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ABSTRACT: Glucose is the primary energy source for the brain, and its continuous supply is essential for 

neuronal function. Astrocytes play a pivotal role in brain energy metabolism by mediating glucose uptake, 

sensing metabolic fluctuations, and modulating synaptic activity. However, astrocyte responses to transient 

glucose deprivation remain incompletely understood. Here, we demonstrate that astrocytic glucose uptake is 

crucial for network adaptation to metabolic stress. Using electrophysiology and calcium imaging approaches, 

we show that glucose deprivation depresses hippocampal synaptic transmission through an astrocyte-dependent 

mechanism that involves decreased glucose transporter 1 (GLUT1)-facilitated extracellular glucose uptake, 

intracellular calcium elevations, and ATP/adenosine-mediated signaling, which leads to excitatory 

neurotransmission depression via A1 receptors. Moreover, astrocyte-specific GLUT1 depletion prevents 

astrocytic responses to glucose deprivation and precludes the effects of glucose deprivation on synaptic 

transmission, thereby indicating that GLUT1-dependent glucose uptake is involved in astrocyte-mediated 

modulation of synaptic function. These findings extend the concept of astrocytic metabolic regulation beyond 

regions canonically classified as glucose-sensing and establish astrocytes as key integrators of energy availability 

and synaptic function. Our study provides new insights into the role of astrocytes in brain energy homeostasis 

and identifies potential therapeutic targets for metabolic disorders affecting the nervous system. 
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INTRODUCTION 

 

Astrocytes play fundamental roles in brain homeostasis 

by providing metabolic substrates to neurons in an 

activity-dependent manner [1]. Glucose is a major 

primary energy source for brain function, and astrocytes 

ensure its uptake, distribution and need-based utilization 

[2]. These cells facilitate the uptake of glucose from the 

bloodstream through glucose transporter-1 (GLUT1) 

expressed at the astrocytic perivascular endfeet [3–5], and 

subsequently metabolize it into lactate, which is then 

delivered to neurons to be used as energy substrate [1, 6]. 

This astrocyte-to-neuron metabolic coupling is essential 

in sustaining synaptic activity and neuronal function [7].  

Besides their well-established function as key 

mediators of brain neuroenergetics, astrocytes are active 

participants in synaptic function. Astroglial cells respond 

to synaptically-released neurotransmitters with intra-

cellular calcium (Ca2+) elevations that result in the release 

of gliotransmitters — mainly glutamate, ATP and D-

serine — which in turn modulates neuronal network 

activity in a tightly controlled manner [8–10]. Astrocytes 
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are thus functionally well-poised to participate in the 

modulation of synaptic function induced by glucose 

deprivation. However, the molecular mechanisms that 

underlie astrocyte metabolic supply, as well as their 

impact on synaptic transmission, remain incompletely 

understood.  

The brain exhibits a high rate of glucose consumption 

but its access to this essential energy source is limited, as 

glucose cannot be locally synthesized or stored in 

substantial amounts as glycogen [11–14]. Consequently, 

the brain is highly susceptible to fluctuations in blood 

glucose supply, which can impair neuronal function [15–

18]. Glucose deprivation may occur under sustained 

neuronal activity when brain energy demand exceeds 

supply, fasting, or pathological states such as ischemia 

and diabetes. Moreover, aging-associated cognitive 

decline and memory impairments linked to recurrent 

hypoglycemic episodes have been proposed to be 

mediated by glucose deficits [19–24].  

Glucose deprivation is known to induce a slow and 

reversible depression of excitatory synaptic transmission 

[25–27], but whether this phenomenon is due to decreased 

neuronal energy availability or to neurotransmitter- or 

gliotransmitter-mediated signaling remains controversial. 

On mechanistic grounds, oxygen and/or glucose 

deprivation depress hippocampal synaptic transmission 

through adenosine signaling and activation of A1 

receptors (A1Rs) [27]. However, the cellular origin of the 

adenosine mediating excitatory synaptic depression in 

low-glucose conditions is yet to be deciphered. 

In this study, we combined electrophysiology and 

Ca2+ imaging techniques, as well as transgenic mouse 

models with astrocytic GLUT1 depletion, to investigate 

the contribution of astrocytes to synaptic depression under 

metabolic stress. We found that glucose deprivation 

induces hippocampal synaptic depression through an 

astrocyte-dependent mechanism that involves decreased 

GLUT1-mediated glucose uptake, intracellular calcium 

signaling, ATP release and its extracellular conversion to 

adenosine by ectonucleotidases, ultimately leading to the 

suppression of excitatory neurotransmission via A1 

receptors. These findings shed light on the molecular 

mechanisms that underline astrocyte-mediated 

modulation of neuroenergetics and synaptic function in 

glucose-deprived conditions, potentially revealing novel 

therapeutic targets for metabolic and neurodegenerative 

disorders. 

 

MATERIALS AND METHODS 

 

Ethics statement  

 

All of the procedures for handling and sacrificing animals 

were approved by the University of Minnesota 

Institutional Animal Care and Use Committee (IACUC) 

in compliance with the National Institutes of Health 

guidelines for the care and use of laboratory animals, as 

well as, following the European and Spanish regulations 

(2003/65/EC; 1201/2005) for the care and use of 

laboratory animals and approved by the ethical committee 

of the University of Navarra (ethical protocol number 

076-19). 

 

Animals  

 

Adult mice (≥ 8 weeks) were housed under 12/12-h 

light/dark cycle, up to 5 animals per cage, at temperatures 

between 22 and 24ºC at 30-70% humidity with available 

food and water. The following animals (males and 

females) were used for the present study: IP3R2
−/− 

(generously donated by Dr J Chen) and GLUT1 floxed 

(GLUT1fl/fl, Jackson Laboratories, stock number 031871).  

 

Acute hippocampal slice electrophysiology 

 

Mice were euthanized by decapitation and brains were 

rapidly removed and placed in ice-cold artificial 

cerebrospinal fluid ACSF (containing in mM: NaCl 124, 

KCl 5, NaH2PO4 1.25, MgSO4 2, NaHCO3 26, CaCl2 2, 

glucose 10; gassed with 95% O2, 5% CO2, and maintained 

between pH 7.3 and 7.4). 350-µm-thick coronal brain 

slices containing the hippocampus were obtained in a 4ºC 

ACSF solution using a Leica VT1200 vibratome. 

Following cutting, slices were allowed to recover in 

ACSF for 30 min at 31ºC followed by 30 min at 20-22ºC 

before recording. After a 1-h recovery period, slices were 

kept at 20–22ºC for the rest of the recording day. Slices 

were then transferred to an immersion recording chamber 

and superfused at 2 mL/min with gassed ACSF kept at 

34ºC with a temperature controller TC-324B (Warner 

Instruments Co.). Cells were visualized using infrared-

differential interference contrast optics (Nikon Eclipse 

E600FN, Tokyo, Japan) and a 40x water immersion lens. 

CA1 hippocampal subfields were identified with a 10x 

objective. Transient glucose deprivation episodes were 

induced by switching the perfusion from normal ACSF to 

0 glucose ACSF (containing in mM: NaCl 134, KCl 5, 

NaH2PO4 1.25, MgSO4 2, NaHCO3 26, CaCl2 2) typically 

for 10 min.  

To study excitatory postsynaptic currents (EPSCs), 

picrotoxin (50 μM) and CGP54626 (1 μM) were added to 

the solution to block GABA-A and GABA-B receptors, 

respectively. Whole-cell electrophysiological recordings 

were obtained from hippocampal CA1 pyramidal neurons 

using patch electrodes (3-10 MΩ) filled with an internal 

solution containing (in mM): KGluconate 135, KCl 10, 

HEPES 10, MgCl2 1, ATP-Na2 2 (pH = 7.3). For some 

experiments astrocytes were patched with 4-9 MΩ 
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electrodes filled with an intracellular solution containing 

(in mM): MgCl2 1, NaCl 8, ATP-Na2 2, GTP 0.4, HEPES 

10, and 20 mM BAPTA, titrated with KOH to pH 7.2-7.3 

and including Alexa 594 (100 μM) to visualize the 

astrocyte syncytium. Recordings were performed using 

MultiClamp 700B amplifier (Molecular Devices, San 

Jose, CA). Fast and slow whole-cell capacitances were 

neutralized, series resistance was compensated (~70%), 

and the membrane potential was held at -70 mV. Intrinsic 

electrophysiological properties were monitored at the 

beginning and the end of the experiments. Series and input 

resistances were monitored throughout the experiment 

using a -5 mV pulse. Recordings were considered stable 

when the series and input resistances, membrane 

resistance, and duration of the stimulus artifact did not 

change >20% and I–V curves and firing patterns at the 

beginning and the end of the experiments were similar. 

Recordings that did not meet these criteria were discarded. 

Signals were filtered at 1 kHz, acquired at a 10 kHz 

sampling rate, and fed to a Digidata 1322A digitizer 

(Molecular Devices; San Jose, CA, USA). pCLAMP 10.3 

(Axon Instruments, Molecular Devices; San Jose, CA, 

USA) was used for stimulus generation, data display, data 

acquisition, and data storage. Evoked EPSCs were 

recorded using theta capillaries (2–5 μm tip) filled with 

ACSF for bipolar stimulation. The electrodes were 

connected to a stimulator S-900 through an isolation unit 

(Dagan Corporation, MN) and placed in the stratum 

radiatum to stimulate Schaffer collaterals. Input-output 

curves of EPSCs were performed by increasing stimulus 

intensities from 0 to 100 μA. Paired-pulse facilitation was 

induced by applying paired pulses with 25, 50, 75, 100, 

200, 300, and 500 ms inter-pulse intervals. The paired-

pulse ratio (PPR) was calculated as the relative change in 

EPSC amplitude, using the formula: PPR = (EPSC-2 –

 EPSC-1) / EPSC-1. Synaptic fatigue was assessed by 

applying 15 consecutive stimuli in 25 ms intervals. 

 

AAV stereotaxic surgeries 

 

Animals were anesthetized using a ketamine (10 mg/mL) 

xylazine (1 mg/mL) mixture and placed on a heating pad 

to maintain body temperature with faux tears applied to 

the cornea. Mice were placed in a stereotaxic apparatus, 

an incision was made down the midline of the scalp to 

expose the skull and bilateral intrahippocampal injections 

were performed at 100 nL/min using the following 

stereotaxic coordinates (relative to Bregma in mm): −2.3 

A-P, ± 1.5 M-L and −1.2 D-V (Paxinos and Franklin 

2012). Mice were then sutured and left to heal for 3 weeks. 

AAV5-pZac2.1-gfaABC1d-cyto-GCaMP6f (Addgene) 

and AAV8-GFAP-mCherry-Cre (UMN vector core) viral 

constructs were used. GLUT1fl/fl mice were injected with 

AAV8-GFAP-mCherry-Cre in parallel to deplete GLUT1 

from astrocytes (aGLUT1−/− condition). Virus titers were 

between 1010 and 1012 genomic copies per ml for all 

batches of virus used in the study and were injected 

bilaterally at 500 nL. When more than one virus was used, 

they were mixed and injected at 500 nL. 

 

Ca2+ imaging 

 

GCaMP6f-dependent fluorescent Ca2+ signal imaging 

was performed using an Olympus BX51WI confocal laser 

scanning microscope (Olympus Optical, Japan) controlled 

by the ThorImageLS 4.0 software (ThorLabs, USA). 

Coronal slices containing the hippocampus were obtained 

from GLUT1fl/fl mice injected with AAV5-pZac2.1-

gfaABC1d-cyto-GCaMP6f or with both AAV5-pZac2.1-

gfaABC1d-cyto-GCaMP6f and AAV8-GFAP-mCherry-

Cre in the hippocampal CA1 region (see “AAV 

stereotaxic surgeries” section). Ca2+ imaging experiments 

were performed superfusing slices in presence of 50 μM 

picrotoxin and 1 μM CGP5462 to block GABA-A and 

GABA-B receptors, respectively. Astrocytes within CA1 

stratum radiatum were visualized using a 40x immersion 

objective and a 470 nm laser (ThorLabs, #M470F3). 

Videos were obtained at a 512 x 512 resolution with a 

sampling interval of 2 s. A custom MATLAB program 

(Calsee: www.araquelab.com/code/) was used to quantify 

fluorescence level measurements in astrocytes. Ca2+ 

variations recorded at the soma and processes of the cells 

were estimated as changes of the fluorescence signal over 

baseline (ΔF/F0), and cells were considered to show a Ca2+ 

event when the ΔF/F0 increase was at least 2 times the 

standard deviation of the baseline.  

The astrocyte Ca2+ signal was quantified from the 

Ca2+ event probability, which was defined as the 

probability that an astrocyte in a given field of view shows 

Ca2+ elevations during a 10-sec bin. Experiments were 

conducted recording from 8 to 30 astrocytes per field of 

view. The time of occurrence was considered at the onset 

of the Ca2+ event. For each astrocyte analyzed, values of 

0 and 1 were assigned for bins showing either no response 

or a Ca2+ event, respectively, and the Ca2+ event 

probability was obtained by dividing the number of 

astrocytes showing an event at each time bin by the total 

number of monitored astrocytes [28]. The Ca2+ event 

probability was calculated in each slice, and for statistical 

analysis, the sample size corresponded to the number of 

slices as different slices were considered as independent 

variables. The half-width of the events was also computed 

and averaged per 2 min. All the astrocytes that showed a 

Ca2+ event during the experiment were used for the 

analysis. Imaging was performed in alternating 2-minute 

imaging periods and 2-minute non-imaging periods to 

prevent photobleaching. 

http://www.araquelab.com/code/
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To assess differences in Ca²⁺ event probability under 

various conditions, the basal Ca²⁺ event probability (over 

2 min) was averaged and compared with the average Ca²⁺ 

event probability during the last 2 min following 10 min 

of no-glucose ACSF bath application. 

 

Immunohistochemistry 

 

The animals were anesthetized with Avertin (2,2,2 

tribromoethanol, 240 mg/kg, i.p.) and intracardially 

perfused with ice cold phosphate buffered saline (PBS) 

followed by 4% paraformaldehyde (PFA) in 0.1 M PBS 

(pH 7.4). The brain was removed, and 100-μm coronal 

sections were obtained using a Leica VT1000S vibratome. 

Tissue sections were incubated in blocking buffer (0.1% 

Triton X-100, 10% goat serum in PBS) for 1 h at room 

temperature and subsequently incubated for 2 days at 4°C 

with mouse anti-GFAP (1:500; Cell Signaling 

Technology, #3670) and rabbit anti-RFP (1:500; 

Rockland, #600-401-379) diluted in blocking solution. 

The slices were then washed 3 times for 15 min each in 

PBS and incubated with secondary antibodies diluted in 

PBS containing 0.1% Triton X-100 and 5% goat serum 

for 2 days at room temperature. The following secondary 

antibodies were used: goat anti-mouse IgG AlexaFluorTM 

647 (1:1000; Invitrogen, #A21235) and goat anti-rabbit 

AlexaFluorTM 594 (1:1000; Invitrogen, #A11012). Tissue 

sections were then washed 3 times with PBS for 10 min 

each and mounted using Vectashield Mounting media 

(Vector laboratories). Slides were imaged using a Leica 

SP5 multiphoton confocal microscope and Olympus 

FluoView FV1000. 

 

Drugs and chemicals  

 

[S-(R∗,R∗)]-[3-[[1-(3,4-Dichlorophenyl)ethyl]amino]-2-

hydroxypropyl](cyclohexylmethyl) phosphinic acid 

(CGP 54626 hydrochloride), D-(−)-2-Amino-5-

phosphonopentanoic acid (D-AP5), 6-Cyano-7-

nitroquinoxaline-2,3-dione disodium (CNQX disodium 

salt), Octahydro-12-(hydroxymethyl)-2-imino-5,9:7,10a-

dimethano-10aH-[1,3]dioxocino[6,5-d], 6-N,N-Diethyl-

D-β,γ-dibromomethyleneATP trisodium salt (ARL 67156 

trisodium salt), 1,2-bis(2-aminophenoxy)ethane-N,N,N′, 

N′-tetraacetate (BAPTA), were purchased from Tocris 

Bioscience. Picrotoxin, from Indofine Chemical 

Company (Hillsborough, NJ). 9-β-D-Ribofurano-

syladenine (Adenosine), 8-Cyclopentyl-1,3-dimethyl-

xanthine (CPT), dipyridamole (DPM) and S-(4-

Nitrobenzyl)-6-thioinosine (NBMPR), were purchased 

from Sigma. 

 

Statistical analysis  

 

Results are presented as mean of independent data points 

± standard error of the mean (SEM). Number of neurons 

was used as a sample size for electrophysiology 

comparisons (one neuron per slice), and number of slices 

for Ca²⁺ signal comparisons. Data normality was assessed 

using a Shapiro–Wilk statistical test. When data met 

normal distribution results were compared using a two-

tailed Student’s t-test (paired, before-after stimulus-

treatment; unpaired between groups). Otherwise, data 

were compared using a Mann-Whitney test. Statistical 

differences were established with p < 0.05 (∗), p < 0.01 

(∗∗) and p < 0.001 (∗∗∗). Details on sample size and 

statistical testing are provided in the Figure legends. 

 

RESULTS 

 

Glucose-deprived conditions depress synaptic 

transmitter release via nucleotide hydrolysis and 

activation of presynaptic adenosine receptors 

 

To investigate the effects of glucose deprivation on 

synaptic transmission, we performed whole-cell patch-

clamp recordings of CA1 pyramidal neurons and 

monitored EPSCs evoked by electrical stimulation of the 

Schaffer collaterals (SC) in hippocampal slices. The 

amplitude of EPSCs progressively declined during 

glucose deprivation (10-minute-long perfusion with 0 

glucose ACSF), reaching a minimum of 77.9 ± 4.8% (n = 

11) relative to basal (Figs. 1A,D). This reduction in the 

size of evoked EPSCs was fully restored following 

washout with glucose-containing ACSF. Notably, the 

presence of 1 μM CPT, a selective antagonist of adenosine 

A1 receptors, prevented the suppression of evoked EPSC 

induced by glucose deprivation (101.0 ± 4.8% of control 

values; n = 6; Figs. 1A,D). 

To assess whether the effects of glucose deprivation 

on synaptic transmission were mediated pre- or 

postsynaptically, we evaluated changes in paired-pulse 

facilitation, a parameter indicative of presynaptic function 

[29]. The PPR exhibited a significant increase from 0.33 

± 0.11 under control conditions to 0.47 ± 0.12 in the 

absence of glucose (Figs. 1B,C; n = 8). This shift in PPR 

suggests that a reduced presynaptic probability of 

neurotransmitter release is the primary mechanism 

underlying the observed suppression of excitatory 

transmission. These findings, which are consistent with 

previous reports [27, 29, 30], indicate that synaptic 

depression induced by glucose deprivation is specifically 

mediated by presynaptic adenosine A1 receptors. 

Adenosine can be synthesized intracellularly and 

subsequently transported out of the cell via equilibrative 

nucleoside transporters (ENTs) [31, 32] or generated 

extracellularly through the enzymatic hydrolysis of 

nucleotides by ecto-5′-nucleotidases [33]. ENTs facilitate 
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bidirectional, passive diffusion of adenosine across cell 

membranes, driven by its concentration gradient between 

the intra- and extracellular compartments [34]. Under 

physiological conditions, these transporters primarily 

mediate adenosine uptake from the extracellular space, 

but they have been also implicated in its release from 

neurons and astrocytes [35, 36]. To determine the role of 

nucleoside transport in glucose deprivation-induced 

synaptic depression, we used the adenosine transport 

inhibitors dipyridamole (DPM; 10 μM) and nitro-

benzylthioinosine (NBMPR; 10 μM) [37].  Glucose 

deprivation continued to depress synaptic transmission in 

the presence of DPM and NBMPR (Fig. 1D; n = 6), 

arguing against direct adenosine release as a mechanism 

underlying the suppression of excitatory transmission. To 

further explore the underlying processes, we examined the 

effect of inhibiting ecto-5′-nucleotidases using 

ARL67156 [38, 39]. Notably, ARL67156 (50 μM) 

effectively prevented synaptic depression during glucose 

deprivation (101.0 ± 7.5% from basal; Fig. 1D; n = 9). 

Collectively, these findings indicate that the suppression 

of synaptic transmission induced by glucose deprivation 

in the CA1 region of the hippocampus is primarily 

mediated by the extracellular metabolism of adenine 

nucleotides leading to adenosine, rather than by direct 

adenosine transport. This extracellularly-generated 

adenosine subsequently activates presynaptic A1 

receptors to depress excitatory synaptic transmission.  

 

 

 

 

Figure 1. The absence of glucose decreases 

EPSC amplitude via a presynaptic mechanism 

involving adenosine.  (A) The effect of glucose 

deprivation on normalized mean EPSC 

amplitudes induced by Schaffer collateral (SC) 

stimulation over time is shown for control 

conditions (filled circles, n = 11 neurons/slices 

from 4 mice) and in the presence of 1 μM CPT 

(open circles, n = 6 neurons/slices from 3 mice). 

The inset displays averaged EPSCs recorded 

before (1), during (2), and after (3) glucose 

deprivation, with or without CPT. (B) Averaged 

EPSCs triggered by paired-pulse stimulation (50 

ms delay) are shown for glucose ACSF and 0 

glucose conditions. Under 0 glucose, EPSCs 

were rescaled so that the first EPSC matched the 

size observed in glucose and 0 glucose 

conditions. (C) Averaged PPR [(P2–P1)/P1] was 

significantly different (n = 8 neurons/slices from 

3 mice; **p < 0.01) in glucose and 0 glucose. (D) 

Summary data of 0 glucose-induced EPSC 

reduction in control condition and in the presence 

of 1 μM CPT (n = 6 neurons/slices from 3 mice), 

10 μM DPM plus 10 μM NBMPR (n = 6 

neurons/slices from 2 mice), and 50 μM 

ARL67156 (n = 9 neurons/slices from 2 mice). 

Significant differences with respect to glucose 

were established at *p < 0.05, **p < 0.01 and 

***p < 0.001. 
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Figure 2. Glucose deprivation induced synaptic depression requires astrocytic calcium elevation. (A, 

B) Left: Representative images of astrocytic calcium events accumulated over a 2-minute period in acute 

hippocampal slices from control (A) and IP3R2
−/− mice (B) under glucose ACSF and after 10 minutes of 

glucose deprivation. Right: Time course of glucose deprivation effects on astrocytic Ca²⁺ event probability 

(triangles, n = 13 for control; n = 7 for IP3R2
−/−) and normalized mean EPSC amplitudes (circles, n = 11 

neurons/slices from 4 mice; n = 10 neurons/slices from 2 mice for IP3R2
−/−). (C) Quantification of astrocyte 

Ca²⁺ event probability in control (n = 13 slices from 3 mice) and IP3R2
−/− (n = 7 slices from 2 mice) slices 

before and after 10 minutes of glucose deprivation. (D) Time course (left) and quantification of relative 

changes (right) in normalized mean EPSC amplitudes during glucose deprivation alone (n = 10 

neurons/slices from 2 mice) or in the presence of adenosine (20 μM, n = 4 neurons/slices from 2 mice) in 

IP3R2
−/− slices. (E) Left: Representative image of a patched astrocyte dialyzed with BAPTA and Alexa 

594, showing the astrocyte syncytium. Right: Effect of glucose deprivation on normalized mean EPSC 

amplitudes in control (n = 11 neurons/slices from 4 mice) and BAPTA-loaded astrocyte network-

containing slices (n = 6 neurons/slices from 2 mice). Significant differences with respect to glucose were 

established at *p < 0.05 and ***p < 0.001. 
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Glucose deprivation-induced synaptic depression 

depends on astrocyte Ca2+ signaling 

 

Astrocytes modulate synaptic transmission through the 

release of gliotransmitters, with ATP being one of the 

most common ones [40–42]. Based on the above-

mentioned observations, we hypothesized that the 

excitatory synaptic depression induced by glucose 

deprivation is mediated by ATP released from astrocytes 

and subsequently converted into adenosine. Since Ca2+-

dependent processes are a major mechanism of 

gliotransmitter release [43–45], we next performed 

confocal imaging of GCaMP6f in hippocampal slices to 

investigate whether glucose deprivation modulates the 

astrocyte Ca2+ signal. Under normal glucose conditions, 

spontaneous astrocyte Ca2+ activity quantified as Ca2+ 

event probability was 0.10 ± 0.01. This activity markedly 

increased to 0.13 ± 0.01 following 10 min of glucose 

deprivation (Figs. 2A,C; n = 13). Additionally, the 

duration of Ca2+ transients was prolonged, with the event 

half-with increasing from 5.39 ± 0.17 sec to 5.87 ± 0.22 

sec (n = 13; Supplementary Figs. 1A,B). Notably, the 

time-course of this increase in the frequency and duration 

of the astrocyte Ca2+ events closely mirrored the 

progression of synaptic depression during glucose 

deprivation (Fig. 2A), which suggests a link between 

deregulation of astrocyte Ca2+ dynamics and synaptic 

activity under these conditions. Thus, we next asked if an 

increase of astrocyte Ca2+ activity is needed to produce 

the synaptic depression in glucose-deprived conditions. 

To address this, we used transgenic mice lacking inositol-

1,4,5-trisphosphate (IP3)-receptor type 2 (IP3R2
−/− mice), 

in which G protein-mediated astrocyte Ca2+ signal is 

largely impaired [46–48]. Glucose deprivation induced a 

small but significant decrease of the astrocyte Ca²⁺ event 

probability in hippocampal slices from IP3R2
−/− mice 

(from 0.05 ± 0.01 to 0.04 ± 0.01;n = 7; Figs. 2B,C) and 

did not modulate the duration of Ca²⁺ events (from 5.45 ± 

0.20 s to 5.79 ± 0.41s; n = 7; Supplementary Fig. 1A,B), 

in contrast to the increase observed in slices from control 

animals (Fig. 2A). Importantly, hippocampal synaptic 

transmission in IP3R2
−/− mice remained unaffected during 

the glucose deprivation period (EPSC amplitude from 

101.0 ± 0.4% to 109.0 ± 7.9%; n = 10), suggesting that the 

observed synaptic depression requires astrocyte responses 

mediated by the Ca2+ signaling (Figs. 2B,D). We next 

tested if adenosine receptor activation effectively 

produces synaptic depression in transgenic mice. Bath 

application of adenosine (20 μM) for 10 min resulted in a 

significant depression of EPSCs (from 101.0 ± 0.5% to 

64.2 ± 9.8%; n = 4), thus indicating that A1 receptor-

mediated presynaptic signaling is not compromised in the 

IP3R2
−/− mice (Fig. 2D). 

To further test the role of astrocytic Ca2+ signaling in 

synaptic regulation induced during glucose deprivation, 

we selectively chelated intracellular Ca2+ by injecting 

astrocytes with the fast, high-affinity Ca2+-chelating 

molecule BAPTA  [49–51]. During whole-cell recording 

from CA1 pyramidal neurons, an astrocyte in stratum 

radiatum was contacted with a patch electrode containing 

high (20 mM) concentrations of BAPTA in whole-cell 

configuration to enable BAPTA diffusion into the 

astrocyte. The patch pipette also contained Alexa 594 

(100 μM), which enabled visualization of the astrocyte 

syncytium covering an area ∼100 μm in diameter (Fig. 

2E). Remarkably, following 20 min of astrocyte dialysis 

with 20 mM BAPTA, synaptic transmission was 

unaffected by 10 min of glucose deprivation (from 99.6 ± 

0.9% to 106.0 ± 7.9%; n = 6; Fig. 2E). These observations 

confirm that endogenous Ca2+ activity in astrocytes is 

necessary for the depression of excitatory transmission 

induced by glucose deprivation in the CA1 region of the 

hippocampus. 

In summary, these results suggest that glucose 

deprivation triggers astrocyte Ca2+ signaling potentially 

inducing the release of ATP, which, after being converted 

to adenosine, leads to presynaptic A1 receptor activation 

and excitatory synaptic depression.  

 

Glucose deprivation-induced hippocampal synaptic 

depression depends on astrocytic glucose sensing 

 

Brain glucose supply relies mainly on GLUT1, which is 

expressed both in blood vessel endothelial cells and 

astrocytes [5, 52], and plays a crucial role in glucose 

sensing [53, 54]. Thus, we next investigated whether 

astrocytic GLUT1 mediates excitatory synaptic 

depression induced by glucose deprivation. With this aim, 

GLUT1fl/fl mice were locally injected with AAV8-GFAP-

mCherry-Cre to selectively deplete GLUT1 expression in 

CA1 hippocampal astrocytes (Fig. 3A). Immuno-

fluorescence analysis of GFAP and mCherry confirmed 

that these mice, herein termed aGLUT1−/−, showed 

astrocytic selectivity of the virus expression (Fig. 3A) and 

high recombination efficiency (81.12 ± 5.77% 

GFAP+mCherry+/GFAP+ cells; n = 4 mice) within the site 

of injection [54].  

Imaging of GCaMP6f in hippocampal slices revealed 

an increased basal astrocytic Ca2+ activity in aGLUT1−/− 

mice compared to control animals (Ca2+ event probability: 

0.13 ± 0.01 in aGLUT1−/− vs 0.1 ± 0.01 in control; n = 13; 

Fig. 3B-D). Additionally, the basal Ca2+ event duration 

was significantly longer in aGLUT1−/− compared to 

control mice (6.28 ± 0.32 sec vs 5.39 ± 0.17 sec; n = 13; 

Supplementary Fig 1A,B). However, when hippocampal 

slices from aGLUT1−/− mice were subjected to 10 min of 

glucose deprivation, the characteristic increases in 
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astrocytic Ca2+ event probability observed in slices from 

control mice were completely absent (Ca2+ event 

probability: to 0.117 ± 0.007; Fig. 3B-D). Similarly, 

synaptic transmission in aGLUT1−/− slices remained 

unaffected during glucose deprivation, with no reduction 

in EPSC amplitude (from 101.0 ± 1.3% to 102.0 ± 6.3%; 

n = 11), in contrast to the marked suppression observed in 

control slices (Fig. 3E). To ensure that the lack of synaptic 

depression in aGLUT1−/− slices was not due to an 

impairment in neuronal adenosine receptor function, we 

bath applied exogenous adenosine (20 μM) for 10 min. As 

expected, adenosine perfusion produced a robust 

inhibition of synaptic transmission with EPSC amplitude 

decreasing to 57.2 ± 11.4% (n = 6) (Fig. 3E). These results 

indicate that neuronal A1 adenosine receptors remain 

fully functional in aGLUT1−/− mice. Further analysis of 

evoked synaptic responses showed similar input–output 

curves, PPR and synaptic fatigue in neurons from 

aGLUT1−/− mice and control mice (Supplementary Fig. 

2A-C), suggesting that astrocytic GLUT1 depletion does 

not lead to impairments in the basic synaptic properties 

within hippocampal CA1 region. Taken together, these 

data indicate that astrocytic GLUT1 is essential for both 

the Ca2+ response and the subsequent synaptic depression 

induced by glucose deprivation and underscore the role of 

astrocytes in translating glucose availability into the 

modulation of synaptic transmission via GLUT1. 
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Figure 3. Astrocytic GLUT1 is required for glucose deprivation-induced synaptic depression. (A) Left: Schematic representation 

of AAV injections in hippocampal CA area of GLUT1fl/fl mice to abolish GLUT1 expression in astrocytes (aGLUT1−/−). Right: 

representative confocal micrographs depict GCaMP6f fluorescence and immunolabeling of mCherry+ cells co-stained with GFAP and 

DAPI. Scale bar: 50 m. (B) Representative traces of EPSCs and images of astrocytic calcium events accumulated over a 2-minute 

period in acute hippocampal slices from aGLUT1−/− mice under glucose ACSF and after 10 minutes of glucose deprivation. (C) Time 

course of glucose deprivation effects on astrocytic Ca²⁺ event probability (triangles) and normalized mean EPSC amplitudes (circles) in 

aGLUT1−/− mice. (D) Quantification of astrocyte Ca²⁺ event probability in control (n = 13 slices from 3 mice) and aGLUT1−/− (n = 13 

slices from 4 mice) before and after 10 minutes of glucose deprivation. (E) Effect of glucose deprivation on normalized mean EPSC 

amplitudes in control (n = 11 neurons/slices from 4 mice), aGLUT1−/− (n = 11 neurons/slices from 4 mice) and aGLUT1−/− slices treated 

with adenosine (20 μM, n = 6 neurons/slices from 3 mice). Significant differences with respect to glucose were established at *p < 0.05 

and ***p < 0.001. 

DISCUSSION 

 

Brain adaptation to metabolic challenge is a fundamental 

process that secures information processing and survival. 

Although glial cells play a prominent role in brain energy 

metabolism [55], how they cope with metabolic 

deficiency remains poorly understood. Our results show 

that glucose deprivation suppresses hippocampal 

excitatory transmission via an astrocyte-dependent 

mechanism that involves decreased GLUT1-mediated 

extracellular glucose uptake, Ca2+ signaling, and 

increased adenosine availability leading to the activation 

of presynaptic A1 receptors. These findings identify a 

novel role for astrocytic glucose uptake in modulating 

network responses to glucose deprivation and highlight 

the essential contribution of astroglial networks in 

maintaining metabolic homeostasis under conditions of 

energy scarcity. The combination of these features has led 

to the proposal that astrocytes act as converters of glucose 

availability information into synaptic transmission 

interventions [56]. 

While depression of hippocampal synaptic 

transmission during glucose deprivation has long been 

attributed to neuronal energy shortage, our results reveal 

an unexpected mechanism: astrocytic activity is the main 

driver of synaptic inhibition, even as neuronal firing 

persists. Indeed, our results demonstrate that astrocytes 

encode glucose deprivation, meaning that their activity 

reflects fluctuations in extracellular energy source 

availability. Specifically, glucose deprivation-induced 

hippocampal synaptic depression is dependent on 

astrocytic glucose sensing and Ca2+ activity translated into 

gliotransmitter release. These findings challenge the 

traditional neuronal metabolism-centered view and 

implicate glial signaling rather than direct neuronal 

metabolic failure in glucose-deprived conditions.  

Elevation of astrocytic Ca2+ levels during glucose 

deprivation has been proposed to regulate synaptic 

transmission through multiple mechanisms [57]. This 

response may facilitate glycogenolysis, as previously 

demonstrated in human astrocytoma cells [58], thereby 

providing a local glucose supply to sustain neuronal 

activity. Alternatively, increased astrocytic Ca2+ signaling 

may contribute to energy conservation by actively 

downregulating synaptic efficacy via gliotransmitter 

release, particularly ATP. Extracellular ATP is rapidly 

converted into adenosine, which, by activating 

presynaptic A1 receptors, suppresses glutamate release 

and synaptic transmission [38]. Our findings support this 

model by showing that synaptic depression induced by 

presynaptic adenosine A1 receptors require both 

astrocytic GLUT1 and Ca2+activity, further implicating 

astrocytes in metabolic adaptations to glucose-limiting 

conditions. 

Previous studies have reported astrocytic Ca2+ 

elevations in response to glucose deprivation in the 

nucleus tractus solitarius (NTS), a brain region implicated 

in glucose sensing and homeostasis [59]. NTS astrocytes 

exhibit a reversible Ca2+ increase upon glucose 

withdrawal and restoration, leading to their classification 

as putative glucosensors alongside ventromedial 

hypothalamic neurons, which are either excited (GE 

neurons) or inhibited (GI neurons) by glucose [60]. 

Furthermore, inhibition of NTS astrocytes disrupts gastric 

vagal reflex circuits and motility during glucose 

deprivation, underscoring their functional importance in 

metabolic regulation [61]. Another study further extended 

this concept, as electrophysiological recordings of 

hippocampal astroglial cells in the stratum radiatum 

revealed that glucose shortage specifically increased 

astrocyte membrane capacitance, while having no impact 

on other passive membrane properties [57]. Consistent 

with this change, morphometric analysis unraveled a 

prompt increase in astrocyte volume upon glucose 

deprivation. Furthermore, the functional properties of 

astrocytes were also affected by transient glucose 

deficiency: glucose deprivation decreased gap junction-

mediated coupling, while progressively and reversibly 

increasing intracellular Ca2+ levels during the slow 

depression of synaptic transmission that occurred 

simultaneously, as assessed by dual electrophysiological 

and Ca2+ imaging recordings [57]. Our study extends this 

idea by demonstrating that astrocytes outside canonical 

glucose-sensing regions also respond to changes in 

glucose availability and therefore suggest that astrocytic 
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glucosensing is a widespread and fundamental property of 

brain energy homeostasis. 

A key and novel observation in our study is that 

hippocampal astrocytes from aGLUT1−/− mice fail to 

increase Ca2+ activity in response to glucose deprivation, 

indicating that astrocytic GLUT1-dependent glucose 

uptake is necessary for this response. This lack of 

astrocyte Ca2+ responsiveness likely results from elevated 

basal Ca2+ signaling, which precludes further increases 

upon glucose deprivation. These findings indicate that 

astrocytic glucose uptake and subsequent metabolization 

are a prerequisite for their ability to detect and respond to 

metabolic fluctuations. When astrocytes are unable to 

import and metabolize glucose, the entire circuit ceases to 

adapt to extracellular glucose deprivation, reinforcing the 

notion that astrocytic sensitivity to glucose fluctuations is 

an essential component of brain metabolic regulation and 

synaptic transmission modulation [54]. 

 

Limitations of the study 

 

While in this study we used a complete glucose 

deprivation paradigm to clearly elucidate the fundamental 

mechanisms by which astrocytic glucose sensing 

influences synaptic regulation, it is important to consider 

the physiological relevance of the present findings in the 

context of more subtle glucose fluctuations. In vivo brain 

glucose levels, particularly within the CSF, typically 

reside in the 3-4 mM range in humans [62–64]. However, 

even within this physiological range, and during 

conditions of mild glucose deprivation, astrocytes are 

exquisitely sensitive to changes in glucose availability 

[65, 66]. Therefore, our findings, although derived from 

an experimental manipulation that does not fully mimic in 

vivo glucose shortages, most likely highlight fundamental 

pathways that are engaged and modulate synaptic function 

even under less severe, physiologically relevant 

alterations in glucose supply, and potentially contribute to 

the synaptic plasticity observed during various metabolic 

states or in the context of neurological disorders involving 

impaired glucose metabolism. 

Another limitation that warrants further consideration 

is the intriguing possibility of sex-specific differences in 

astrocyte responses upon glucose deprivation. While our 

current investigation provides fundamental insights into 

the general mechanisms by which astrocytic glucose 

sensing regulates synaptic activity, emerging evidence 

highlights that astrocytes exhibit sex-dependent variations 

in their molecular profiles and functional responses [67]. 

These inherent biological distinctions could translate into 

differential astrocytic reactions to glucose deprivation in 

males versus females, potentially leading to distinct 

modulatory effects on synaptic circuits. Given the well-

documented sex biases observed in the prevalence and 

severity of numerous neurological disorders characterized 

by metabolic dysfunction, such as Alzheimer's disease 

(AD), stroke, and epilepsy, future studies specifically 

designed to investigate these sex-dependent astrocytic 

responses to glucose availability and their subsequent 

impact on synaptic function are crucial. Unraveling these 

potential sex-specific mechanisms could offer valuable 

insights into the differential vulnerability and resilience of 

the sexes to these neurological conditions and pave the 

way for more personalized therapeutic interventions. 

 

Conclusion 

 

Our study establishes a direct link between astrocyte 

glucose uptake and neuromodulation by demonstrating 

that synaptic depression mediated by adenosine A1 

receptors depends on astrocytic GLUT1 and Ca2+ activity. 

The abolition of astrocytic Ca2+ responses to glucose 

deprivation in aGLUT1−/− mice further highlights GLUT1 

as a key participant in astrocytic glucosensing [54]. 

Mechanistically, our findings suggest that ATP release 

and its subsequent conversion to adenosine underlie 

astrocyte-dependent synaptic depression during glucose 

deprivation. These results emphasize the critical role of 

astrocytic glucose uptake in adapting to metabolic stress 

and regulating neuronal function under hypoglycemic 

conditions. Moreover, the present observations have 

significant implications for pathological states associated 

with glucose deficiency, such as GLUT1 deficiency 

syndrome [68] and AD [69], where GLUT1 

downregulation contributes to neurodegeneration. By 

elucidating how astrocytes sense and respond to 

metabolic challenges, our study highlights potential 

therapeutic targets for disorders characterized by impaired 

brain energy metabolism. Future research should explore 

how astrocytic metabolic networks adapt to chronic 

metabolic stress and whether modulating astrocytic 

glucose uptake could provide neuroprotective strategies. 
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