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Abstract  26 

 27 

Activity-related sodium transients induced by glutamate uptake represent a special form of 28 

astrocyte excitability. Astrocytes of the neocortex, as opposed to the hippocampus proper, 29 

also express ionotropic glutamate receptors, which might provide additional sodium influx. 30 

We compared glutamate-related sodium transients in astrocytes and neurons in slices of the 31 

neocortex and hippocampus of juvenile mice of both sexes, employing widefield and 32 

multiphoton imaging. Stimulation of glutamatergic afferents or glutamate application induced 33 

sodium transients that were twice as large in neocortical as in hippocampal astrocytes, despite 34 

similar neuronal responses. Astrocyte sodium transients were reduced by ~50% upon 35 

blocking NMDA receptors in the neocortex, but not hippocampus. Neocortical, but not 36 

hippocampal, astrocytes exhibited marked sodium increases in response to NMDA. These key 37 

differences in sodium signaling were also observed in neonates and in adults. NMDA 38 

application evoked local calcium transients in processes of neocortical astrocytes, which were 39 

dampened upon blocking sodium/calcium exchange (NCX) with KB-R7943 or SEA0400. 40 

Mathematical computation based on our data predict that NMDA-induced sodium increases 41 

drive the NCX into reverse mode, resulting in calcium influx. Taken together, our study 42 

reveals a considerable regional heterogeneity in astrocyte sodium transients, which persists 43 

throughout postnatal development. Neocortical astrocytes respond with much larger sodium 44 

elevations to glutamatergic activity than hippocampal astrocytes. Moreover, neocortical 45 

astrocytes experience NMDA-receptor-mediated sodium influx, which hippocampal 46 

astrocytes lack, and which drives calcium import through reverse NCX. This pathway thereby 47 

links sodium to calcium signaling and represents a new mechanism for the generation of local 48 

calcium influx in neocortical astrocytes.  49 

  50 
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Significance statement: 51 

 52 

Astrocyte calcium signals play a central role in neuron-glia interaction. Moreover, activity-53 

related sodium transients may represent a new form of astrocyte excitability. Here we show 54 

that activation of NMDA receptors results in prominent sodium transients in neocortical, but 55 

not hippocampal, astrocytes in the mouse brain. NMDA receptor activation is accompanied 56 

by local calcium signaling in processes of neocortical astrocytes, which is augmented by 57 

sodium-driven reversal of the sodium/calcium exchanger (NCX). Our data demonstrate a 58 

significant regional heterogeneity in the magnitude and mechanisms of astrocyte sodium 59 

transients. They also suggest a close interrelation between NMDA-receptor-mediated sodium 60 

influx and calcium signaling through the reversal of NCX, thereby establishing a new 61 

pathway for the generation of local calcium signaling in astrocyte processes.   62 
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Introduction  63 

 64 

Calcium signaling is a major and well-established means of intra- and intercellular 65 

communication of astrocytes, and also plays a prominent role in their interaction with neurons 66 

(Araque et al., 2014; Rusakov et al., 2014; Volterra et al., 2014; Shigetomi et al., 2016). 67 

Pathways for the generation of astrocyte calcium transients include activation of mGluR5; 68 

metabotropic glutamate receptors that induce calcium release from intracellular stores 69 

(Panatier and Robitaille, 2016). There is also evidence for calcium influx from the 70 

extracellular space (Rungta et al., 2016), e. g. through TRP channels (Reyes et al., 2013; 71 

Shigetomi et al., 2013; Rakers et al., 2017) or ionotropic transmitter receptors (Palygin et al., 72 

2010), which might be especially relevant for local calcium signaling in processes (Volterra et 73 

al., 2014; Shigetomi et al., 2016).  74 

Moreover, recent work has shown that glutamatergic activity evokes transient sodium 75 

elevations in astrocytes, which may encompass perisynaptic processes, somata and 76 

perivascular endfeet (Rose and Karus, 2013; Kirischuk et al., 2016; Langer et al., 2017). 77 

These activity-related sodium transients relate glutamatergic neuronal activity to astrocyte 78 

metabolism and neuro-metabolic coupling (Attwell et al., 2010; Pellerin and Magistretti, 79 

2012; Chatton et al., 2016). Furthermore, it has been suggested that sodium increases in 80 

astrocyte processes drive the reversal of the sodium/calcium exchanger (NCX) in astrocyte 81 

processes, resulting in local calcium signaling that in turn regulates the mobility of 82 

mitochondria (Jackson et al., 2014; Jackson and Robinson, 2015). Sodium transients may thus 83 

represent a new form of astrocyte excitability (Kirischuk et al., 2012; Rose and Verkhratsky, 84 

2016b). 85 

 The main pathway for the generation of activity-induced sodium transients in 86 

hippocampal astrocytes (Langer and Rose, 2009; Karus et al., 2015) and cerebellar Bergmann 87 

glial cells (Kirischuk et al., 2007; Bennay et al., 2008) is its influx through high-affinity 88 
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glutamate transporters GLAST (glutamate-aspartate transporter) and/or GLT-1 (glutamate 89 

transporter 1). Prominent glutamate transporter-mediated sodium elevations were also 90 

reported from astrocytes in the neocortex (Lamy and Chatton, 2011; Unichenko et al., 2012) 91 

and corpus callosum (Moshrefi-Ravasdjani et al., 2018). Glutamate transporters are widely 92 

expressed by astrocytes throughout the brain (Danbolt, 2001), and this suggests that they 93 

indeed represent the predominant mechanism for generation of astrocyte sodium transients.  94 

Astrocytes, however, exhibit considerable molecular and functional heterogeneity 95 

(Matyash and Kettenmann, 2010; Zhang and Barres, 2010; Oberheim et al., 2012; Khakh and 96 

Sofroniew, 2015; Haim and Rowitch, 2017). Notably, this heterogeneity includes several 97 

sodium influx pathways, which differ between brain areas, as exemplified by differences in 98 

the regional expression of ionotropic glutamate receptors (Rose et al., 2017; Verkhratsky and 99 

Nedergaard, 2018). In the mouse hippocampus proper, no clear evidence for the functional 100 

expression of ionotropic glutamate receptors on astrocytes exists (Matthias et al., 2003). 101 

Cortical astrocytes on the other hand have been shown to express AMPA as well as NMDA 102 

receptors that are activated both by agonist application and by the synaptic release of 103 

glutamate (Schipke et al., 2001; Lalo et al., 2006; Dzamba et al., 2013). Currents through 104 

these receptors are mainly carried by sodium, indicating that they might contribute to activity-105 

induced astrocyte sodium transients in the neocortex (where astrocytes express ionotropic 106 

glutamate receptors) as opposed to the hippocampus (where astrocytes lack significant 107 

glutamate receptor-induced currents).  108 

Here, we compared activity-related sodium transients in astrocytes and neurons within 109 

the visual cortex and the hippocampal CA1 region employing quantitative imaging with the 110 

sodium indicator SBFI (sodium-binding benzofurane isophthalate) in tissue slices of the 111 

mouse brain at different developmental stages. Our results reveal a significant contribution of 112 

sodium influx through NMDA receptors to glutamate-related sodium transients in the 113 

astrocytes of the neocortex, but not the hippocampus, which is maintained throughout 114 
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postnatal development. Furthermore, they show that NMDA-receptor-mediated sodium 115 

increases in neocortical astrocytes prolong the recovery phase of calcium transients in 116 

astrocyte processes by initiating reverse NCX activity. Sodium influx through NMDA 117 

receptors and reverse NCX thereby represents a new, region-specific mechanism for the 118 

generation and modulation of local calcium signaling in astrocytes of the neocortex.  119 
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Materials and Methods 120 

 121 

Ethical approval 122 

The present study was carried out in strict accordance with the institutional guidelines of the 123 

Heinrich Heine University Düsseldorf and the European Community Council Directive 124 

(86/609/EEC). All experiments were communicated to and approved by the Animal Welfare 125 

Office at the Animal Care and Use Facility of the Heinrich Heine University Düsseldorf 126 

(institutional act number: O50/05) in accordance with the recommendations of the European 127 

Commission (Close et al., 1997). 128 

 129 

Tissue dissection and saline composition 130 

Experiments were mainly performed in acute brain slices prepared from Balb/c mice (both 131 

sexes; postnatal days (P) 14-20 (juveniles). In additional sets of experiments, neonates (P2-4) 132 

and adult Balb/c mice (P90-97) were analyzed. Moreover, juvenile mice (P14-20) with a 133 

specific knock-out of GLAST (Slc1a3-/-; GLAST(-/-) animals) (Watase et al., 1998) were 134 

used. In accordance with the recommendations of the European Commission (Close et al., 135 

1997), neonates were killed by decapitation, while older mice were anesthetized with CO2 136 

before the animals were quickly decapitated. Brains were removed and tissue slices (250 μm) 137 

were prepared from the hippocampus (parasagittal) or primary visual cortex (coronal 138 

orientation) in ice-cold (2-4°C), modified ACSF (mACSF). mACSF contained (in mM): 125 139 

NaCl, 2.5 KCl, 0.5 CaCl2, 6 MgCl2, 1.25 NaH2PO4, 26 NaHCO3, and 20 glucose, bubbled 140 

with 95% O2/5% CO2 to result in a pH of 7.3. Afterwards, slices were incubated for 20 141 

minutes at 34°C in mACSF, to which 0.5-1 μM sulforhodamine 101 (SR101) was added for 142 

astrocyte labelling. Subsequently, slices were transferred to ACSF (composition identical to 143 

mACSF except for 2 mM CaCl2 and 1 mM MgCl2) for an additional 10 minutes and then 144 
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transferred to ACSF at room temperature (20-24 °C). Experiments were also performed at 145 

room temperature.  146 

 147 

Ion imaging and electrophysiology 148 

For intracellular sodium imaging, brain slices were dye-loaded by injection of sodium-binding 149 

benzofurane isophthalate acetoxymethyl ester (SBFI-AM; Invitrogen, Karlsruhe, Germany) as 150 

reported previously (Meier et al., 2006). For calcium imaging, the chemical indicator dye 151 

Oregon Green BAPTA-1 acetoxymethyl ester (OGB-AM; Invitrogen, Karlsruhe, Germany) 152 

was employed.  153 

Ratiometric sodium imaging was performed using a digital imaging system (Nikon 154 

NIS-Elements v4.3, Nikon GmbH Europe, Düsseldorf, Germany) attached to an upright 155 

microscope (Zeiss Axioskope; Zeiss, Göttingen, Germany) equipped with 40x/N.A.0.8 water 156 

immersion objective (Olympus Europe, Hamburg, Germany). SBFI was alternately excited at 157 

340 and 380 nm and emission was collected >440 nm from defined regions of interest (ROIs). 158 

Images were taken at a frequency of 1 Hz using an Orca FLASH V2 camera (Hamamatsu 159 

Photonics, Herrsching, Germany). Standard dynamic background correction was performed as 160 

reported previously (Langer and Rose, 2009) and the fluorescence ratio (F340/F380) was 161 

calculated. Further data analysis was performed offline using OriginPro9 Software 162 

(OriginLab Corporation, Northhampton, MA). Changes in SBFI fluorescence ratio were 163 

expressed as changes in sodium concentration based on in situ calibrations as described in 164 

detail previously (Rose and Ransom, 1996; Meier et al., 2006; Langer and Rose, 2009).  165 

 For multiphoton imaging of sodium or calcium, a custom-build laser-scanning system 166 

based on a FluoView300 scan head (Olympus Europe, Hamburg, Germany), coupled to 167 

femtosecond infrared laser (MaiTai; Spectra Physics, Darmstadt, Germany) was used. 168 

Excitation wavelength was 790 nm for SBFI and 810 nm for OGB and images were taken at 169 
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2-3 Hz. Data analysis was performed offline with FluoView 5.0 (Olympus) and OriginPro 9 170 

software.  171 

SBFI fluorescence obtained with multiphoton imaging was analyzed and calibrated as 172 

reported previously (Rose et al., 1999; Gerkau et al., 2017; Ona-Jodar et al., 2017). In brief, a 173 

cell in an acute tissue slice was filled with SBFI by whole-cell patch-clamp, after which the 174 

patch-pipette was carefully retracted and the plasma membrane was allowed to re-seal. Slices 175 

were then superfused with calibration ACSF, containing 10 mM NaCl, 160 mM KCl, 25 mM 176 

HEPES, 2 mM MgSO4, 2 mM CaCl2, 1.25 mM NaH2PO4, and 10 mM glucose, resulting in an 177 

osmolarity of ~300 mOsm. Moreover, the ionophores gramicidin (3 μM), monensin (10 μM) 178 

and the NKA blocker ouabain (100 μM) were added to equilibrate intra- and extracellular 179 

sodium concentrations. Slices were then perfused with calibration ACSFs containing different 180 

other sodium concentrations and resulting changes in SBFI fluorescence were recorded. Data 181 

obtained from individual cells (n=5, N=5) were normalized to the fluorescence levels at 10 182 

mM sodium and plotted versus the actual sodium concentration. A linear fit of the averaged 183 

data between 10 and 50 mM sodium revealed that a 10% change in fluorescence corresponded 184 

to a change in sodium concentration by 13.4 mM in this range.  185 

In situ calibration of OGB fluorescence was performed following procedures 186 

employed previously, assuming a Kd of 210 nM (Haack et al., 2014); (Maravall et al., 2000; 187 

Yasuda et al., 2004). In brief, fluorescence emission was recorded from OGB-loaded cell 188 

bodies in standard ACSF to obtain a baseline. Subsequently, slices were calcium-depleted by 189 

perfusion with nominally calcium-free calibration saline containing (in mM): 130 NaCl, 2.5 190 

KCl, 3MgCl2, 1.25 NaH2PO4, 26 NaHCO3, 20 glucose; bubbled with 95% O2/5% CO2. 191 

Additionally, calibration salines contained the calcium ionophore ionomycin (5 μM), CPA 192 

(cyclopiazonic acid; 10 μM), an inhibitor of the sarcoplasmic/endoplasmic reticulum calcium-193 

ATPase (SERCA), as well as EGTA (ethylene glycol tetraacetic acid; 1 mM) to obtain a 194 

measure for the fluorescence emission of the calcium-free indicator (Fmin). Afterwards slices 195 
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were perfused with calibration saline containing 10 mM calcium and no EGTA to obtain the 196 

fluorescence emission of the fully saturated sensor (Fmax). These values (Fmin, Fmax), together 197 

with the assumed Kd of 210 nM, were plotted as employing a Michalis-Menten relationship, 198 

which then was used to quantify changes in calcium concentration.  199 

Whole-cell patch-clamp recordings were performed on SR101-positive astrocytes 200 

employing an intracellular saline composed of (in mM): 120 KMeSO3, 32 KCl, 10 HEPES, 4 201 

NaCl, 4 Mg-ATP, and 0.4 Na3GTP, pH was adjusted to 7.3. Patch pipettes (2-3 MΩ) were 202 

pulled out from borosilicate glass capillaries (Hilgenberg) using a vertical puller (PP-830, 203 

Narishige, Japan). Cells were held in voltage-clamp mode (holding potential -90 or -85 mV) 204 

using an EPC10 amplifier and PatchMaster software (HEKA Elektronik, Lambrecht, 205 

Germany).  206 

 207 

Drug application and afferent stimulation  208 

For focal stimulation with agonists, glutamate and N-methyl-D-aspartate (NMDA) were 209 

applied via a pressure application system or by iontophoresis (PDES-02D; MVCS-M-45, NPI 210 

Electronic GmbH, Tamm, Germany). Pipettes used for pressure application had a tip diameter 211 

of ~1 μm and a resistance of 1-2 M  (determined with intracellular saline). Pipettes used for 212 

iontophoresis had a resistance of 90-110 M . Activation of afferent fibers was achieved by 213 

injection of current pulses (10@50Hz) employing a stimulator (A-M systems, Model 2100 214 

Sequim, WA, U. S. A.) coupled to a saline-filled glass microelectrode inserted into the tissue.  215 

All chemicals were purchased from Sigma-Aldrich (Munich, Germany), except for 216 

AP5 (2-amino-5-phosphonopentanoic acid, Cayman Chemical, Hamburg, Germany), NBQX 217 

(2,3-Dihydroxy-6-nitro-7-sulfamoyl-benzo(F) quinoxaline, Biotrend, Köln, Germany), TFB-218 

TBOA ((3S)-3-[[3-[[4-(Trifluoromethyl)benzoyl]amino]phenyl]methoxy]-L-aspartic acid, 219 

Tocris, Bristol, UK), DHK (dihydrokainate, Tocris, Bristol, UK) and TTX (Tetrodotoxin, 220 

Biotrend, Köln, Germany). 221 
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 222 

 223 

Computation of NCX activity  224 

The current strength of the sodium-calcium exchanger (NCX) was calculated based on the 225 

following equation (Luo and Rudy, 1994): 226 

  227 

The current strength of the NCX depends on the intracellular concentrations of sodium 228 

( ) and calcium ( ), on the extracellular concentrations of sodium ( ) and 229 

calcium ( ) and on the membrane potential (V). The maximal pump current ( ) 230 

scales the current strength of the NCX and the binding affinities of the exchanger to sodium 231 

and calcium are given by  and , respectively. The dependency of the 232 

exchanger on the membrane voltage is determined by the energy barrier and the saturation 233 

factor ensures a saturation of the current strength at large negative potentials. 234 

The overall concentrations of sodium and calcium were assumed to be constant. 235 

Therefore, the extracellular concentrations are defined by: 236 

 

 

 and are the resting concentrations of sodium in the intra- and extracellular 237 

space; and are the resting concentrations of calcium in the intra- and 238 

extracellular space.  239 

The computation of the NCX strength was based on the obtained experimental data 240 

obtained here and according to an earlier study (Oschmann et al., 2017).  241 
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Parameter Value 

 0.001  

 87.5 mM 

 1.38 mM 

 0.35 

 0.1 

 82 nM 

 2000 μM 

 12.1 mM 

 150 mM 

 242 

 243 

Experimental design and statistical analysis  244 

Unless otherwise specified, data are presented as means ± S.E.M and were statistically 245 

analyzed by one way ANOVA and post hoc Bonferoni test. To compare data sets obtained 246 

from animals at different developmental stages, a Student’s t-test for unpaired values was 247 

employed. The following symbols were used to illustrate the results of statistical tests in the 248 

Figures: n. s. = not significant; *: 0.01 ≤ p < 0.05; **: 0.001≤ p < 0.01; ***: p < 0.001. “n” 249 

represents the number of cells or individual astrocyte processes analyzed, “N” represents the 250 

number of individual experiments/slice preparations. Each series of experiments was 251 

performed on at least three different animals.  252 

 253 

  254 



 

 13 

Results  255 

 256 

Sodium transients in response to glutamatergic synaptic activity   257 

To probe for activity-related intracellular sodium transients in the neocortex of juvenile mice 258 

(P14-20), acute tissue slices of the primary visual cortex, labelled with SR101 for astrocyte 259 

identification (Nimmerjahn et al., 2004; Kafitz et al., 2008), were loaded with the AM-ester 260 

form of the sodium indicator SBFI (Figure 1A). Baseline sodium concentration in the somata 261 

of astrocytes in layers 2/3, determined following a procedure reported previously (Mondragao 262 

et al., 2016), was 12.1 ± 0.5 mM (n=14, N=6). Electrical stimulation (10 pulses@50 Hz) of 263 

afferent fibers resulted in distinct sodium transients in the somata of SR101-positive 264 

astrocytes and neighboring neurons (Figure 1B). The average peak amplitude of these signals 265 

was similar (p=0.386) in both cell types, amounting to 1.8 ± 0.1 mM (n=48, N=7) in 266 

astrocytes and to 1.7 ± 0.1 (n=85, N=7) in neurons (Figure 1D).  267 

To compare astrocyte sodium transients in the neocortex with that in the hippocampal 268 

CA1 area, sodium transients were recorded from astrocytes located in the stratum radiatum 269 

obtained from juvenile mice (P14-20) (Figures 1A, B). These exhibited a baseline sodium 270 

concentration similar to that of neocortical astrocytes (11.5 ± 0.6 mM; n=16, N=11). 271 

Electrical stimulation of Schaffer collaterals (10 pulses@50 Hz) induced sodium transients in 272 

hippocampal astrocytes that exhibited a peak amplitude of 0.8 ± 0.04 mM (n=36, N=7). This 273 

is significantly smaller than sodium transients in neighboring CA1 neurons (p=0.008), which 274 

amounted to 1.4 ± 0.1 mM (n=65, N=5) (Figures 1A, B, D). Sodium changes in hippocampal 275 

astrocytes were also significantly smaller (p<0.001) than those in neocortical astrocytes and 276 

neurons (Figure 1D).  277 

To study if the observed large difference in the magnitude of astrocyte sodium 278 

transients between neocortex and hippocampus was related to differences in the response to 279 

glutamate, the transmitter was applied by pressure application into the tissue. In this set of 280 
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experiments, the application pipette was typically positioned at a distance of ~25 ± 5 μm from 281 

an astrocyte cell body in the stratum radiatum and all cells positioned in the ejection stream 282 

within a distance of ~100 μm were analyzed. Moreover, these experiments were performed in 283 

the presence of TTX to prevent generation of action potentials following glutamate 284 

application.  285 

In the neocortex (N=7), pressure application of glutamate (1 mM/100 ms) again 286 

induced sodium transients which had a similar amplitude (p=0.818) in both cell types 287 

(astrocytes: 5.4 ± 0.6 mM, n=22; neurons: 5.2 ± 0.5 mM, n=52) (Figures 1C, E). In the 288 

hippocampus (N=7), sodium transients of CA1 neurons in response to a glutamate puff 289 

exhibited a peak amplitude of 5.4 ± 0.4 mM (n=48), which is similar to that obtained in layers 290 

2/3 neurons (p=0.659) (Figure 1E). Sodium transients in stratum radiatum astrocytes (N=6), 291 

in contrast, were significantly smaller (p<0.001) as compared to hippocampal neurons, as well 292 

as to neocortical astrocytes and neurons, amounting to 2.9 ± 0.3 mM (n=18) (Figures 1C, E).   293 

Taken together, these results demonstrate that glutamatergic synaptic activity and 294 

direct application of glutamate evoke sodium transients in neurons and astrocytes in layers 2/3 295 

of the mouse cortex, which exhibit similar amplitudes in both cell types. Moreover, they 296 

reveal a distinct regional heterogeneity in astrocytic responses. While neuronal sodium 297 

transients exhibit comparable amplitudes in response to glutamate application in both brain 298 

regions, astrocyte sodium transients are twice as large in neocortex as compared to the 299 

hippocampus.  300 

 301 

Pharmacological profile of sodium transients 302 

To investigate the cellular influx pathways for the generation of synaptically-related sodium 303 

transients in neurons and astrocytes, we first perfused slice preparations with tetrodotoxin 304 

(TTX; 0.5 mM) to block voltage-gated sodium channels. TTX virtually omitted the induction 305 

of intracellular sodium transients in response to electrical stimulation in the cortex (astrocytes: 306 
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0.09 ± 0.04 mM, n=22, p<0.001; neurons: 0.04 ± 0.01 mM, n=63, p<0.001; N=3) as well as in 307 

the hippocampus (astrocytes: 0 ± 0 mM, n=16, p<0.001; neurons: 0.05 ± 0.01 mM, n=31, 308 

p<0.001; N=4) (Figure 2A). This confirms their dependence on afferent action potential 309 

generation.  310 

 Moreover, cortical slice preparations were exposed to AP5 (100 μM), an antagonist of 311 

NMDA receptors. In the presence of AP5, synaptically-induced sodium transients were 312 

reduced by about 50% both in astrocytes (0.87 ± 0.1 mM; n=48, N=7; p<0.001) as well as in 313 

neurons (0.76 ± 0.03 mM; n=85, N=7; p<0.001, Figures 2B, C). Subsequent addition of 314 

NBQX (20 μM) to block AMPA receptors showed no effect on astrocyte sodium transients 315 

(0.8 ± 0.1 mM; n=48, N=7; p=0.619), while further reducing neuronal transients to ~20% of 316 

control without blockers (0.37 ± 0.03 mM; n=65, N=5; p<0.001). Finally, we applied TFB-317 

TBOA (1 μM), a high-affinity blocker of sodium-dependent glutamate uptake (Tsukada et al., 318 

2005). TFB-TBOA significantly reduced sodium transients by ~85% of control in astrocytes 319 

and neurons (astrocytes: 0.2 ± 0.03 mM; n=34, N=4; p=<0.001 and neurons: 0.25 ± 0.04 mM; 320 

n=48, N=4; p=0.027) (Figures 2B, C). 321 

In slices obtained from the hippocampus, sodium transients in neurons exhibited a 322 

similar pharmacological profile than in neurons of the neocortex (Figure 2B). They were 323 

significantly reduced to ~69% of control by AP5 (p<0.008) and further reduced to ~39% 324 

(p<0.001) by additional application of NBQX (n=65, N=5) (Figure 2C). Addition of TFB-325 

TBOA did not on average result in a further reduction of neuronal transients (n=46, N=3; 326 

p=0.076) (Figure 2B, C). This was in contrast to sodium transients recorded from 327 

hippocampal astrocytes (Figure 2B). Here, AP5 (p=0.079) and NBQX had no significant 328 

effect (p=0.151) (n=36, N=7), while TFB-TBOA reduced the sodium transients to ~18% of 329 

control (n=25, N=4; p<0.001) (Figures 2B, C).  330 

 We next analyzed sodium transients induced by glutamate in more detail. Figure 3A 331 

illustrates that the amplitude and time course of sodium transients evoked in astrocytes and 332 
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neurons by pressure application of glutamate (1 mM/100 ms) was stable with several 333 

repetitive applications (cortex: n=14 astrocytes (N=4) and n=24 neurons (N=3); hippocampus: 334 

n=11 astrocytes (N=3) and n=44 neurons (N=3). Sodium transients in neurons were strongly 335 

and significantly reduced upon application of AP5 and additional application of NBQX in the 336 

neocortex (n=52, N=7) as well as in the hippocampus (n=48, N=7) (all: p<0.001) (Figures 3B-337 

D). Contrary to synaptic stimulation, however, neuronal sodium transients upon glutamate 338 

application were significantly increased again upon final application of TFB-TBOA (cortex: 339 

n=52, N=7; p<0.001 and hippocampus: n=48, N=7; p<0.001) (Figures 3B-D).  340 

 In astrocytes, we again found significant differences between the neocortex and 341 

hippocampus. In cortical astrocytes, glutamate-induced sodium transients were strongly 342 

dampened by AP5 (n=22, N=7; p<0.001) and decreased slightly further by additional 343 

application of NBQX (n=22, N=7; p=0.021). The residual signal was then reduced to ~16% of 344 

control without blockers by adding TFB-TBOA (n=22, N=7; p<0.001) (Figures 3B, C). In 345 

hippocampal astrocytes, neither AP5 (n=18, N=6; p=0.572), nor NBQX (n=18, N=6; 346 

p=0.416) altered the amplitude of glutamate-induced sodium transients, while addition of 347 

TFB-TBOA reduced it to ~14% (n=18, N=6; p<0.001) (Figures 3B, D).  348 

To test if the strong heterogeneity in astrocyte sodium transients between neocortex 349 

and hippocampus also substantiated for glutamate-evoked membrane currents, whole-cell 350 

patch-clamp recordings of (SR101-positive) astrocytes from both brain regions were 351 

performed (Figures 4A-C). After confirming the typical linear IV-relationship of mature 352 

astrocytes (not shown), inward currents in response to glutamate were analyzed. In cortical 353 

astrocytes, AP5 reduced the peak amplitude of glutamate-induced inward currents to 31% of 354 

their respective control (n=12, N=12; p=<0.001), while the amplitude of inward currents was 355 

unaffected by AP5 in hippocampal astrocytes (n=5, N=5; p=0.332). Additional application of 356 

NBQX showed no effect on inward currents in both brain regions (cortex: n=13, N=13; 357 

p=0.509 and hippocampus: n=4, N=4; p=0.516). TFB-TBOA finally decreased the residual 358 
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inward current to 34% of the control in hippocampal (n=4, N=4; p=0.003) and to 15% in 359 

cortical astrocytes (n=6, N=6; p=0.004) (Figures 4A-C). 360 

In summary, these experiments reveal that sodium transients induced by glutamatergic 361 

activity in pyramidal neurons of neocortical layers 2/3 and of the hippocampal CA1 area are 362 

mainly related to the opening of ionotropic glutamate receptors. They also confirm earlier 363 

reports showing that glutamate-induced sodium transients in astrocytes of the hippocampal 364 

CA1 area are largely mediated by sodium-dependent uptake of glutamate and are thus 365 

generated independently from the opening of NMDA or AMPA receptors. This is in stark 366 

contrast to neocortical astrocytes, which exhibit a prominent NMDA receptor-mediated 367 

inward current and sodium influx in addition to the current and sodium uptake generated by 368 

glutamate uptake. 369 

 370 

Contribution of glutamate transporter isoforms to astrocyte sodium transients 371 

The data presented so far indicate a significant contribution of sodium-dependent glutamate 372 

uptake to sodium transients in astrocytes of the neocortex and CA1 area of the hippocampus. 373 

In these brain regions, glial glutamate uptake is mediated by two transporter isoforms: Glast 374 

(glutamate-aspartate transporter) as well as Glt-1 (glutamate transporter 1), both of which are 375 

inhibited by TFB-TBOA. To address the specific contribution of Glast versus Glt-1 activity in 376 

the generation of glutamate-induced astrocyte sodium transients, we employed specific 377 

knock-out animals for GLAST (GLAST-/-) (Watase et al., 1998) as well as a pharmacological 378 

approach.  379 

In juvenile GLAST-/- animals, pressure application of glutamate (1 mM/100 ms) 380 

induced sodium transients, which were not different in amplitude from those obtained in wild 381 

type mice in both cortical (n=14, N=4; p=0.363) and in hippocampal astrocytes (n=17, N=4; 382 

p=0.891) (Figure 4D). Combined perfusion of the ionotropic glutamate receptor blockers AP5 383 

and NBQX reduced astrocytic sodium transients in the cortex by about 50% (n=14, N=4; 384 
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p<0.001), but had no effect in the hippocampus (n=17, N=4; p=0.663) (Figure 4D). 385 

Subsequent addition of DHK (100 μM), a specific blocker of Glt-1 (Arriza et al., 1994), 386 

significantly reduced remaining sodium transients to ~31% of control in the cortex (n=14, 387 

N=4; p=0.014) and to ~26% in the hippocampus (n=17, N=4; p=<0.001) (Figure 4D).  388 

These results suggest that sodium transients related to high-affinity glutamate uptake 389 

in astrocytes are mainly caused by activation of Glt-1 in both the neocortex as well as the 390 

hippocampus of juvenile animals. Glast activity, in contrast, does not play a major role in the 391 

generation of glutamate-related sodium influx.   392 

 393 

Contribution of NMDA receptors to astrocyte sodium transients 394 

The significant sensitivity of neocortical, but not hippocampal, astrocyte sodium transients 395 

and inward currents to AP5 suggests a selective contribution of NMDA receptors to signals in 396 

the neocortex. To further address the involvement of NMDA receptors in the generation of 397 

astrocyte sodium transients, we performed experiments in which NMDA was applied by focal 398 

pressure application (0.5 mM/50 ms) while sodium transients were recorded in both brain 399 

regions. As was the case during glutamate application, pipettes were positioned at a distance 400 

of 25 ± 5 μm from a cell body of interest, and cells within ~100 μm in the ejection stream 401 

were analyzed. Moreover, TTX was constantly present during these experiments to suppress 402 

generation of action potentials.  403 

 In both brain regions, NMDA application resulted in sodium elevations in neurons and 404 

astrocytes that were stable in amplitude and time course with repetitive applications (cortex: 405 

n=34 astrocytes (N=10), n=57 neurons (N=9) and hippocampus: n=28 astrocytes (N=10), 406 

n=63 neurons (N=8)) (Figure 5A). Sodium elevations in neurons amounted to 3.4 ± 0.1 mM 407 

(n=72, N=12) in layers 2/3 and to 4.7 ± 0.2 mM (n=88, N=12) in hippocampal CA1 neurons 408 

(Figures 5A-C). Neuronal transients were substantially and reversibly suppressed during 409 

perfusion with AP5 (cortex: n=15, N=3; p<0.001 and hippocampus: n=25, N=3; p<0.001) 410 
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(Figure 5C), demonstrating their dependence on activation of NMDA receptors. In cortical 411 

astrocytes, NMDA application induced sodium increases by 2.7 ± 0.1 mM (n=46, N=14) 412 

(Figure 5A, B, C). In hippocampal astrocytes, in contrast, NMDA evoked only minor sodium 413 

elevations (~1 mM, n=42; N=14) (Figures 5A, B, C). NMDA-mediated sodium transients in 414 

astrocytes of both brain regions were virtually omitted by AP5 (cortex: n=12, N=4; p<0.001 415 

and hippocampus: n=14, N=4; p<0.001) (Figures 5B, C).  416 

 These experiments performed with wide field imaging thus show that NMDA receptor 417 

opening results in prominent astrocyte sodium transients in the cortex, but causes only minor 418 

sodium transients in hippocampal astrocytes. Because fluorescence in wide field imaging is 419 

collected not just from cells in the focal plane, but also from structures located above and 420 

below, it cannot be excluded that signals obtained from regions of interest positioned over 421 

astrocyte somata were generated from neuronal dendrites positioned above or below. We 422 

therefore additionally employed multiphoton sodium imaging, in which excitation is largely 423 

restricted to the chosen focal plane, which strongly reduces such possible bleed-through of 424 

fluorescence emission. Because of the lower signal-to-noise-ratio in these experiments, the 425 

application pipette was positioned close (15 ± 5 μm) to an astrocyte’s cell body and signals 426 

were analyzed from such directly stimulated astrocytes as well as from neighboring neurons 427 

in the focal plane only.  428 

These measurements essentially confirmed the results obtained with wide field 429 

microscopy (Figure 5D). NMDA induced large and long-lasting sodium transients in neurons 430 

from both brain regions (cortex: n=19, N=7; hippocampus: n=28, N=6). Moreover, prominent 431 

sodium transients were evoked in cortical astrocytes (n=10, N=9). In hippocampal astrocytes, 432 

only a brief and relatively small elevation of sodium was observed in response to NMDA 433 

application (n=6, N=6). Notably, because of the different positioning of the stimulation 434 

pipette, peak amplitudes obtained in this set of experiments were significantly larger than in 435 

experiments performed with wide field imaging.  436 
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Taken together, we conclude that focal pressure application of NMDA in the presence 437 

of TTX induces sodium transients in neurons of layers 2/3 and in CA1 pyramidal neurons of 438 

the hippocampus. At the same time, NMDA induces sodium transients in cortical astrocytes, 439 

but only minor signals in astrocytes of the hippocampal CA1 stratum radiatum.  440 

 441 

Developmental profile of astrocyte sodium transients 442 

Along with the maturation of neuronal networks, astrocytes undergo dramatic changes in their 443 

physiological properties during postnatal development of the rodent brain (Bordey and 444 

Sontheimer, 1997; Zhou et al., 2006; Sun et al., 2013). We, therefore, studied if sodium 445 

transients observed in juvenile mice (P14-20) are also present in neonates (P2-4) and/or 446 

persist into adulthood (P90-97).  447 

 In cortical slices of neonates (Figure 6A), focal application of glutamate (1 mM/100 448 

ms) caused sodium transients in astrocytes, which were not significantly different in 449 

amplitude from those obtained in juveniles (4.1 ± 0.2 mM; n=14, N=4; p=0.529) (Figures 6B, 450 

E; compare Figure 1E). The same was true for application of NMDA (0.5 mM/50 ms), which 451 

evoked transient sodium increases by 2.4 ± 0.2 mM in cortical astrocytes (n=11, N=4; 452 

p=0.314) (Figures 6B, E; compare Figure 5C). In the presence of the NMDA-receptor blocker 453 

AP5, glutamate-induced sodium increases were reduced by about 50% (2.2 ± 0.2 mM; n=14, 454 

N=4; p<0.001), while NMDA-induced sodium elevations were virtually omitted (0.2 ± 0.1 455 

mM; n=11, N=4; p<0.001) (Figures 6B, E).  456 

 Hippocampal astrocytes in neonates showed a sodium increase by 2.0 ± 0.1 mM in 457 

response to glutamate (n=13, N=4), which is about 50% smaller than in cortical astrocytes at 458 

the same age (p<0.001), but similar to increases induced in hippocampal astrocytes of 459 

juvenile animals (p=0.062) (Figures 6B, E; compare Figure 1E). Perfusion with AP5 did not 460 

alter glutamate-induced sodium increases (2.0 ± 0.2 mM; n=13, N=4; p=0.793) (Figures 6B, 461 

E). In contrast to juveniles (see Figures 5B, C), NMDA failed to induce sodium transients in 462 
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11 of 13 neonate hippocampal astrocytes (resulting average: 0.3 ± 0.2 mM; n=13; N=4) 463 

(Figures 6B, E).   464 

 In slices obtained from adult mice (Figure 6C), local glutamate application caused a 465 

transient sodium elevation of 4.3 ± 0.5 mM in cortical astrocytes (n=10, N=4) (Figures 6D, 466 

E). This was significantly larger as compared to glutamate-induced sodium signals in 467 

hippocampal astrocytes of adults (2.0 ± 0.3 mM; n=7, N=3; p=0.003) (Figures 6D, E). In both 468 

brain regions of adult animals, the peak amplitudes of glutamate-induced astrocyte sodium 469 

transients were similar to those obtained in neonates (cortex: p=0.722; hippocampus: 470 

p=0.804) (Figure 6E). Glutamate-evoked sodium transients in adult neocortical astrocytes 471 

were also similar to those in neocortical astrocytes of juvenile animals (p=0.102) (Figure 6E; 472 

compare Figure 1E). Those in hippocampal astrocytes were slightly smaller in adult mice as 473 

compared to juvenile mice (p=0.037) (Figure 6E; compare Figure 1E). Addition of AP5 474 

reduced sodium transients in adult cortical astrocytes by 49% (2.2 ± 0.3 mM; n=10, N=4; 475 

p=0.001), while amplitudes of hippocampal astrocytic sodium signals were unaffected (2.0 ± 476 

0.4 mM; n=7, N=3; p=1) (Figures 6D, E). 477 

Local NMDA application in slices obtained from adult mice induced transient sodium 478 

increases by 3.1 ± 0.5 mM in cortical astrocytes (n=10, N=4), which is similar to sodium 479 

increases induced in neonate (p=0.224) and juvenile mice (p=0.502) (Figures 6D, E; compare 480 

Figure 5C). As observed in the juvenile hippocampus, NMDA caused only brief and small 481 

sodium transients in hippocampal astrocytes of adult animals (1.1 ± 0.2 mM; n=10, N=4) 482 

(Figures 6B, E; compare Figures 5A, B). Inhibition of NMDA receptors by AP5 virtually 483 

omitted sodium transients in cortical astrocytes (0.2 ± 0.1 mM; n=10, N=4; p<0.001) as well 484 

as in hippocampal astrocytes (0.0 ± 0.0 mM; n=10, N=4; p<0.001) (Figures 6D, E).  485 

In summary, these results show that i) glutamate evokes sodium transients in 486 

astrocytes from early postnatal stages into adulthood in both the cortex and the hippocampus. 487 

ii) for a given brain region, amplitude and time course of glutamate-induced sodium transients 488 
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are rather similar throughout postnatal development. iii) the striking regional heterogeneity 489 

between cortical and hippocampal astrocytes initially observed for juvenile brains persists 490 

throughout all developmental stages investigated. Astrocyte sodium transients are twice as 491 

large in neocortex as compared to the hippocampus, which is due to a significant contribution 492 

of NMDA receptors to sodium increases in cortical, but not hippocampal astrocytes.  493 

 494 

NMDA-induced ion signaling in processes of cortical astrocytes 495 

Our experiments demonstrate the occurrence of sodium increases in the cell bodies of cortical 496 

astrocytes upon application of NMDA. There is increasing evidence that ion signals in 497 

astrocytes differ significantly between cell somata and processes (Volterra et al., 2014; 498 

Shigetomi et al., 2016). To address NMDA-induced sodium transients in processes of 499 

neocortical astrocytes, we again employed multiphoton imaging in slices obtained from 500 

juvenile mice. In this set of experiments, NMDA was applied by iontophoresis (50 mM/50 501 

ms), using a sharp tipped pipette positioned ~5-15 μm from an astrocyte process (Figure 7A).  502 

 Whole-cell patch-clamp recordings in the voltage-clamp mode showed that this 503 

application paradigm resulted in a transient somatic inward current (523.3 ± 46.2 pA; n=7, 504 

N=4) (Figure 7B). In the current-clamp mode, cells depolarized by about 9 mV (8.8 ± 0.9 505 

mV; n=8, N=4) (Figure 7B). Moreover, NMDA application resulted in a transient sodium 506 

elevation of 13.7 ± 1.2 mM in processes of astrocytes (n=11, N=8) (Figure 7A). At the same 507 

time, sodium transients, amounting to 11.5 ± 3.4 mM (n=9, N=9; p=0.52), were detected in 508 

adjacent somata (Figure 7A). 509 

Activation of NMDA receptors has been shown to result in calcium elevations of 510 

cortical astrocytes (Schipke et al., 2001; Palygin et al., 2010). To study NMDA-mediated 511 

calcium signaling in astrocyte processes, cells were loaded with the calcium indicator OGB-1-512 

AM. NMDA iontophoresis to astrocytic processes evoked a small, but reliable transient 513 

calcium increase from a resting intracellular calcium concentration of 82.4 nM (n=42, N=6), 514 
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amounting to 18.1 ± 1.6 nM (n=25, N=19) (Figure 7C). In contrast to this, calcium signals 515 

were absent or just barely detectable in astrocyte somata (0.63 ± 0.5 nM in 3/20 cells, N=19), 516 

while cell bodies of neighboring neurons showed very prominent increases in calcium (Figure 517 

7C inset). To test if the lack of a response in astrocyte somata was due to restricted diffusion 518 

of NMDA within the tissue, we performed experiments, in which the iontophoresis pipette 519 

was positioned at the cell body of an astrocyte (Figure 7D). Again, focal NMDA application 520 

failed to induce detectable signals in the soma, whereas small calcium transients (8.3 ± 3.1 521 

nM) were observed in neighboring astrocyte processes under this condition (n=3, N=3) 522 

(Figure 7D).  523 

 These results show that local application of NMDA to astrocyte processes evokes a 524 

prominent inward current and membrane depolarization, accompanied by a large transient 525 

sodium elevation in the processes as well as in adjacent cell bodies. At the same time, NMDA 526 

also evokes calcium transients, which are restricted to processes.  527 

 528 

NMDA-induced ion signaling and NCX activity 529 

Intracellular sodium elevations may result in reversal of the NCX, thereby mediating calcium 530 

import into astrocytes, which was suggested to contribute to local calcium signaling in 531 

astrocyte processes (Boscia et al., 2016; Jackson and Robinson, 2018). We therefore studied 532 

the involvement of NCX activity in the generation of NMDA-evoked calcium signals in 533 

astrocyte processes. To this end, 2-[2-[4-(4-nitrobenzyloxy)phenyl]ethyl]isothiourea (KB-534 

R7943/KBR; 50 μM), which predominately blocks reverse mode NCX (Kimura et al., 1999; 535 

Satoh et al., 2000), was added to the perfusion saline. In the presence of KBR, the amplitude 536 

of NMDA-induced calcium signals in astrocyte processes was not changed as compared to 537 

control (n=25, N=19; p=0.527) (Figures 7E1, F1). KBR, however, significantly accelerated 538 

the recovery of the astrocyte calcium concentration back to baseline (Figures 7E1, F1). Under 539 

control conditions, calcium recovery followed a mono-exponential decay with a decay time 540 
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constant ( ) of 5.3 ± 0.5 seconds (n=25, N=19) (Figures 7E1, F1). During KBR perfusion,  541 

was reversibly reduced to 2.9 ± 0.5 seconds (n=12, N=10; p=0.006) (Figures 7E1, F1).  542 

 While KB-R7943 is an established blocker of NCX, it also acts on NMDA receptors 543 

(Sobolevsky and Khodorov, 1999; Brustovetsky et al., 2011). To evaluate a possible direct 544 

inhibition of NMDA receptors by KBR, we analyzed its effects on NMDA-induced sodium 545 

increases in cortical astrocytes. In the presence of KBR, NMDA evoked sodium signals in 546 

astrocyte processes amounted to 13.3 ± 0.9 mM (n=11, N=8; not shown), and were thus not 547 

different from control conditions in the absence of the blocker (p=0.785; compare Figure 7A). 548 

This result strongly suggests that KBR did not exert a relevant block of NMDA receptors under 549 

our experimental conditions.  550 

 To further address a possible involvement of NCX in the generation of astrocyte 551 

calcium signaling in response to NMDA receptor activation, we additionally employed the 552 

compound 2-[4-[(2,5-difluorophenyl)methoxy]phenoxy]-5-ethoxyaniline (SEA0400/SEA; 10 553 

μM) (Matsuda et al., 2001). Like KBR, SEA application had no effect on the amplitude of 554 

NMDA-induced calcium-transients (n=9, N=7; p=0.846) (Figures 7E2, F2). Again similar to 555 

the effects observed with KBR, SEA, however, accelerated the recovery to baseline and the 556 

decay time constant  was significantly reduced to 2.7 ± 0.4 s (n=9, N=7; p=0.0097) (Figures 557 

7E2, F2).  558 

Taken together, these experimental data suggest that NCX activity contributes to the 559 

calcium signals generated in astrocyte processes upon application of NMDA, indicating that it 560 

might switch to operating in reverse mode. We tested the plausibility of this finding by 561 

computing NCX activity under our experimental conditions. To this end, individual data 562 

traces obtained for NMDA-induced changes in membrane potential, and in sodium and 563 

calcium concentrations in astrocyte processes were averaged (Figure 8A). These were fed into 564 

an equation describing the current strength of the NCX as described previously (Oschmann et 565 

al., 2017). Figure 8B shows that in this model, NCX current is inward under baseline 566 
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conditions, that is in the sodium import/calcium extrusion mode. Upon stimulation with 567 

NMDA, NCX current switches to the outward mode, mediating an influx of calcium for a 568 

period of ~12 seconds, before it then again changes back to the inward mode.  569 

The predicted behavior of NCX is further illustrated Figure 8C, which shows the 570 

strength of the NCX current and its dependence on different sodium and calcium 571 

concentrations at a membrane potential of -85 mV (resting membrane potential) and at -75 572 

mV (peak depolarization determined upon NMDA application). It demonstrates that an 573 

increase of the sodium concentration by only a few mM drives the exchanger into the reverse 574 

mode, resulting in calcium transport into the cell, an effect, which is promoted by an 575 

additional membrane depolarization. It furthermore shows that increasing calcium only 576 

weakly counteracts the sodium-driven reversal of NCX.   577 
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Discussion 578 

 579 

Here we show that glutamate-related sodium transients are twice as large in neocortical as 580 

compared to hippocampal astrocytes, although neuronal signals are of a similar amplitude, a 581 

phenomenon preserved from early neonate to adult mice. While glutamate uptake contributes 582 

to sodium transients in both regions, neocortical astrocytes exhibit an additional prominent 583 

sodium influx through NMDA receptors. NMDA application also results in calcium signaling 584 

in processes of neocortical astrocytes, which is dampened upon inhibition of the 585 

sodium/calcium exchanger (NCX). Computational calculations predict that NMDA-induced 586 

sodium increases drive NCX into reverse mode, mediating calcium influx into neocortical 587 

astrocytes.  588 

 589 

Regional heterogeneity and developmental profile of astrocyte sodium transients 590 

Brief afferent stimulation of glutamatergic fibers and pressure application of glutamate 591 

induced transient sodium elevations in somata of neurons and astrocytes in slices obtained 592 

from juvenile mice. While the sodium indicator SBFI shows a slight pH-sensitivity (Rose and 593 

Ransom, 1996, 1997), expected pH changes are rather small (Raimondo et al., 2016), and are 594 

thus not likely to significantly distort SBFI signals. As expected from earlier work (Callaway 595 

and Ross, 1997; Bennay et al., 2008; Langer and Rose, 2009; Mondragao et al., 2016; 596 

Miyazaki and Ross, 2017), neuronal sodium elevations were largely blocked upon inhibition 597 

of ionotropic glutamate receptors, confirming that these represent the main sodium influx 598 

pathways at postsynaptic sites.  599 

Our work also confirms a significant involvement of glutamate uptake to astrocyte 600 

sodium transients (Chatton et al., 2016; Rose and Verkhratsky, 2016a; Rose et al., 2018). 601 

Experiments performed in juvenile mice suggest a major contribution of the transporter 602 

subtype Glt-1 in line with its reported expression profile and functional relevance at this 603 
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developmental stage (Furuta et al., 1997; Danbolt, 2001; Schreiner et al., 2014). The relative 604 

contribution of glutamate uptake to sodium transients, however, differed greatly between 605 

brain regions. In hippocampal astrocytes, ionotropic glutamate receptor blockers were without 606 

effect, while inhibition of glutamate uptake largely omitted sodium transients, confirming 607 

earlier reports from the hippocampus (Langer and Rose, 2009; Karus et al., 2015), cerebellar 608 

cortex (Kirischuk et al., 2007; Bennay et al., 2008) and corpus callosum (Moshrefi-609 

Ravasdjani et al., 2018).  610 

In neocortical astrocytes, however, sodium transients were reduced by 50-60% upon 611 

blocking ionotropic glutamate receptors and by another 20-30% upon inhibition of glutamate 612 

transport. This indicates that a substantial share of the sodium influx into neocortical 613 

astrocytes is provided by ionotropic glutamate receptors. While neuronal peak amplitudes 614 

were comparable, this additional pathway effectively doubled sodium transients in neocortical 615 

astrocytes. Our study thus reveals a striking heterogeneity in the magnitude and pathways of 616 

astrocyte sodium transients at glutamatergic synapses between hippocampus and neocortex.  617 

Notably, while astrocytes undergo extensive changes in passive membrane properties, 618 

channel complement and gap junctional coupling in the first postnatal weeks (Kressin et al., 619 

1995; Bordey and Sontheimer, 1997; Zhou et al., 2006; Kafitz et al., 2008), the key 620 

differences in sodium signaling between cortical and hippocampal astrocytes were consistently 621 

found from early postnatal stages to adulthood. This is in contrast to the occurrence and 622 

mechanisms of glutamate-mediated astrocyte calcium signaling, the properties of which 623 

apparently change in an age-dependent manner (Sun et al., 2013; Panatier and Robitaille, 2016). 624 

Glutamate uptake capacity increases and the expression of glutamate transporter subtypes shifts 625 

from Glast to Glt1 during the first postnatal weeks in both brain regions (Danbolt, 2001; 626 

Schreiner et al., 2014; Hanson et al., 2015). Our data still indicate that glutamate transport is 627 

strong enough to induce significant sodium elevations in the neonate brain, consistent with an 628 
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earlier study performed in hippocampus (Karus et al., 2017). Moreover, they provide evidence 629 

for NMDA receptor expression in neocortical astrocytes in the neonate brain.  630 

 631 

NMDA receptor-mediated astrocyte ion signaling  632 

The regional heterogeneity in astrocyte sodium transients was due to a substantial 633 

contribution of ionotropic glutamate receptors in neocortex, but not hippocampus. While we 634 

found no evidence for AMPA or NMDA-receptor-related sodium entry with synaptic 635 

stimulation or glutamate application in hippocampal astrocytes, pressure application of 636 

NMDA evoked brief sodium elevations in juvenile and mature hippocampi, a result in line 637 

with earlier suggestions (Serrano et al., 2008). Nonetheless, the functional expression of 638 

ionotropic glutamate receptors on CA1 astrocytes is still under debate (Matthias et al., 2003; 639 

Lalo et al., 2011; Dzamba et al., 2013).  640 

In contrast to the hippocampus proper, there is clear evidence for a functional 641 

expression of AMPA and NMDA receptors on neocortical astrocytes (Schipke et al., 2001; 642 

Lalo et al., 2006; Palygin et al., 2010; Rusnakova et al., 2013). While AMPA receptors 643 

mediate fast, rapidly inactivating currents, NMDA receptors generate sustained currents (Lalo 644 

et al., 2006). This difference might explain the strong involvement of NMDA receptors in 645 

sodium influx as opposed to AMPA receptors. Notably, astrocytic NMDA receptors can be 646 

readily activated by synaptically-released glutamate at their resting membrane potentials 647 

(Lalo et al., 2006).  648 

Sodium increases were detected in both cell bodies and processes of neocortical 649 

astrocytes upon pressure application of NMDA. There is evidence from earlier studies (Aoki 650 

et al., 1994; Conti et al., 1996; Schipke et al., 2001), that the density of NMDA receptors is 651 

especially high on astrocyte processes. Sodium ions diffuse at speeds of 60-120 μm/second 652 

within astrocytes (Langer et al., 2012; Langer et al., 2017) and rapid intracellular diffusion 653 
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from its site of entry in processes towards the soma is therefore a likely mechanism 654 

contributing to somatic sodium elevations.  655 

In stark contrast to sodium transients, NMDA-evoked calcium transients were largely 656 

restricted to processes, also upon direct somatic application. A similar spatial restriction of 657 

NMDA-induced calcium signaling was seen even with bath perfusion (Schipke et al., 2001). 658 

These results thus suggest that NMDA receptors are preferentially located on processes. 659 

Notably, buffering is likely to dampen the peak amplitude and spatial spread of calcium 660 

signals, which is in contrast to un-buffered diffusion of sodium (Mondragao et al., 2016). 661 

Moreover, astrocyte NMDA receptors show a relatively low calcium permeability (Palygin et 662 

al., 2010), consistent with the much smaller amplitudes of calcium signals as compared to 663 

sodium elevations observed here.  664 

 665 

Reverse NCX contributes to local calcium signaling in neocortical astrocytes 666 

Sodium and calcium homeostasis are interrelated through the sodium/calcium exchanger 667 

(NCX), which couples the movement of three sodium ions with the counter-transport of one 668 

calcium ion (Blaustein and Lederer, 1999; Parpura et al., 2016). The exchanger is commonly 669 

regarded a as calcium exporter (Carafoli and Longoni, 1987; Kirischuk et al., 2012), and 670 

calculations based our experimental data predict exactly this under resting conditions (see 671 

Fig.8). The transport direction of NCX, however, can reverse in response to increases in 672 

intracellular sodium and calcium concentrations, thereby mediating calcium import 673 

(Kirischuk et al., 2012; Fern et al., 2014; Boddum et al., 2016; Boscia et al., 2016; Parpura et 674 

al., 2016; Gerkau et al., 2017; Brazhe et al., 2018).  675 

Our data and computational calculations indeed suggest that an NMDA receptor-676 

mediated increase of sodium by a few mM drives the exchanger into the reverse mode, an 677 

effect promoted by the accompanying membrane depolarization. Calcium import due to 678 

reverse NCX mainly affects the recovery from calcium increases, thereby significantly 679 
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prolonging the calcium signals. Moreover, our calculations suggest that the concomitant 680 

calcium increase only weakly counteracts the sodium-driven NCX reversal. Unexpectedly, 681 

this effect was only seen in processes, but not somata, albeit the latter experience comparable 682 

sodium increases. This strongly suggests that NCX – like NMDA receptors – are 683 

predominately concentrated on processes, a conclusion supported by immunohistochemical 684 

data (Minelli et al., 2007).   685 

Taken together our study thus provides a new mechanism for the generation of 686 

calcium signaling in astrocytes in response to activation of NMDA receptors. Notably, these 687 

calcium elevations are restricted to processes, emphasizing the complexity of astrocyte 688 

calcium signaling (Araque et al., 2014; Rusakov et al., 2014; Volterra et al., 2014; Khakh and 689 

McCarthy, 2015; Shigetomi et al., 2016). Moreover, we demonstrate local astrocyte calcium 690 

signaling independent from IP3-related release from intracellular stores, the relevance of 691 

which is under debate (Agulhon et al., 2008; Sun et al., 2013; Panatier and Robitaille, 2016). 692 

NMDA-receptor-mediated influx from the extracellular space, promoted by sodium-driven 693 

reversal of NCX thus adds to the surprising array of calcium signaling pathways in astrocytes. 694 

At present, there is no clear hint as to the functional relevance of NMDA receptors in 695 

astrocytes (Verkhratsky and Nedergaard, 2018). Accordingly, the reasons and/or consequence 696 

as to why this pathway is present in neocortical as opposed to hippocampal astrocytes, remain 697 

to be elucidated. 698 

Notably, our study shows that NCX reversal and local calcium signaling in processes of 699 

cortical astrocytes are driven by activity-related sodium increases. Recent work has provided 700 

evidence that NCX-related local calcium signaling can regulate the movement of mitochondria, 701 

coupling local energy requirements to the capacity for efficient generation of ATP (Jackson and 702 

Robinson, 2018). Sodium increases and sodium-driven reversal of NCX in response to NMDA-703 

receptor opening are thus likely to directly impact on astrocyte physiology. By directly 704 

reflecting action-potential-induced glutamate release of neurons, sodium transients might serve 705 
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as signals coupling burst-related excitatory neuronal activity to astrocyte calcium signaling and 706 

function.  707 

  708 
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Figure Legends 943 

 944 

Figure 1. Sodium transients induced by glutamatergic stimulation in cortex and 945 

hippocampus. A, left: Images of the SR101- (top left) and the SBFI-fluorescence (380 nm; 946 

bottom left) taken from layers 2/3 (L 2/3) of an acute slice of the neocortex. The image on the 947 

right represents a merge of both channels, in which SBFI-loaded, SR101-positive astrocytes 948 

appear in yellow. Right: Corresponding images taken from the hippocampal CA1 area. S. pyr: 949 

stratum pyramidale; s. rad: stratum radiatum. Scales: 25 μm. B and C, sodium transients 950 

induced by (B) afferent synaptic stimulation (10 pulses /50 Hz) or (C) pressure application of 951 

glutamate (1 mM/100 ms) in somata of individual astrocytes (a) and adjacent neurons (n) in 952 

cortex (left) and hippocampus (right). D and E, histograms showing means ± S.E.M. of peak 953 

amplitudes of astrocyte (a) and neuronal (n) sodium transients induced by synaptic 954 

stimulation (D) and (E) glutamate applications in cortex and hippocampus. *** indicates a 955 

significant difference with p<0.001; * : 0.01 ≤ p < 0.05. 956 

 957 

Figure 2. Pharmacological properties of synaptically-induced sodium transients. A, left: 958 

sodium transients induced by synaptic stimulation (10 pulses/50 Hz) in somata of individual 959 

astrocytes (upper traces) and adjacent neurons (bottom traces) of the cortex and effect of a 960 

bath perfusion with the sodium channel blocker tetrodotoxin TTX (0.5 mM, see bar). Center: 961 

same experiment performed in the hippocampus. Histograms on the right show means ± 962 

S.E.M. of peak amplitudes of astrocyte and neuronal sodium transients under control 963 

conditions and after the addition of TTX in cortex (left) and hippocampus (right). B sodium 964 

transients induced by synaptic stimulation (10 pulses/50 Hz) in somata of individual 965 

astrocytes and adjacent neurons in cortex (upper traces) and hippocampus (lower traces) and 966 

the effect of a consecutive addition of the NMDA receptor blocker AP5 (100 μM), the 967 

AMPA-receptor blocker NBQX (20 μM) and the glutamate transporter blocker TFB-TBOA 968 
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(1 μM). C, histograms showing means ± S.E.M. of peak amplitudes of astrocyte and neuronal 969 

sodium transients under control conditions and after the addition of the different blockers in 970 

the cortex (left) and hippocampus (right). *** indicates a significant difference with p<0.001; 971 

**: 0.001≤ p < 0.01; *: 0.01 ≤ p < 0.05. 972 

 973 

Figure 3. Pharmacological properties of glutamate-induced sodium transients. A, sodium 974 

transients induced by three consecutive puff applications of glutamate (1 mM/100 ms) in 975 

somata of individual astrocytes (left) and adjacent neurons (right) in cortex (upper traces) and 976 

hippocampus (lower traces). B, Glutamate-induced sodium transients in an individual 977 

astrocyte and an adjacent neuron in cortex (upper traces) and hippocampus (lower traces) and 978 

the effect of a consecutive addition of AP5 (100 μM), NBQX (20 μM) and TFB-TBOA (1 979 

μM). C and D, histograms showing means ± S.E.M. of peak amplitudes of astrocytic and 980 

neuronal sodium transients under control conditions and after addition of the different 981 

blockers in the cortex (C) and hippocampus (D). *** indicates a significant difference with 982 

p<0.001; * : 0.01 ≤ p < 0.05. 983 

 984 

Figure 4. Glutamate-evoked inward currents and relevance of transporter isoforms. A, 985 

membrane currents induced by puff application of glutamate (1 mM/100 ms) in an individual 986 

astrocyte in the cortex (upper traces) and the hippocampus (lower traces) and the effect of a 987 

consecutive addition of AP5 (100 μM), NBQX (20 μM) and TFB-TBOA (1 μM). B and C, 988 

histograms showing means ± S.E.M. of peak amplitudes (normalized to 1st application) of 989 

astrocyte membrane currents under control conditions and after addition of the different 990 

blockers in the cortex (B) and hippocampus (C). D, glutamate-induced sodium transients in an 991 

individual astrocyte in cortex (upper traces) and hippocampus (lower traces) of a GLAST (-/-) 992 

animal and the effect of a combined application of AP5 (100 μM) and NBQX (20 μM) as well 993 

as subsequent addition of DHK (100 μM). Histograms on the right show means ± S.E.M. of 994 
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peak amplitudes of sodium transients in wild type animals (control; data taken from Figure 3) 995 

and in slices obtained from GLAST (-/-) animals under control conditions and with addition 996 

of the different blockers as indicated. *** indicates a significant difference with p<0.001; *: 997 

0.01 ≤ p < 0.05. 998 

 999 

Figure 5. NMDA-induced sodium transients. A, sodium transients induced by three 1000 

consecutive puff applications of NMDA (0.5 mM/50 ms) in somata of individual astrocytes 1001 

(left) and adjacent neurons (right) in the cortex (upper traces) and hippocampus (lower 1002 

traces). B, Effect of AP5 (100 μM) on NMDA-induced sodium transients in astrocytes and 1003 

adjacent neurons in cortex (upper traces) and hippocampus (lower traces). C, histograms 1004 

showing means ± S.E.M. of peak amplitudes of astrocyte and neuronal sodium transients in 1005 

response to NMDA in control and with addition of AP5 (100 μM) in the cortex and 1006 

hippocampus. D, multi-photon imaging of sodium transients induced by NMDA (0.5 mM/50 1007 

ms) in astrocytes and adjacent neurons in the cortex (left traces) and hippocampus (right 1008 

traces). Right: histograms showing means ± S.E.M. of peak amplitudes of sodium changes in 1009 

astrocytes (top) and neurons (bottom) in cortex (c) and hippocampus (h) in response to 1010 

NMDA as determined by multi-photon imaging. *** indicates a significant difference with 1011 

p<0.001; **: 0.001≤ p < 0.01. 1012 

 1013 

Figure 6. Developmental profile of agonist-induced sodium transients in astrocytes. A, 1014 

left: Images of the SR101- (top left) and the SBFI-fluorescence (380 nm; bottom left) taken 1015 

from layers 2/3 (L 2/3) of a neocortex slice of a mouse aged P2-4. In the merged image on the 1016 

right SBFI-loaded, SR101-positive astrocytes appear in yellow. Right: Corresponding images 1017 

taken from the hippocampal CA1 area. S. pyr: stratum pyramidale; s. rad: stratum radiatum. 1018 

Scales: 25 μm. B, sodium traces induced by local application of glutamate (1 mM/100 ms, 1019 

upper traces) or NMDA (0.5 mM/50 ms, lower traces) on somata of cortical- (left) and 1020 



 

 45 

hippocampal astrocytes (right) in P2-4 mice. In addition, the effect of the NMDA receptor 1021 

inhibitor AP5 (100 μM) is shown. C, like in A: SR101, SBFI and merge images of cortical 1022 

(left) and hippocampal (right) brain slices at the age of P90-97. D, sodium traces induced by 1023 

local pressure application of glutamate (1 mM/100 ms, upper traces) or NMDA (0.5 mM/50 1024 

ms, lower traces) on somata of cortical- (left) and hippocampal astrocytes (right) in adult mice 1025 

and effect of AP5 (100 μM). E, (left), histograms showing means ± S.E.M. of peak 1026 

amplitudes of glutamate-induced sodium changes in astrocytes in cortex (white) and 1027 

hippocampus (grey) and (right) of NMDA-induced sodium changes for both age groups. *** 1028 

indicates a significant difference with p<0.001; **: 0.001≤ p < 0.01. 1029 

 1030 

Figure 7. NMDA-induced ion signaling in astrocytic processes and somata. A, multi-1031 

photon imaging of NMDA-induced sodium transients (iontophoretic application: 50 mM/50 1032 

ms). Top left: Image of SBFI fluorescence of an astrocyte with regions of interest indicated (s: 1033 

soma, p: process). The position of the application pipette directing to an astrocyte process is 1034 

indicated schematically. Top right: Sodium transients induced by NMDA iontophoresis to the 1035 

process in the astrocyte’s process and the soma. B, membrane current (left) and voltage 1036 

change of an astrocyte induced by NMDA iontophoresis (50 mM/50 ms) to a process. C, 1037 

multi-photon imaging of NMDA-induced (50 mM/50 ms) calcium transients. Left: Image of 1038 

OGB fluorescence of an astrocyte. Indicated are regions of interest (s: soma, p: process, n: 1039 

neuronal cell body) and position of the application pipette directing to a cellular process. 1040 

Right: Calcium transients induced by NMDA iontophoresis to the process in the astrocyte’s 1041 

soma and process. The inset shows the calcium change induced in the nearby neuronal cell 1042 

body. Note the different scale bar in this inset: 100 nM/10 sec). D, Left: Image of OGB 1043 

fluorescence of an astrocyte. Indicated are regions of interest (s: soma, p: process) and 1044 

position of the application pipette directing to the cell body. Right: Calcium transients 1045 

induced by NMDA iontophoresis (50 mM/50 ms) to the cell body in the astrocyte’s soma and 1046 



 

 46 

process. E, multi-photon imaging of NMDA-induced calcium transients in astrocyte processes 1047 

and effect of addition of the NCX blocker KB-R7943 (50 μM; E1) or SEA0400 (SEA, 10μM; 1048 

E2). Red lines reflect mono-exponential fits of the decay phase. F, Histograms showing 1049 

means ± S.E.M. of peak amplitudes of calcium changes in astrocytes (left) and of mono-1050 

exponential decay time constants  (right) in response to NMDA under control conditions, 1051 

during application of KBR (F1) or SEA (F2) and after wash-out of the drugs. Scales: 10 μm. 1052 

**indicates a significant difference with 0.001≤ p < 0.01; *: 0.01 ≤ p < 0.05. Note that the 1053 

contrast in images in A, C, and D was increased for better visibility of processes, resulting in 1054 

an apparent partial saturation in the soma. 1055 

 1056 

Figure 8. NMDA-mediated changes in NCX activity in astrocyte processes. A, averaged 1057 

data traces from experiments showing NMDA-induced changes in membrane potential, 1058 

sodium and calcium. Individual data traces were down- or up-sampled as needed to result in 1059 

the same number of data points per second. The voltage change was extrapolated to 1060 

artificially extend its baseline before and after the actual measurement. B, Predicted NCX 1061 

transporter current upon NMDA application in processes, calculated based on the data traces 1062 

shown on the left. The orange line indicates the border between forward and reverse mode. C, 1063 

Current strength of the NCX in dependence of concentrations for sodium and calcium at 1064 

resting membrane potential (-85 mV) and at the peak depolarization induced by NMDA (-75 1065 

mV). The white line denotes the border between positive and negative values and thus 1066 

between the reverse and forward mode of the exchanger. The white dot marks the resting 1067 

concentrations of sodium and calcium, the cross shows peak concentrations obtained upon 1068 

NMDA application. The color table indicates actual current strength of the NCX.  1069 


















