first on their morphology and second on 231 
electrophysiological properties (see above). The pipette (3-8 M ) solution contained (in 232 
mM): K-Gluconate (105), KCl (30), Hepes (10), Phospho-Creatine Tris (10), ATP-Mg2+ (4), 233 
GTP-Tris (0.3), EGTA (0.3) (adjusted to pH 7.4 with KOH) and sulforhodamine B (1 mg/ml; 234 
559 Da; Molecular Probes, Eugene OR, USA). Input resistance (Rin) was measured in 235 
voltage-clamp mode by applying hyperpolarizing voltage pulses (10 mV, 150 msec) from a 236 
holding potential of -80 mV. To assess the level of gap junction coupling, sulforhodamine B 237 
was added to the pipette solution before each experiment. Recorded cells were loaded 238 
passively with the dye for 10 min in current-clamp mode. The duration of the whole-cell 239 
recording was kept constant to allow comparison among experiments. Intercellular diffusion 240 
of sulforhodamine B was captured thereafter with the CCD camera (Pixelfly QE, The Cook 241 
Corporation, Romulus, Michigan, USA) on different focal planes and the number of 242 
surforhodamine B positive cells (i.e. cells dye coupled to the recorded astrocyte) was 243 
determined using Image J software (see Liu et al., 2013).  244 
 245 
Recording of NMDA and AMPA synaptic currents in pyramidal neurons 246 
NMDA EPSCs were recorded in response to electrical stimulation of layer 2-3 after blockade 247 
of GABAA receptors by picrotoxin (100 μM) and AMPA receptors by NBQX (10 μM) at a 248 
holding potential of +40 mV. The NMDA EPSCs were abolished by the bath application of 249 
(2R)-amino-5-phosphonovaleric acid (D/L-AP5, 50 μM), a NMDAR blocker (Fig. 2A1). 250 
AMPA EPSCs evoked by layer 2-3 electrical stimulation were also recorded at a holding 251 
potential of -70mV in presence of picrotoxin (100 μM), a GABAA receptor blocker, and D/L-252 
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AP5 (50 μM) to block NMDA EPSCs. The AMPA EPSCs were abolished by bath application 253 
of 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX, 10 μM), a 254 
selective blocker of AMPARs (not shown). The AMPA/NMDA ratio was measured in the 255 
same cell in the presence of picrotoxin but in the absence of NBQX. 256 
 257 
Plasticity induction protocol 258 
Following a control period (15 min), a high frequency stimulation (HFS) protocol was elicited 259 
in the layer 2-3 of the prefrontal cortex with theta-burst stimulation (three trains of 13 bursts 260 
applied at 5 Hz frequency, each burst containing four pulses at 100 Hz, for a total duration of 261 
2 min). Then, recording of current responses in pyramidal neurons were performed after the 262 
end of the HFS protocol in order to be compared to the control recording. The mean 263 
amplitude of NMDA and AMPA EPSCs was measured 30 min after HFS protocol induction. 264 
 265 
Confocal imaging of prefrontal cortex acute slices 266 
After loading pyramidal cell in layer 5 with biocytin (1 mg/ml; Sigma) in the PFC, acute slice 267 
was fixed in 4% PFA overnight at 4°C. Fixed PFC slices from 1 month old hGFAP-eGFP 268 
mice were examined with a confocal laser scanning microscope SP5 (Leica,Wetzlar, 269 
Germany). To visualize the entire length of a pyramidal cell from layer 5 loaded with biocytin 270 
(1 mg/ml; Sigma) revealed by Alexafluor 555-conjugated steptavidin, 5 images covering layer 271 
1 to 5 of the PFC were captured with a 20x objective. Stacks of 30 consecutive confocal 272 
optical sections at 1μm intervals were acquired sequentially (with two lasers 488 nm and 560 273 
nm) and Z projections were reconstructed using a Leica confocal software. Then one image 274 
was reconstructed using the photomerge function of Adobe Photoshop software. To visualize 275 
the morphology of one astrocyte expressing eGFP, stack of 30 optical sections taken at 0.5 276 
μm intervals were acquired with a 63x objective and Z projection reconstructed.  277 
 278 
Drugs and peptides 279 
The following drugs were used in this study: the mimetic peptide Gap26 (amino acid 280 
sequence VCYDKSFPISHVR; purity, >95%; 300 μg/ml, i.e. 200μM from Thermo Fisher 281 
Scientific, Villebon-sur-Yvette, France) and a scrambled peptide containing the same amino 282 
acids as the Gap26 (amino acid sequence PSFDSRHCIVKYV; purity, >95%; 300 μg/ml, 283 
200μM; from Thermo Fisher Scientific). To avoid peptide degradation, peptides were diluted 284 
in oxygenated ACSF 2 min before application on the slices. To test the impact on Cx43 285 
hemichannel function, analysis was performed within the first 10-15 min of recording after 286 
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peptide exposure, except for LTP experiments. All chemicals used for electrophysiology 287 
experiments were obtained from Sigma-Aldrich (St Louis, MO, U.S.A.) except D/L-AP5, 288 
NBQX, Ro 25-6981 maleate, D-serine, 7-chlorokynurenic acid that were purchased from 289 
R&D Systems (Mineapolis, MN, U.S.A.). 290 
Statistical analysis 291 
For each data group, results are expressed as mean ± SEM and n refers to the number of 292 
independent experiments. Unpaired one-tailed student test was used. Differences are 293 
considered significant at *P < 0.05, **P < 0.01 and ***P < 0.001. GraphPad Prism 5 software 294 
(GraphPad Software, La Jolla, CA, USA) was used for calculations. One-way variance 295 
analysis on ranks with Dunn’s post-test was used for multiple comparisons in the bar charts of 296 
Fig. 5E and F. 297 
  298 
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Results 299 
Connexin 43 hemichannel activity in astrocytes impacts NMDAR-mediated synaptic 300 
currents recorded from pyramidal neurons in prefrontal cortical slices 301 
The involvement of Cx43 hemichannels in the modulation of glutamatergic synaptic currents 302 
was investigated in PFC layer 5 pyramidal cells (L5PCs) in response to layer 2/3 stimulation 303 
(Fig. 1A-C). For this purpose, we first used the mimetic peptide Gap26 (Chaytor et al., 1997) 304 
to specifically reduce Cx43 hemichannel function in astrocytes (see Giaume et al., 2013) from 305 
ex vivo PFC slice preparation. This mimetic peptide contains an amino acid sequence found in 306 
the first extracellular loop of Cx43 and its interaction with Cx43 prevents hemichannel 307 
opening in astrocytes as previously shown by dye uptake assays (Retamal et al., 2007; Chever 308 
et al., 2014; Abudara et al., 2015) and electrophysiological recording of Cx43-transfected 309 
cells (Desplantez et al., 2012; Wang et al., 2012). At two weeks of age, Cx43 is expressed 310 
neither by neurons (Nagy and Rash, 2000; Genoud et al., 2015), microglial cells, nor by cells 311 
of the oligodendroglial lineage (Nagy and Rash, 2000), therefore the application of Gap26 is 312 
expected to target selectively hemichannels in astrocytes. We first looked at glutamatergic 313 
postsynaptic responses triggered by layer 2/3 stimulation and isolated excitatory AMPA and 314 
NMDA currents by recording them at two holding potentials -70 and +40 mV, respectively, in 315 
presence of picrotoxin (Fig. 2A1 and A2). In such conditions, we observed that the acute 316 
application of Gap26 (200 μM) had no effect on the AMPA EPSC amplitude (P > 0,05, t-test, 317 
n=7) (Fig. 2A2 and B1). In contrast, the average NMDA EPSC amplitude was significantly 318 
reduced by Gap26 (22 ± 3 %, P< 0.05, t-test, n=7) (Fig. 2A2, B2 and C), leading to a 319 
significant increase of the AMPA/NMDA ratio (24 ± 4 %; P < 0.05, t-test, n=7). Control 320 
experiments using the scrambled Gap26 peptide (200 μM), showed no effect on the 321 
AMPA/NMDA ratio (P > 0.05, t-test, n=7). Finally, we found that the AMPA/NMDA ratio 322 
was also significantly higher in wild type than in Cx43fl/fl:GFAP-cre (Cx43 KO) cortical 323 
slices (22 ± 3 %; P < 0.05, t-test, n=7) (Fig. 2D). Altogether these observations indicate that 324 
Cx43 hemichannel activity in astrocytes affects glutamatergic transmission by reducing 325 
specifically NMDA synaptic currents in L5PCs of the PFC. 326 
 327 
NMDA synaptic currents are modulated by D-serine release associated with Cx43 HC 328 
activity in astrocytes 329 
We next aimed at determining whether the reduction in NMDA currents due to Cx43 330 
hemichannel activity was linked to gliotransmission. Indeed, since i) Gap26 did not affect 331 
AMPA currents while NMDA current were reduced and ii) astrocytes represent a potential 332 
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source for D-serine (Gundersen et al. 2015), we hypothesize that Cx43 hemichannel activity 333 
may be involved in the process of D-serine release by astrocytes. Firstly, the NMDA nature of 334 
currents recorded at +40 mV was confirmed by its complete blockade (95 ± 4%; n=7, t test, P 335 
< 0.001) in presence of D/L-AP5 (50 μM), a NMDAR blocker (Fig. 3A1 and B). Secondly, 336 
we tested the effect of several concentrations of D-serine on NMDA EPSCs in presence of 337 
Gap26 (Fig. 3B). In this set of experiments, we observed as indicated above that bath 338 
application of Gap26 (200 μM) induced a significant decrease of NMDA EPSCs (23 ± 3 % of 339 
control; P < 0.05, t-test, n=9). This inhibition was not rescued by 5 M D-serine (P > 0.05, t-340 
test, n=7), while 10 and 100 μM D-serine were found to reverse the effect of Gap26 (P < 341 
0.05, t-test, n= 6 and 7, respectively) (Fig. 3A2 and B). As a whole, these results suggest that 342 
D-serine release is correlated to Cx43 hemichannel activity in astrocytes and thus contributes 343 
to modulate NMDA EPSCs in L5PCs of the PFC. 344 
 345 
Connexin43 hemichannel activity is controlled by intracellular Ca2+ concentration in 346 
cultured astrocytes 347 
Calcium signaling in astrocytes involves complex pathways that participate in neuroglial 348 
interaction dynamics (see Scemes and Giaume, 2006; Khakh and McCarthy, 2015; Bazargani 349 
and Attwell, 2016). Connexin43 hemichannels have been demonstrated to open with a modest 350 
increase of the intracellular Ca2+ concentration ([Ca2+]i); upon further increasing [Ca2+]i (>500 351 
nM), the channels close again, resulting in a bell-shaped “convex-up” response curve (De 352 
Vuyst et al., 2009; Wang et al., 2012; Bol et al., 2016). Most of these properties were however 353 
obtained from cell expression systems or cardiomyocytes; here we determined whether 354 
astroglial Cx43 hemichannels could also be activated by [Ca2+]i elevation. We first tested 355 
whether increasing [Ca2+]i activated endogenous Cx43 hemichannels in cultured astrocytes by 356 
using the ethidium bromide (EtBr) uptake assay taken as an index of hemichannel activity 357 
(see Giaume et al., 2012). As illustrated in figure 4, treatment of Fluo-4/AM loaded astrocytes 358 
with ionomycin (1 μM) elicited a rapid increase in [Ca2+]i that reached a plateau after 90 sec 359 
(Fig. 4B). In such condition we observed that EtBr uptake was increased by 102 ± 14% (P < 360 
0.05, One-way ANOVA with Tukey’s test, n=3) in the presence of ionomycin and that EtBr 361 
uptake returned to basal level when either carbenoxolone (CBX, 50 M) or Gap26 (200 M) 362 
were added in presence of ionomycin (Fig. 4A1-A3 and C). These results indicate that an 363 
increase of [Ca2+]i in astrocytes activates Cx43 hemichannels. 364 
 365 
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We next performed patch-clamp experiments on single astrocytes isolated from astrocyte cell 366 
cultures and recorded in whole-cell mode, allowing control of [Ca2+]i by changing the Ca2+ 367 
concentration in the pipette solution. In the control 50 nM [Ca2+]i condition, voltage steps 368 
from a holding potential of -80 mV to a range of potentials up to +50 mV did not trigger any 369 
hemichannel opening activity (Fig. 5A). With [Ca2+]i set to 200 nM, clear current activities 370 
appeared in the traces. Activities were most prominent at +50 mV as observed in other cell 371 
types (Wang et al., 2012). Interestingly, single channel opening events were also observed at 372 
potentials in the -70 to -30 mV range (Fig. 5A). Absence of unitary current activity at 50 nM 373 
[Ca2+]i and its appearance at both negative and positive potentials with 200 nM [Ca2+]i were 374 
also observed when electrical stimulation was done with voltage ramps (Fig. 5B). The 375 
presence of single channel activities at negative and positive voltages allowed us to construct 376 
an I-V plot of unitary current amplitudes, which was characterized by a slope conductance of 377 
230 pS, a typical value for the single channel conductance of Cx43 hemichannels (Fig. 5C). 378 
We next constructed all point histograms of unitary current activities at negative (-70 to -30 379 
mV) and positive potentials (+30 to +50 mV). These graphs (Fig. 5D) demonstrated a single 380 
channel conductance in the range of the slope conductance obtained from the I-V plot (Fig. 381 
5C). Importantly, Gap26 (200 μM) inhibited the unitary current activities at negative and 382 
positive potentials in the traces (Fig. 5A) and in the histograms (Fig. 5D). We further 383 
quantified the inhibitory effect of Gap26 on unitary current activities by calculating the 384 
charge transfer associated with unitary hemichannel opening activity. Such analysis 385 
demonstrated very low hemichannel charge transfer at 50 nM [Ca2+]i, which was significantly 386 
increased at 200 nM [Ca2+]i and was reduced to baseline level by Gap26 for both positive and 387 
negative voltages (Fig. 5E for data at -70 mV and Fig. 5F for +50 mV). The traces of the 388 
voltage ramp experiments shown in Fig. 5B suggest that Gap26 also affects the current with 389 
unresolved unitary components. To check whether such effect is consistent, we verified 390 
whether Gap26 influences the clamping current at a given command voltage. At +50 mV 391 
Gap26 indeed significantly inhibited the clamping current (50 nM [Ca2+]i: 166 ± 37 pA, 200 392 
nM [Ca2+]i: 263 ± 42 pA and 200 nM [Ca2+]i + Gap26: 123 ± 27 pA; n=6; P< 0.05 one-way 393 
ANOVA) while there were no significant differences at -70 mV (50 nM [Ca2+]i: -82.8 ± 33 394 
pA, 200 nM [Ca2+]i: -81.1 ± 20 pA and 200 nM [Ca2+]i + Gap26: -80.9 ± 33 pA; n=6). The 395 
Gap26 effect at +50 mV may result from long hemichannel opening events, which require a 396 
significant increase in the clamping current.  397 
 398 
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Clamp of [Ca2+]i and inhibition of hemichannel activity in astrocytes reduce long-term 399 
potentiation of NMDA and AMPA synaptic currents in the prefrontal cortex 400 
Several studies have pointed out the importance of hippocampal astrocyte [Ca2+]i signaling in 401 
regulating D-serine release and long-term potentation (LTP) (Henneberger et al., 2010; Kang 402 
et al., 2013). However, the implication of astrocyte [Ca2+]i in LTP remains under discussion 403 
(Barzargani and Attwell, 2016). As we have demonstrated that increasing [Ca2+]i activates 404 
Cx43 hemichannels in astrocytes, we decided to test in the PFC whether their activation plays 405 
a role in LTP of NMDAR EPSCs. For this purpose, we recorded NMDAR EPSCs in response 406 
to a high frequency stimulation (HFS) protocol in L5PCs and clamped [Ca2+]i in astrocytes. 407 
To achieve the [Ca2+]i clamp in the astroglial network, we used a previously reported intra-408 
pipette solution with EGTA and 50-80 nM of Ca2+ (Henneberger et al., 2010) and a dual 409 
recording with a L5PC and a neighbor astrocyte from eGFP-hGFAP mice. A recent study (De 410 
Nardo et al., 2015) indicates that, in the mouse at the age studied, PFC layer 2/3 (where the 411 
stimulating electrode was located, see Fig. 1A) provides a major source of excitatory inputs to 412 
layer 5 (where the patched pyramidal neuron and the astrocyte were located, see Fig. 1A), this 413 
presumably concerns the soma and the proximal dendrite of the pyramidal cells. In addition, 414 
the extent of dye coupling (studied with sulforhodamine B) between astrocytes was 53±3 cells 415 
(n=10) after 10 min of whole cell recording (Fig. 1B) and the averaged diameter size of an 416 
astrocyte domain was 58±1 m (n=12) based on measurements of eGFP-positive astrocytes 417 
located in layer 5 (Fig. 1C). Hence, taking into account these features, we considered that 418 
after 30 min of dual recording, the [Ca2+]i clamp in astrocytes was achieved in layer 5 419 
astrocytes that were in the vicinity of L5PC synapses activated by the stimulation of input 420 
coming from layer 2/3. 421 
 422 
High frequency stimulation (HFS) is known to induce important glutamate release and to 423 
potentiate AMPA and NMDA EPSCs (Nicoll and Schmitz, 2005) such that LTP of NMDAR 424 
EPSCs is observed in response to HFS both in the hippocampus (Harney et al., 2006) and in 425 
the PFC (Zhao et al., 2005). First, we separately recorded in voltage-clamp mode NMDA 426 
EPSCs at +40 mV or AMPA EPSCs at -70mV before and after applying a HFS protocol in 427 
layer 2/3 of the PFC (see Materials and Methods). This procedure induced a persistent 428 
potentiation of NMDA and AMPA EPSCs that lasted at least 40 min (Fig. 6 and 7, 429 
respectively). NMDA and AMPA EPSCs were measured 30 min after HFS because it has 430 
been reported that Gap26 starts to have an effect on gap junction communication after 30 min 431 
exposure in HeLa cells (Desplantez et al., 2012) and hours in C6 glioma cells (see Decrock et 432 
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al., 2009). In these conditions, NMDA EPSCs were found to be significantly enhanced (Fig. 433 
6A1, B and C) by 48 ± 5% compared to control before HFS (P< 0.01, t-test, n=7). However, 434 
when the [Ca2+]i-clamp of the astroglial network was performed before the HFS protocol, 435 
potentiation of NMDA EPSCs compared to control before the HFS was not significantly 436 
induced (18 ± 5% of potentiation compared to the LTP control, P> 0.05, t-test, n=7) (Fig. 437 
6A2, B and C). Interestingly, a similar effect was observed when the HFS protocol was 438 
performed in presence of Gap26 (200 M) (21 ± 7% potentiation compared to the LTP 439 
control, P> 0.05, t-test, n=7). Indeed, in the presence of the mimetic peptide, LTP of NMDA 440 
EPSCs was not significantly induced (Fig. 6A2, B and C),. In both cases NMDA currents 441 
were not potentiated by HFS as already reported for LTP in the hippocampus for the [Ca2+]i-442 
clamp condition (Henneberger et al., 2010). Moreover, Gap26 had no additive effect when the 443 
HFS was applied after establishing the [Ca2+]i-clamp in the astroglial network (Fig. 6A3, B 444 
and C) (P> 0.05 compared to the condition of [Ca2+]i-clamp after HFS, t-test, n=8). We also 445 
recorded AMPA EPSCs at a holding potential of -70 mV and found that after HFS they were 446 
also significantly enhanced (Fig. 7A1, B and C) by 44 ± 4% compared to control (P< 0.01, t-447 
test, n=5) and that the change in AMPA EPSCs amplitude was not significant in the presence 448 
of Gap26 (200 M) (22 ± 4% potentiation compared to the LTP control, P > 0.05 compared 449 
to HFS control, t-test, n=5). In addition, AMPA currents were not modified in the presence of 450 
the Gap26 scramble peptide (Fig. 6B and C). Altogether these results indicate that LTP in the 451 
PFC is dependent on astrocyte [Ca2+]i as already reported for LTP in the hippocampus for the 452 
[Ca2+]i-clamp (Henneberger et al., 2010) and on Cx43 hemichannel activity in astrocytes. 453 
Finally, we tested whether a selective [Ca2+]i increase in astrocytes could impact the 454 
amplitude of NMDA EPSCs. For this purpose, we used endothelin-1 whose receptors are 455 
highly expressed in astrocytes and weakly in neurons between postnatal days 1 to 30, 456 
(Anderson et al., 2007) and whose activation triggers a prolonged [Ca2+]i elevation in 457 
astrocytes (Venance et al., 1998; Blomstrand et al., 1999) with no direct action on neuronal 458 
activity (Fiacco et al., 2007; Agulhon et al., 2008). When we applied endothelin-1 (10 nM), 459 
we observed that the averaged amplitude of NMDA EPSCs had a tendency to increase (5 ± 460 
1% compared to control, P > 0.4, t-test, n=5), although not statistically significant (data not 461 
shown). 462 
 463 
D-serine release associated with hemichannel activity in astrocytes modulates the 464 
potentiation of NMDA synaptic currents in the prefrontal cortex 465 
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We investigated whether D-serine release was associated with an increase in hemichannel 466 
activity in astrocytes during the LTP protocol. To determine whether D-serine produced by 467 
astrocytes was involved in the LTP of NMDA EPSCs triggered by HFS, we prevented D-468 
serine synthesis with the serine racemase inhibitor L-erytho-3-hydroxyaspartate (HOAsp) that 469 
has a low molecular weight (148 Da) allowing its passage through gap junction channels and 470 
thus its diffusion within the astroglial network (see also [Ca2+]i clamp above). As a first step, 471 
we performed dual recordings of a L5PC neuron in the PFC with a pipette containing a 472 
standard solution while a nearby astrocyte was patched with a pipette solution containing 473 
HOAsp (400 M). This approach resulted in a reduction of 7 ± 3% (n=7) of the NMDA EPSC 474 
amplitude. In addition, when the LTP was induced by HFS in layer 2/3, the potentiation of 475 
NMDA EPSCs was reduced (Fig. 8). Indeed, in this set of experiments, NMDA EPSCs were 476 
increased after HFS (Fig. 8A1 and B) by 47 ± 5% compared to control (P < 0.01, t-test, n=7). 477 
When HOAsp was infused within the astroglial network prior to HFS, the amplitude of 478 
NMDA currents, measured 30 min after HFS, did not show a significant LTP (15 ± 3% 479 
compared to the LTP control, P > 0.05 compared to HFS control, t-test, n=7) (Fig. 8A2 and 480 
B). Moreover, application of Gap26 did not result in any additive effect on NMDA current 481 
amplitude after HOAsp infusion within the astroglial network (P > 0.05 compared to the 482 
control HOAsp alone after HFS, t-test, n=7). Finally, the effect of HOAsp infusion on the 483 
HFS induced potentiation of NMDA currents was partially rescued by adding D-serine 484 
(100 ) in the extracellular solution (Fig. 8A3 and B). Indeed, in the presence of 485 
extracellular D-serine, HFS induced LTP of NMDA EPSCs (42 ± 2%) was statistically 486 
increased compared to that recorded with HOAsp only (P <0.01, t-test, n=7) and close to the 487 
values recorded in control condition (P >0.05, t-test, n=7). Thus, as a whole, these data point 488 
to a role of astroglial D-serine in the modulation of NMDA-receptors activity that is 489 
associated with Cx43 hemichannel activity. 490 
  491 
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Discussion 492 
In PFC pyramidal neurons, the amplitude of NMDA, but not AMPA, synaptic currents 493 
triggered by the stimulation of layer 2/3 is reduced in presence of Gap26, a mimetic peptide 494 
that blocks Cx43 hemichannel activity. Since in the brain, Cx43 is expressed only in 495 
astrocytes during the third week of mouse life, these inhibitory effects reveal an astrocyte-to-496 
neuron interaction that impacts glutamatergic transmission. Indeed, we show here that Cx43 497 
hemichannel activity is associated with the release of D-serine by astrocytes that acts as 498 
agonist of the glycine site of neuronal NMDAR and contributes to LTP of NMDA and also 499 
AMPA currents following HFS. Our results uncover a neuroglial dialog where a [Ca2+]i-500 
dependent Cx43 hemichannel function in astrocytes is involved in the modulation of neuronal 501 
glutamatergic synaptic activity and plasticity. 502 
 503 
The starting point of the present work is the observation that Gap26 reduced the amplitude of 504 
NMDA EPSCs, while AMPA EPSCs were not affected by this mimetic peptide. This 505 
observation indicates that Gap26 does not affect glutamate release in neurons or uptake in 506 
astrocytes but rather impacts specifically neuronal NMDARs. Gap26, which targets Cx43 507 
(Wang et al., 2012; see also figure 5), is expected to inhibit specifically astrocyte 508 
hemichannels without any direct effect on neurons which do not express Cx43 in 3 week-old 509 
mice, the age at which these experiments were performed. Previous studies showed that 510 
astrocytes are a source of D-serine in the brain (Schell et al., 1995; Wolosker et al., 1999; but 511 
see Wolosker et al., 2016), and that D-serine release from astrocytes is [Ca2+]i-dependent and 512 
at least partially vesicular (Mothet et al., 2005), and that glial D-serine acts on synaptic 513 
NMDARs in PFC (Fossat et al., 2012). Based on these data, we hypothesized that Cx43 514 
hemichannel activity may be involved in the process of D-serine release by astrocytes. This 515 
possibility was corroborated by the fact that application of D-serine prevented the reduction 516 
of NMDA EPSCs by Gap26. This was also confirmed by the fact that Gap26 had no additive 517 
effect on NMDA EPSCs amplitude when a serine racemase inhibitor, HOAsp, was infused 518 
within the astroglial network prior to HFS. Although the specificity of this inhibitor was 519 
questioned (see Wolosker and Mori, 2012), its reported effect on glutamate re-uptake through 520 
transporters can be excluded since NMDA currents were reduced, and not increased, in the 521 
present study. In addition, here HOAsp was introduced within astrocytes, which limits 522 
potential non-specific effects. Thus, hemichannel activity contributes to D-serine release by 523 
astrocytes. However, this does not necessarily mean that Cx43 hemichannels provide the 524 
direct release pathway for a cytosolic pool of D-serine. Indeed, opened hemichannels allow 525 
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for Ca2+ influx (Schalper et al., 2010) that can amplify hemichannel activity (see above) and 526 
can also trigger [Ca2+]i- and SNARE protein-dependent vesicular release of D-serine by 527 
astrocytes (Martineau et al., 2013). However, the dissection of these regulatory pathways goes 528 
beyond the scope of the present study and this hypothesis remains to be investigated. 529 
 530 
Cytoplasmic Ca2+ controls hemichannel activity and previous works have shown that Cx43 531 
hemichannel activity is characterized by a bell-shaped “convex-up” response to changes in 532 
[Ca2+]i, with maximal activity in the 500 nM range and decreasing activities at both higher 533 
and lower [Ca2+]i. These findings were based on ATP release and dye uptake studies in glioma 534 
cell lines and other cell types (De Bock et al., 2012; De Vuyst et al., 2009). Recently, single 535 
channel studies of Cx43 hemichannels confirmed these observations in HeLa cells transfected 536 
with Cx43 (Wang et al., 2012; Bol et al., 2016). Moreover, as Cx hemichannels are permeable 537 
to Ca2+ (Sánchez et al., 2009; 2010; Fiori et al., 2012; Schalper et al., 2010), their dependency 538 
on [Ca2+]i contributes to a [Ca2+]i-induced Ca2+ entry pathway. However, so far, the 539 
information concerning a possible Ca2+-dependence of Cx43 hemichannels was lacking for 540 
astrocytes. Consequently, we investigated the activity of hemichannels in cultured astrocytes 541 
that provide a single cell system where only Cx43, but not Cx30 the other astroglial Cx, is 542 
expressed (Giaume et al., 1991; Koulakoff et al., 2008) and where astrocytes are not coupled 543 
together as they are used at sub-confluence. First, using EtBr uptake assays, we were able to 544 
show that [Ca2+]i increases generated by application of ionomycin activate hemichannels, a 545 
process that was abolished by either CBX or Gap26. Second, single channel patch-clamp 546 
recordings confirmed these observations and demonstrated that an elevation of [Ca2+]i to 200 547 
nM activated Cx43 hemichannels and that Gap26 inhibited them. Interestingly, their activity 548 
was also recorded at very negative potentials similar to the resting potential of astrocytes, as 549 
previously reported for cortical astrocytes treated either with pro-inflammatory cytokines or 550 
the -amyloid peptide (Retamal et al., 2007; Orellana et al., 2011). Based on these 551 
observations, our experiments of Ca2+-clamp performed in acute PFC slices can be interpreted 552 
as a situation in which [Ca2+]i is maintained at a low level, likely around 50-80 nM as 553 
indicated by Henneberger et al. (2010), and hemichannel activity is limited. 554 
 555 
The present study points at an important role of astroglial D-serine in modulating NMDA-556 
receptors activity and hence synaptic plasticity in the PFC in a [Ca2+]i-dependent manner. 557 
This modulation also impacted the LTP of AMPA EPSCs that was reduced in the presence of 558 
Gap26. This statement is in agreement with the previous work of Henneberger et al. (2010) 559 
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who reported a [Ca2+]i-dependent release of D-serine from astrocytes controlling synaptic 560 
plasticity in the hippocampus. Importantly, our study also provides novel evidence implying 561 
Cx43 hemichannels in the D-serine neuroglial dialogue regulating neurotransmission. For 562 
LTP induction, we used a classical theta-burst stimulation protocol, and we clamped [Ca2+]i 563 
close to its basal level. These conditions differ from a recent work in CA1 hippocampal 564 
neurons showing that induction of spike timing-dependent LTP was not affected in presence 565 
of BAPTA in astrocytes or slices incubated with the astrogliotoxin fluoroacetate (Andrade-566 
Talavera et al., 2016). Such discrepancies in the contribution of astrocytes in neuronal 567 
plasticity emphasize the importance of the differences in protocols used to induce synaptic 568 
plasticity, the brain region investigated and the way to control [Ca2+]i changes (BAPTA 569 
versus EGTA+low Ca2+) in astrocytes, which of course involve different cellular and 570 
molecular events that can result or not in the abovementioned neuroglial partnership. 571 
 572 
There is increasing evidence that astrocyte Cxs contribute to neuroglial interactions (see 573 
Giaume et al., 2010; Pannasch and Rouach, 2013). In the double Cx43/Cx30 KO mouse in 574 
which the two major astroglial Cxs are lacking, hippocampal synaptic transmission and 575 
plasticity are impacted due to modification in extracellular homeostasis (Pannasch et al., 576 
2011). Moreover, Cx-mediated intercellular communication provides an astroglial metabolic 577 
pathway that allows the trafficking of energy substrates from the glio-vascular interface to the 578 
synapses and contributes to synaptic activity (Giaume et al., 2010). On the other hand, while 579 
astrocyte hemichannels were initially thought to operate exclusively in inflammatory 580 
situations or in pathological contexts (see Bennett et al., 2012), their contribution was 581 
demonstrated in tanycytes treated with glucose and in Hela cells transfected with various Cxs 582 
treated with FGF-1 (Schalper et al., 2008). Also, when studied in basal condition either in the 583 
hippocampus (Chever et al., 2014) or in the olfactory bulb (Roux et al., 2015), astroglial Cx43 584 
hemichannel activity affects the excitatory synaptic transmission and slow oscillations, 585 
respectively. Interestingly, in both cases ATP/adenosine signaling linked to Cx43 586 
hemichannel activity in astrocytes was responsible for the changes in these neuronal 587 
properties. Moreover, in vivo evidence indicates that gliotransmission linked to Cx43 588 
hemichannels is necessary for fear memory consolidation at the rat basolateral amygdala with 589 
a possible contribution of D-serine (Stehberg et al., 2012). In the present study, we  for the 590 
first time provide evidence that astrocyte Cx43 hemichannels are involved in the acute and 591 
long term modulation of glutamatergic EPSCs through D-serine release by astrocytes of the 592 
PFC. Hence, the contribution of Cx43 hemichannels to gliotransmission would not only be 593 
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mediated by ATP (Kang et al., 2008) and glutamate (Ye et al., 2003; Abudara et al., 2015), 594 
but also by D-serine, showing their key role in the modulation of synaptic function. This may 595 
be particularly relevant in brain structures where D-serine and serine racemase are known to 596 
be present at relatively high concentration, such as in the PFC (Hashimoto et al., 1995; Fossat 597 
et al., 2012). 598 
 599 
 600 
Figure Legends 601 
 602 
Figure 1. A: Illustration of experimental arrangement and astrocyte properties in prefrontal 603 
cortex slices from hGFAP-eGFP mice 604 
One pyramidal cell in layer 5 was loaded with biocytin (red) (1 mg/ml) during whole-cell 605 
recording in PFC acute slices while several astrocytes expressed eGFP (green). Stimulation 606 
electrode was placed in layer 2/3 and dual recording of an astrocyte and a pyramidal cell was 607 
performed in layer 5, the average distance between the stimulating electrode and the soma of 608 
the recorded L5PC was about 300 m. B: Confocal image of a representative eGFP-positive 609 
astrocyte in layer 5 of the PFC. Calibration bars in 100, 100 and 25 μm. C: Dye coupling in 610 
layer 5 of the prefrontal cortex. An eGFP-positive astrocyte was recorded for 10 min in whole 611 
cell configuration with a patch pipette containing sulforhodamide B (1 mg/ml) that diffused in 612 
neighboring cells through gap junction channels. 613 
 614 
Figure 2. Inhibition of Cx43 hemichannel activity in astrocytes impacts NMDA EPSCs in the 615 
prefrontal cortex 616 
A1-A2: EPSCs (averaged from 5 consecutive traces) generated by stimulation in layer 2/3 617 
were recorded, in the presence of picrotoxin (100 M) in pyramidal cells from layer 5 held at 618 
+ 40 mV or -70 mV to isolate NMDA and AMPA EPSCs, respectively (scale bars: 100 pA 619 
and 100 ms). A1: typical NMDA and AMPA EPSCs in control condition. A2: typical NMDA 620 
and AMPA EPSCs in presence of Gap26. B1-B2: Differential effect of Gap26 (200 M) on 621 
the amplitude of AMPA (B1) and NMDA (B2) EPSCs. Note that there was no significant 622 
difference between control and Gap26 for AMPA currents (P > 0.05, t-test, n=7) while the 623 
amplitude of NMDA currents was significantly reduced (P < 0.05, t-test, n=7). C: Mean of 624 
NMDA EPSC amplitude in control condition and in presence of Gap26. D: Quantification of 625 
AMPA/NMDA ratio under the indicated conditions. The AMPA/NMDA ratio was 626 
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significantly increased in Cx43 KO mice (P < 0.05, t-test, n=7), and in presence of Gap26 (P 627 
< 0.05, t-test, n=7) whereas the Gap26 scramble peptide had no effect (P > 0.05, t-test, n=7). 628 
 629 
Figure 3. The modulation of NMDA EPSCs in pyramidal cells by D-serine involves astrocyte 630 
hemichannel activity 631 
A and B: Typical recording of NMDA EPSCs at + 40 mV (scale bars: 100 pA; 100 ms) in 632 
presence of picrotoxin (100 M) and NBQX (10 M). A: NMDA EPSCs (averaged from 5 633 
consecutive traces) were abolished by the NMDAR blocker D/L APV (P < 0.001, t-test, n=7). 634 
B: NMDA EPSCs were significantly decreased in presence of Gap26 (P < 0.05, t-test, n=9) 635 
and this effect was rescued by adding D-serine (100 M) to the extracellular solution. C: 636 
Graph summarizing the relative NMDA EPSC amplitude of the samples shown in A and B 637 
and for several concentration of D-serine in the external solution. Note that the rescue of 638 
Gap26 inhibitory effect became statistically significant for 10 and 100 M D-serine (P < 0.05, 639 
t-test, n=7) 640  641 
Figure 4. Activation of Cx43 hemichannel in cultured cortical astrocytes is Ca2+-dependent 642 
A1-A3: Fluorescent images of EtBr uptake in cultured astrocytes in control condition (CTL), 643 
after treatment with ionomycin (1 M), and after treatment with ionomycin plus 644 
carbenoxolone (CBX, 50 M) scale bar: 5 m. Note that while in control condition the uptake 645 
of EtBr was not observed (A1), it became detected in the presence of the Ca2+ ionophore 646 
ionomycin (1 M) (A2) and was prevented by adding CBX to ionomycin (A3). B: Time-647 
dependent increase in resting [Ca2+]i recorded in astrocytes loaded with Fluo-4/AM and 648 
treated with ionomycin. (Bars represent the mean ± SD, n > 100 astrocytes for the same 649 
experiment). C: Histogram showing EtBr uptake expressed as the mean fluorescence intensity 650 
per astrocyte nucleus in control and after treatment with ionomycin. The increase in EtBr 651 
uptake triggered by ionomycin was blocked by either CBX (50 M) or Gap26 (100 M) (P < 652 
0.05, Student’s t test, n=3 independent cultures). 653 
 654 
Figure 5. Patch-clamp experiments demonstrating Ca2+-activation of Cx43 655 
hemichannels in cortical astrocytes. A: Example traces of unitary current recordings at 50 656 
(left-hand traces) and 200 nM (central traces) [Ca2+]i with voltage steps from -80 mV to the 657 
potentials indicated left (15 s voltage steps). Current activity is apparent at +50 mV but also in 658 
the -70 to -30 mV range (activities shown at larger scale for -50 and -70 mV). Gap26 (200 659 
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μM) clearly inhibited current activities (right-hand traces). B: I-V plot demonstrating 660 
macroscopic current traces obtained from voltage ramp experiments (-70 to +70 mV, 10 s). C: 661 
I-V plot of unitary current amplitudes from voltage step experiments as shown in A, 662 
demonstrating a single channel slope conductance of 230 pS (n = 5). D: All point histograms 663 
constructed from unitary currents at negative (-70 to -30 mV), positive (+30 to +50 mV) and 664 
combined negative/positive voltages. Single channel conductances are indicated above each 665 
peak of the distributions and were determined from the fitted gaussian curves shown in 666 
yellow. Gap26 (red) suppressed all unitary opening events and shifted the activity distribution 667 
to the closed state (data from 5 different experiments). E and F: Average Qm data for voltage 668 
steps to +50 mV (n = 5). Stars indicate significant differences compared to the 50 nM [Ca2+]i 669 
condition; hashtags indicate significant differences compared to the 200 nM [Ca2+]i condition 670 
(one symbol p < 0.05; two symbols p < 0.01). All recordings were obtained from isolated 671 
replated primary culture of astrocytes (see Materials and Methods). 672 
 673 
Figure 6. Long term potentiation of NMDA synaptic currents in pyramidal cells depends on 674 
Cx43 hemichannel activation and [Ca2+]i in astrocytes 675 
Long term potentiation of NMDA synaptic currents in layer 5 was induced by HFS applied in 676 
layer 2/3 (see materials and Methods and figure 1) A1-A3: Typical average (n = 5 consecutive 677 
traces) of NMDA EPSCs recorded at + 40 mV in presence of picrotoxin (100μM) and NBQX 678 
(10 μM) (scale bars: 100 pA, 100 ms). A1: Representative NMDA EPSCs recorded before 679 
(Control) and 30 min after HFS protocol. A2: NMDA EPSCs recorded 30 min after the HFS 680 
protocol and in presence of Gap26 (200 μM). A3: NMDA EPSCs recorded 30 min after the 681 
HFS protocol, and after establishing a Ca2+-clamp in the astroglial network either without or 682 
in presence of Gap26 (200 M) in Ca2+-clamp condition. B: Diagram showing the change 683 
over time in the amplitude of NMDA EPSCs measured before and after HFS protocol in 684 
control (black), in presence of a Ca2+-clamp of the astroglial network (red), and in presence of 685 
Gap26 (blue). C: Histogram showing the relative amplitude of NMDA EPSCs measured 30 686 
min after HFS protocol (P < 0.05, t-test, n=7). The LTP was significantly reduced by either 687 
Ca2+-clamp of the astroglial network, or in presence of Gap26 (P > 0.05, t-test, n=8). Note 688 
that combining Ca2+-clamp and the application of Gap26 has no additive effect (P > 0.05, t-689 
test, n=7). 690 
 691 
Figure 7. Long term potentiation of AMPA synaptic currents in pyramidal cells depends on 692 
Cx43 hemichannel activation in astrocytes 693 
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Long term potentiation of AMPA synaptic currents in layer 5 was induced by HFS applied in 694 
layer 2/3 (see materials and Methods) A1-A2: Typical average (n = 5 consecutive traces) of 695 
AMPA EPSCs recorded at -70 mV in presence of picrotoxin (100μM) (scale bars: 100 pA, 696 
100 ms). A1: Representative AMPA EPSCs recorded before (Control) and 30 min after HFS 697 
protocol. A2: AMPA EPSCs recorded 30 min after the HFS protocol and in presence of 698 
Gap26 (200 μM). B: Diagram showing the change over time in the amplitude of AMPA 699 
EPSCs measured before and after HFS protocol in control (black), in presence of Gap26 700 
(blue) and the scrambled peptide (green). C: Histogram showing the relative amplitude of 701 
AMPA EPSCs 30 min after HFS protocol (P < 0.05, t-test, n=7). The LTP was significantly 702 
reduced by in presence of Gap26 (P > 0.05, t-test, n=8) while the scrambled peptide had no 703 
significant effect (P < 0.05, t-test, n=7). 704  705 
Figure 8. D-serine release by astrocytes requires Cx43 hemichannel activation to induce long 706 
term potentiation of NMDA EPSCs in PFC pyramidal neurons 707 
 A1-A3: Typical average (n = 5 consecutive traces) NMDA EPSCs recorded at + 40 mV in 708 
presence of picrotoxin (100 μM) and NBQX (10μM) (scale bars: 100 pA, 100 ms). A1: 709 
Representative NMDA EPSCs recorded before (Control) and 30 min after HFS protocol. A2: 710 
NMDA EPSCs recorded 30 min after the HFS protocol and after infusion of a serine-711 
racemase inhibitor (HOAsp, 400 M) in the astroglial network. A3: NMDA EPSCs recorded 712 
30 min after the HFS protocol and after infusion of HOAsp in the astroglial network plus D-713 
serine (100 M) in the extracellular solution. C: Summary diagram showing a significant 714 
increase of NMDA EPSC amplitude 30 min after HFS protocol (P < 0.01, t-test, n=7) that is 715 
prevented after infusion of HOAsp in the astroglial network (P > 0.05, t-test, n=7) and 716 
partially rescued by adding D-serine (100 M) in the bath solution (versus HFS P < 0.05, t-717 
test, n=7). 718 
  719 
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