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Abstract

Astrocytes play crucial roles in brain homeostasis and are emerging as regulatory elements of 

neuronal and synaptic physiology by responding to neurotransmitters with Ca2+ elevations and 

releasing gliotransmitters that activate neuronal receptors. Ageing involves neuronal and astrocytic 

alterations, being considered risk factor for neurodegenerative diseases. Most evidence of the 

astrocyte-neuron signaling is derived from studies with young animals; however, the features of 

astrocyte-neuron signaling in adult and aging brain remain largely unknown. We have investigated 

the existence and properties of astrocyte-neuron signaling in physiologically and pathologically 

ageing mouse hippocampal and cortical slices at different lifetime points (0.5 to 20 month-old 

animals). We found that astrocytes preserved their ability to express spontaneous and 

neurotransmitter-dependent intracellular Ca2+ signals from juvenile to ageing brains. Likewise, 

resting levels of gliotransmission, assessed by neuronal NMDAR activation by glutamate released 

from astrocytes, were largely preserved with similar properties in all tested age-groups, but 

DHPG-induced gliotransmission was reduced in aged mice. In contrast, gliotransmission was 

enhanced in the APP/PS1 mouse model of Alzheimer’s disease, indicating a dysregulation of 

astrocyte-neuron signaling in pathological conditions. Disruption of the astrocytic IP3R2 

mediated-signaling, which is required for neurotransmitter-induced astrocyte Ca2+ signals and 

gliotransmission, boosted the progression of amyloid plaque deposits and synaptic plasticity 

impairments in APP/PS1 mice at early stages of the disease. Therefore, astrocyte-neuron 

interaction is a fundamental signaling, largely conserved in the adult and ageing brain of healthy 
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animals, but it is altered in Alzheimer’s disease, suggesting that dysfunctions of astrocyte Ca2+ 

physiology may contribute to this neurodegenerative disease.
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INTRODUCTION

Ageing entails many morphological and physiological changes of brain structure and 

function, which is considered to be a risk factor for many neurodegenerative disorders, such 

as Alzheimer’s disease (AD) and Parkinson’s disease, by a wide number of means, from the 

activation/inactivation of particular genes to environmental alteration of biochemical 

pathways (Maynard et al. 2015). Indeed, a great effort has been made to understand the 

abnormalities of neuronal and synaptic activities occurring in neurodegenerative diseases 

associated with aging (Hung et al. 2010), and most of the studies have focused on the 

analysis of the morphological and molecular changes occurring in neurons and glial cells 

(Lynch et al. 2010; Riddle 2007).

Astrocytes, a glial cell type, have emerged in the last years as important cells in brain 

function. In addition to the key roles played in brain homeostasis by controlling extracellular 

levels of ions and neurotransmitters, astrocytes also actively and dynamically interact with 

neurons, responding to neurotransmitters and regulating neuronal and synaptic function by 

releasing gliotransmitters (Araque et al. 2014; Eroglu and Barres 2010; Perea et al. 2014). 

On the other hand, astrocytic physiological dysfunctions, including alterations of the 

astrocyte calcium (Ca2+) signal (Delekate et al. 2014; Kuchibhotla et al. 2009; Takano et al. 

2007), have been related with the pathology of particular neurodegenerative diseases (Rudy 

et al. 2015; Tong et al. 2014; Yates 2015). Most of the current knowledge of the astrocyte-

influence on neuronal and synaptic function has been derived from young animal studies 

(Agulhon et al. 2008; Araque et al. 2014), but the functional properties of the astrocyte-

neuron signaling in ageing brain, in either healthy or pathological conditions, remain largely 

unknown (Grosche et al. 2013; Navarrete et al. 2012b; Peters et al. 2009; Sun et al. 2013; 

Tang et al. 2015).

Here, we investigated the fundamental features of astrocyte-neuron signaling i.e., astrocyte 

responsiveness to neurotransmitters and synaptic activity, and astrocyte ability to release 

glutamate and impact neuronal activity, at different stages of adult life and ageing. Our 

results show that the intrinsic and neurotransmitter-evoked Ca2+ signaling in astrocytes is 

downregulated but largely preserved in brain slices from adult and aged mice. Likewise, 

neuronal NMDAR-dependent currents evoked by astrocyte glutamate release were similarly 

present in adult and aged animals. However, in APP/PS1 AD mouse model the astrocytic 

gliotransmission was significantly increased. The downregulation of IP3R2-mediated Ca2+ 

signaling in astrocytes stimulated an accelerated progression of amyloid plaques and 

synaptic plasticity deficits in APP/PS1 AD mouse model. Taken together, present results 

show that neuron-astrocyte communication is a fundamental signaling pathway in the brain 
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present in the adult life as well as in ageing, and that dysfunctions of the astrocyte Ca2+ 

signal contribute to the progression of Alzheimer’s disease.

MATERIALS AND METHODS

Animals

All the procedures for handling and sacrificing animals followed the European Commission 

guidelines for the welfare of experimental animals (2010/63/EU). All experimental and 

animal care procedures complied with US National Institutes of Health guidelines and were 

approved by the Animal Welfare Committee of the Cajal Institute and by the Institutional 

Animal Ethics Committee of CSIC (R.D. 53/2013). A special effort was made to reduce the 

number of animals used in the study. Mice of both genders were used. Animals were housed 

under 12/12-h light/dark cycle and up to five animals per cage. No relevant behavioral 

features were observed in aged mice, i.e., sedentary behavior.

Brain slices and electrophysiology

Hippocampal and somatosensory cortical slices were obtained from C57BL/6 wild type 

mice and inositol 1,4,5-triphosphate-type 2 receptor (IP3R2) knockout (IP3R2−/−) mice (Li 

et al. 2005) at different ages: 0.5, 5, 12, 20 months. Senescence-accelerated prone mouse 8 

(SAMP8) and senescence-accelerated-resistant mouse 1 (SAMR1) were analyzed at 6 

months. APPswe/PS1ΔE9 (Jankowsky et al. 2001), termed APP/PS1 in this study, were 

analyzed at 12 months. Offspring of crossbred APP/PS1 and IP3R2 transgenic mice were 

analyzed at 6 and 2.5–3 months. Mice were anaesthetized, decapitated and brains were 

rapidly removed and placed in ice-cold artificial cerebrospinal fluid (ACSF). Slices (350–

400 µm) from juvenile mice were incubated during >1 h at room temperature (22–24° C) in 

ACSF containing (in mM): NaCl 124, KCl 2.69, KH2PO4 1.25, MgSO4 2, NaHCO3 26, 

CaCl2 2, Sodium Ascorbate 0.4, and Glucose 10, and was gassed with 95% O2 / 5% CO2 

(pH = 7.3–7.4). To reduce swelling and damage in superficial layers of the slices from adult 

and ageing mice, slices were obtained with either modified ACSF containing (in mM): NaCl 

75, KCl 2.69, KH2PO4 1.25, MgSO4 2, NaHCO3 26, CaCl2 2, Glucose 10, Sucrose 100, 

Sodium Ascorbate 1, and Sodium pyruvate 3; and modified N-methyl-D-glucamine 

(NMDG)-ACSF, as substitute for sodium ions in a wide range of adult ages and applications 

(Ting et al. 2014), containing (in mM): NMDG 93, KCl 2.5, NaH2PO4 1.2, NaHCO3 30, 

HEPES 20, MgSO4 10, CaCl2 0.5, Glucose 25, Sodium Ascorbate 5, Thiourea 2, Sodium 

pyruvate 3, gassed with 95% O2 / 5% CO2 (pH = 7.3–7.4). Slices obtained with (NMDG)-

ACSF were incubated during 10 min at 32°C before being transferred at regular ACSF 

(room temperature) for 1 h incubation previous to the recordings. Slices were then 

transferred to an immersion recording chamber and superfused with gassed regular ACSF. 

Cells were visualized under an Olympus BX50WI microscope. Electrophysiological patch-

clamp recordings from CA1 pyramidal and layer 2–3 cortical neurons were made using 

patch electrodes (3–6 MΩ) filled with the internal solution (in mM): K-Gluconate 135, KCl 

10, HEPES 10, MgCl2 1, ATP-Na2 2 (pH = 7.3, with KOH), and the membrane potential 

was held at −70 mV to record EPSCs and slow inward currents (SICs). For SICs recordings 

ACSF was adjusted with CaCl2 4mM, glycine 10 µM, zero magnesium and TTX 1 µM. 

Signals were digitized at 10.0 kHz. Trains of stimuli to SC afferents were delivered at 30 Hz 
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during 5 s and astrocyte responsiveness to SC synaptic activity was isolated by picrotoxin 

(50 µM) and CGP55845 (5µM), GABAa and GABAb receptors antagonists, respectively 

(Fig. 3A). Experiments were performed at room temperature (22–24 °C) unless indicated. 

For extracellular recordings, the stimulation and recording electrodes (2–4 MΩ; filled with 

NaCl 3 mM) were placed on the stratum radiatum. Extracellular excitatory postsynaptic field 

potentials (fEPSPs) were bandpass filtered between 0.3 Hz and 1.0 kHz, and digitized at 

10.0 kHz. Ten min baseline responses at 0.1 Hz. were recorded before LTP-induction 

protocol (100 Hz trains delivered 4 times at 0.05 Hz). Extracellular recordings were 

performed at 32 °C. The pCLAMP 10 software (Molecular Devices) was used for stimulus 

generation, data display, acquisition, storage and analysis.

Ca2+ imaging

Animals were injected intraperitoneally with sulforhodamine 101 (SR101; 100 mg/kg) and 

left in the cage with food and water for 1–2 h before removing the brain (Perez-Alvarez et 

al. 2014). Ca2+ levels in astrocytes specifically loaded with SR101 (Fig. 1B; Fig. 2A), were 

monitored by fluorescence microscopy using the Ca2+ indicator Fluo-4-AM (Nimmerjahn et 

al. 2004; Perez-Alvarez et al. 2014). Cells were illuminated during 100–500 ms with a 

xenon lamp at 490 nm using a monochromator Polychrome V (Till Photonics). Images were 

acquired every 0.5–1 s and analyzed by the IPLab software. Astrocytic Ca2+ signals were 

recorded from the cell body and Ca2+ levels were estimated as changes in the fluorescence 

signal over the baseline (ΔF/F0). The Ca2+ oscillation frequency was obtained from the 

number of Ca2+ spikes occurring in 6 to 15 astrocytes in the field of view during 10 min of 

recording. Astrocyte Ca2+ signals were quantified as the number of Ca2+ elevations in 5 s 

bins, termed Ca2+ spike probability, and mean values were obtained by averaging different 

experiments (Gomez-Gonzalo et al. 2015; Navarrete et al. 2012a). Ca2+ spike probability 

changes over mean baseline were evaluated 15 s before the stimulus and maximum Ca2+ 

spike probability recorded 15 s after stimulus (Fig. 2B). Local application of ATP (4 mM), 

DHPG (1 mM), TFLLR (1 mM) and ACh (2 mM) were delivered by 5 s duration pressure 

pulses through a micropipette in the presence of TTX (1 µM).

Immunohistochemistry

Distribution and density of amyloid plaques were investigated by histochemistry in offspring 

APP/PS1-IP3R2 mice (n = 8 for all tested groups). Experiments were performed at 2–3 

months and 6 months-old female mice. Mice were processed according to standard 

procedures described previously (Muneton-Gomez et al. 2012). Briefly, after brain fixation 

with 4% (w/v) paraformaldehyde in 0.1 M PB, tissue was cryopreserved in 30% sucrose in 

0.1M PB and cut into blocks. Coronal slices (30 µm) were obtained with the aid of a Leica 

cryostat and selected sections (10 sections per case) obtained between Bregma levels: AP 

−1.3 mm and −2.20 mm, according to Paxinos and Franklin (Paxinos 2012), were processed 

by the Thioflavin S staining procedure (Bussiere et al. 2004). Images were acquired at 10x 

magnification and the number of Thioflavin S-positive plaques was measured by automatic 

outlining of their perimeter with the appropriate plugin of ImageJ software (http://

rsbweb.nih.gov/ij/). To prevent bias all the analysis was done blinded to the animal 

information. No amyloid plaques were found in APP/PS1−/−-IP3R2+/+ and APP/PS1−/−-
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IP3R2−/− mice (0 plaques), indicating that the absence of the astrocyte IP3R2-mediated 

signaling does not induce Aβ pathology.

Alternatively, protein analysis of IP3R2 levels in either APP/PS1+/+-IP3R2−/− and APP/

PS1+/+-IP3R2+/+ mice (4 month-old) was performed by immunohistochemistry. Selected 

free-floating paraformaldehyde fixed sections obtained similar as for Thioflovin S 

procedure, were processed by the avidin-biotin peroxidase complex (ABC) technique. 

Endogenous IP3R2 protein was visualized with anti-IP3R2 (1:20, AB3000; Millipore) 

antibody. No IP3R2 protein labelling was observed in APP/PS1−/−-IP3R2−/− mice (Fig. 4E).

Genotyping

Offspring from APP/PS1-IP3R2 intercrosses were genotyped by PCR analysis as described 

by (Li et al. 2005) from DNA extracted from either tail clip or paraformaldehyde fixed brain 

sections of the same animals processed for histochemistry (Fig. 4E), showing specific bands 

~200bp and ~400bp corresponding to IP3R2 wildtype gene and IP3R2 transgene, 

respectively.

Drugs

(S)-(+)-α-Amino-4-carboxy-2-methylbenzeneacetic acid (LY-367385), 2-Methyl-6-

(phenylethynyl)pyridine hydrochloride (MPEP), D-(−)-2-Amino-5-phosphonopentanoic acid 

(D-AP5), 3,5-dihydroxyphenylglycine (RS-3,5-DHPG), 8,8’-[Carbonylbis[imino-3,1-

phenylenecarbonylimino(4-methyl-3,1-phenylene)carbonylimino]]bis-1,3,5-

naphthalenetrisulfonic acid hexasodium salt (suramin), and Protease-Activated Receptors 

TFLLR-NH2 were purchased from Tocris. The Ca2+ indicator Fluo-4-AM was purchased 

from Life Technologies Ltd. Picrotoxin, atropine, ATP and other drugs were purchased from 

Sigma-Aldrich.

Statistical Analysis

Data are expressed as mean ± standard error of the mean (SEM). N ≥ 5 mice per age-group 

and condition were analyzed unless indicated. Normality test was performed before applying 

statistical comparisons, which were made using non parametric Rank-sum test and 

parametric Student’s t tests as deemed appropriate. Two-tailed, unpaired or paired test was 

used for comparisons unless indicated. ANOVA followed by post hoc test was applied for 

multiple comparisons. Statistical differences were established with P < 0.05 (*), P < 0.01 

(**), and P < 0.001 (***, #).

RESULTS

Astrocyte excitability based on intracellular Ca2+ variations can occur spontaneously or can 

be evoked by neurotransmitters released during neuronal activity (Nett et al. 2002; Perea and 

Araque 2005). To investigate the ability of astrocytes to display spontaneous Ca2+ activity 

during the mice lifespan, we analyzed the spontaneous Ca2+ excitability of hippocampal and 

cortical astrocytes in brain slices from juvenile (P12–17, referred as 0.5 month-old), adult (5, 

12 month-old) and aged mice (20 month-old; Fig. 1A). Astrocytes were identified by 

sulforhodamine 101 staining and Ca2+ levels monitored using the Ca2+ indicator fluo-4-AM 
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(Fig. 1B). We first evaluated the intrinsic astrocyte Ca2+ excitability independent of action 

potential-mediated neuronal activity (i.e., recorded in the presence of 1 µM tetrodotoxin, 

TTX) at different ages (Fig. 1B–D), quantifying the proportion of “active astrocytes” (i.e., 

those that showed at least one spontaneous Ca2+ elevation during the 10 min recording) and 

the number of Ca2+ elevations (Fig. 1C, D). At all ages analyzed, both hippocampal and 

cortical astrocytes displayed spontaneous activity, but, in both areas, slices from 0.5 month-

old mice showed a higher number of active astrocytes than adult and aged animals (Fig. 1C, 

D). Remarkably, the frequency of Ca2+ elevations per active cell was not altered in all tested 

groups (Fig. 1C, D). These results indicate that while the ability of active astrocytes to 

generate Ca2+ elevations is preserved, the number of astrocytes showing spontaneous Ca2+ 

signaling decreases after maturation and then remain stable during maturity and aging.

A remarkable feature of neuron-astrocyte signaling is the ability of astrocytes to detect 

neuronal activity. Studies from juvenile rodents have shown that astrocytes express a 

plethora of membrane receptors that upon activation by different neurotransmitters including 

glutamate, GABA, ATP, norepinephrine, acetylcholine or endocannabinoids (Araque et al. 

2014), elicit intracellular Ca2+ elevations. Some reports have found different astrocyte 

responsiveness to neurotransmitters in early adult mice (2–3 month-old) (Otsu et al. 2015; 

Sun et al. 2013), although the potentially aged-dependent regulation of transmitter receptor 

function remains controversial (see Discussion). We then assessed the Ca2+ responsiveness 

of astrocytes to different agonists during ageing (Fig. 2A–C). In the presence of TTX (1 

µM), to avoid indirect effects by neuronal co-activation, we first analyzed purinergic and 

cholinergic signaling by locally applying ATP (4 mM) and ACh (2 mM), respectively. The 

application of these transmitters induced similar responses at all ages tested (Fig. 2A–C). 

Astrocytic Ca2+ responses were blocked in 5 month-old slices by the non-selective P2 

purinergic receptor antagonist suramin (50 µM; from 0.97 ± 0.06 to 0.32 ± 0.02 Ca2+ spike 

probability; P < 0.001, paired t-test; n = 68 astrocytes; n = 6 slices), and the broad 

muscarinic antagonist receptor atropine (50 µM; from 0.37 ± 0.02 to 0.04 ± 0.02; Ca2+ spike 

probability; P < 0.001; paired t-test; n = 71 astrocytes; n = 8 slices); indicating the selective 

stimulation of purinergic and muscarinic receptors by these agonists, respectively. We then 

tested the astrocytic sensitivity to the activation of the Protease activated receptor-1 (PAR1), 

which has prominent expression in astrocytes and stimulates Ca2+ signaling in astrocytes 

(Gomez-Gonzalo et al. 2010; Shigetomi et al. 2008), by local application of the agonist 

TFLLR (1 mM). Although most astrocytes in adult and aged mice responded to this agonist, 

the proportion of responding astrocytes was significantly decreased at 5, 12 and 20 months 

of age compared to juvenile astrocytes (P = 0.013, P 0.001, and P = 0.001; respectively; 

ANOVA followed by Student-Newman-Keuls test) (Fig. 2B, C). These results indicate that 

although the astrocytic responsiveness to certain agonists, such as TFLLR, can be aged-

dependently regulated, the astrocyte Ca2+ signal may be stimulated by different transmitters 

at all ages.

Because glutamate is known to trigger astrocyte Ca2+ elevations through activation of group 

I metabotropic GluRs (Bradley and Challiss 2012), we analyzed glutamatergic signaling on 

astrocyte Ca2+ excitability during ageing by local application of the specific agonist of group 

I mGluRs DHPG (1 mM). Figures 2D and 2E show that both hippocampal and cortical 

astrocytes responded to DHPG at all ages tested with similar temporal profiles of the Ca2+ 
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responses (Fig. 2D). Notably, although more than 50% of cortical and ~ 50 % of 

hippocampal astrocytes were stimulated by DHPG, the proportion of responding astrocytes 

in both brain areas was reduced in adult and aged compared to juvenile mice (P < 0.05; 

ANOVA followed by Student-Newman-Keuls test; Figure 2E). To confirm that DHPG-

induced responses in adults were mediated by activation of group I mGluRs and G protein-

mediated Ca2+ mobilization, we tested in slices from 5 month-old mice the sensitivity of the 

responses to the specific antagonists of group I mGluRs MPEP (50 µM; mGluR5 antagonist) 

and LY367385 (100 µM; mGluR1 antagonist), in wild type and IP3R2−/− mice (Fig. 2F). 

DHPG-evoked responses were significantly reduced in the presence of these antagonists, 

and, in agreement with previous data (Di Castro et al. 2011; Navarrete et al. 2012a; Petravicz 

et al. 2008), no astrocyte somatic Ca2+ responses were observed after DHPG stimulation in 

IP3R2−/− mice (Fig. 2F). While a recent study has reported a developmental downregulation 

of the relative expression of mGluR5 vs mGluR3 (Sun et al. 2013), these results indicate that 

the expression of group I mGluRs remained sufficient to support the mGluR-mediated 

astrocyte Ca2+ signaling in adult and aged mice (Tang et al. 2015).

We then analyzed whether the mGluR-mediated astrocyte Ca2+ signaling could be induced 

by glutamate released during synaptic activity by stimulating Schaffer collaterals (SC), the 

main glutamatergic input to the hippocampal CA1 region, that are known to evoke mGluR-

dependent astrocyte Ca2+ elevations in juvenile mice (Pasti et al. 1997; Perea and Araque 

2005). The proportion of responding astrocytes to SC stimulation was not significantly 

different among all tested groups (Fig. 3A, B). Astrocytes from IP3R2−/− mice lacked SC-

evoked somatic Ca2+ signals, confirming that SC-evoked responses were mediated by 

synaptically-released glutamate, activating G protein-coupled receptors in all ages tested 

(Fig. 3B). Thus, present results show that the observed astrocytic ability to sense 

glutamatergic synaptic activity in juvenile mice persists in the adults as well as in aged 

animals.

Astrocyte Ca2+ increases are known to stimulate the release of different neuroactive 

substances, called gliotransmitters, such as glutamate, ATP, or D-serine, that can impact 

neuronal and synaptic activity and plasticity (Araque et al. 2014). In juvenile mice, 

glutamate released by astrocytes induces slow inward currents (SICs) in neurons through 

activation of postsynaptic NMDA receptors (Fellin et al. 2004; Kozlov et al. 2006; Perea and 

Araque 2005; Shigetomi et al. 2008). Then, we investigated whether the astrocyte ability to 

release glutamate was still present after maturation by recording neuronal whole-cell 

currents. Spontaneous SICs, which were sensitive to the NMDA receptor antagonist AP5 (50 

µM; Fig. 3C), were found in neurons recorded from both hippocampal CA1 region and 

cortex in all tested groups, and no significant differences were observed in the spontaneous 

frequency of these currents at different ages (P > 0.05; ANOVA followed by Student-

Newman-Keuls test; Figure 3C, F). To test the causal relationship between astrocyte Ca2+ 

activity and SICs, we stimulated astrocyte Ca2+ signals by local application of DHPG (1 

mM; Fig. 2D), in wildtype and IP3R2−/− mice (Fig. 3E, F). Both hippocampal and cortical 

neurons from wildtype mice increased the SIC frequency in juvenile (0.5 month old; P = 

0.04; paired t-test) and adult mice (5–12 months-old; P = 0.004 and P = 0.04; paired t-test; 

respectively. Fig. 3E, F), whereas no SIC frequency changes occurred after DHPG 

application in either hippocampal or cortical neurons from IP3R2−/− mice (P > 0.05; paired 
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t-test; Fig. 3F), confirming that IP3R2-mediated astrocyte Ca2+ signal was necessary to 

induce glutamate-evoked SICs. These results indicate that the Ca2+-dependent glutamate 

release and the subsequent NMDA receptor activation in neurons are conserved phenomena 

in adulthood. Notably however, in aged (20 month-old) mice, we failed to detect DHPG-

evoked increases of SICs in either in hippocampal or cortical neurons (1.04 ± 0.15 vs 1.18 

± 0.36 SICs/ min in control and after DHPG; n = 16 hippocampal neurons; P = 0.74; 

Wilcoxon signed rank test; 1.19 ± 0.21 vs 1.55 ± 0.44 SICs/ min in control and after DHPG; 

n = 9 cortical neurons; P = 0.33; paired t-test; Fig. 3F). Simultaneous astrocyte Ca2+ signals 

and neuronal SICs were recorded before and after DHPG stimulation in a subset of 

experiments confirming the astrocytic Ca2+ responsiveness and the absence of evoked 

gliotransmission by DHPG in aged mice (1.39 ± 0.16 vs 2 ± 0.85 SICs/ min in control and 

after DHPG; n = 6 hippocampal neurons; P = 1; Wilcoxon signed rank test). Since DHPG 

was able to elevate astrocytic Ca2+ (Fig. 2E), but failed to boost glutamatergic SIC 

frequency over the resting tone in 20 month-old mice, which were indicative of functional 

neuronal NMDARs, these results might suggest deficiencies in the intracellular pathways 

downstream of the astrocyte Ca2+ signal linked to the evoked gliotransmission in aged brain.

Interestingly, in resting conditions neurons from juvenile and adult wildtype and IP3R2−/− 

mice displayed similar SIC frequencies (Fig. 3C, F), whereas somatic Ca2+ elevations were 

scarce in IP3R2−/− mice (Fig. 3D) (Chen et al. 2012; Navarrete et al. 2012a; Petravicz et al. 

2008). However, Ca2+ fluctuations have been reported in astrocyte processes in brain slices 

and in vivo IP3R2−/− mice (Srinivasan et al. 2015). Although present data do not discard that 

resting levels of astrocyte glutamate release might occur by independent IP3R2-mediated 

pathways or by Ca2+-dependent mechanisms restricted to astrocytic processes, these results 

do show that the neurotransmitter-induced glutamate released from astrocytes requires the 

activation of global, including soma, IP3R2-mediated Ca2+ signaling.

In order to further assess whether gliotransmission was affected by aging, we evaluated the 

astrocyte-neuron signaling in a mouse model showing a phenotype of accelerated ageing, the 

spontaneous senescence accelerated SAMP8 mice (Takeda 1999), which show age-

associated behavioral impairments including learning and memory difficulties (Lopez-

Ramos et al. 2012; Tomobe and Nomura 2009). Recordings from 6 month-old mice showed 

that the SIC frequency recorded from hippocampal and cortical neurons were not 

significantly different in SAMP8 mice and the corresponding control mice SAMPR1 

(resistant strain to early senescence; Fig. 3G). These results indicate that gliotransmission 

mechanisms were preserved in the spontaneous accelerated ageing mouse model, which 

agrees with results observed in wildtype mice that physiologically reached ageing (0.77 

± 0.17 SICs/min and 1.04 ± 0.16 SICs/min in SAMP8 (6 months) and wildtype mice (20 

months), respectively; P = 0.714; unpaired t- test; Fig. 3C, G). Taken together, these results 

suggest that gliotransmission, originally found in young animals, is a conserved 

phenomenon that persists in adulthood and senescence.

Ageing is a key factor in the appearance and progress of numerous neurodegenerative 

diseases. Indeed, AD is an age-related neurodegenerative condition characterized by 

progressive decline in cognitive function and widespread depositions of amyloid plaques and 

neurofibrillary tau pathology in the brain (Braak and Braak 1991). Recent studies have 
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reported an enhanced Ca2+ excitability in mouse cortical astrocytes near amyloid β (Aβ) 

plaques (Kuchibhotla et al. 2009), and increased astrocyte Ca2+ elevations and neuronal 

SICs in juvenile hippocampal slices acutely treated with Aβ oligomers (Pirttimaki et al. 

2013; Talantova et al. 2013). We therefore investigated the potential alterations of the 

properties of astrocyte-neuron signaling in AD, using the APP/PS1 transgenic mouse model. 

Recordings from hippocampal and cortical neurons from 12 month-old APP/PS1 mice, 

which showed advanced AD symptoms (Bilkei-Gorzo 2014), exhibited an increased SIC 

frequency in resting conditions compared with control matched-age mice (Fig. 4B) 

(Pirttimaki et al. 2013); indicative of an increased tone of glutamatergic gliotransmission in 

APP/PS1 mice. Furthermore, as observed in wildtype mice (see Fig. 3F), astrocyte 

stimulation by local application of DHPG evoked higher rates of SICs in these mice (Fig. 

4A, B), indicating that neurotransmitter-evoked gliotransmission was also present in 

APP/PS1 transgenic mice and the boosted astrocyte-neuron signaling occurring in AD 

pathology was not saturated.

Amyloid deposition is considered a hallmark of AD (Palop and Mucke 2010). The APP/PS1 

mouse model begins to develop plaques at about 3–4 months-old and the number of plaques 

increases with age (Bilkei-Gorzo 2014). Reliably, cognitive impairments and synaptic 

plasticity deficits are found from 5–7 months (Schaeffer et al. 2011). Thus, considering that 

astrocyte Ca2+ signaling and gliotransmission are enhanced in APP/PS1 mice, we then 

investigated the influence of the astrocytic Ca2+ signaling on Aβ pathology in vivo. We 

crossbred APP/PS1 and IP3R2+/− transgenic lines to generate APP/PS1+/+-IP3R2−/− mice 

that express APP/PS1 genes and have impaired the IP3R2-mediated Ca2+ signal. At 6 

months of age, the cortex and hippocampus of these mice showed a remarkable enhanced 

deposition of thioflavin S-positive amyloid plaques when compared to APP/PS1+/+-IP3R2+/+ 

control littermates (n = 8; Fig. 4C, D). In addition, the amyloid deposits can be observed as 

early as 2–3 months-old in APP/PS1+/+-IP3R2−/− mice (n = 8; Fig. 4C, D). However, no 

amyloid plaques were found in APP/PS1−/−-IP3R2+/+ or APP/PS1−/−-IP3R2−/− mice, 

indicating that the absence of the astrocyte IP3R2-mediated signaling does not induce Aβ 
pathology. Our crossbred model was also processed by immunohistochemistry to study the 

distribution of endogenous IP3R2 protein. As expected, in APP/PS1+/+ IP3R2+/+ mice IP3R2 

protein was located in astrocyte-like cells, while no labelling was found in APP/PS1+/+ 

IP3R2−/− mice (Fig. 4E), confirming the targeted deletion of IP3R2 protein in APP/PS1+/+-

IP3R2−/− mice. To test the effects on synaptic plasticity, we then analyzed the potential 

impairments of hippocampal CA3-CA1 synaptic plasticity at 2–3 months of age, when the 

amyloid plaque deposition began to be observed in APP/PS1+/+-IP3R2−/− mice. We recorded 

the long-term plasticity in the field excitatory postsynaptic potentials (fEPSPs) evoked by 

high frequency stimulation of SC (Fig. 4F, G). While wildtype mice (APP/PS1−/−-IP3R2+/+), 

littermates with only impaired IP3R2-mediated signaling (APP/PS1−/−-IP3R2−/−), and 

littermates expressing APP/PS1 with normal IP3R2-mediated signaling (APP/PS1+/+-

IP3R2+/+) displayed similar LTP magnitudes (n = 12, 14 and 9, respectively; P < 0.001; P = 

0.008; P < 0.001; respectively); mice expressing APP/PS1 with impaired IP3R2-mediated 

signaling (APP/PS1+/+-IP3R2−/−) showed a significant impairment of LTP (n = 12; P = 0.39) 

compared with APP/PS1+/+-IP3R2+/+ littermates (n = 12 and 9, respectively; P < 0.001; Fig. 

4F, G). These results, which agree with the reported absence of cognitive impairments and 
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synaptic plasticity deficits at this early age (Jo et al. 2014; Schaeffer et al. 2011), and the 

normal HFS-evoked LTP in mice with astrocyte-downregulated IP3R2 signaling (n = 14; P = 

0.008; cf. (Agulhon et al. 2010; Shigetomi et al. 2013)), indicate that synaptic plasticity is 

impaired in an AD mouse model deficient of astrocyte IP3R2-mediated Ca2+ signal. 

Therefore, present results reveal that astrocytes and their IP3R2-dependent Ca2+ signaling 

play crucial roles in the AD pathology, prompting an accelerated progression of the 

deleterious factors, such as amyloid plaques and synaptic plasticity dysfunction.

DISCUSSION

Age is directly related to numerous neurodegenerative brain disorders, and most of them are 

associated with astroglial dysfunctions (Maragakis and Rothstein 2006; Verkhratsky et al. 

2013). Here we studied the age-dependent changes of basic functional properties of 

astrocyte physiology and neuron-astrocyte signaling. We found that active astrocytes 

expressed similar intrinsic Ca2+ oscillation rates during adulthood (5, 12 month-old) and 

ageing (20 month-old), but the number of astrocytes showing spontaneous Ca2+ activity 

measured at the soma was relatively decreased when compared to juvenile (0.5 months-old) 

animals, suggesting an enhanced astrocytic intrinsic excitability at early stages of 

development. In contrast, the spontaneous oscillatory activity displayed by active astrocytes 

was similar for all the tested ages (Fig. 1C, D). Because cell viability is usually weakened in 

slices from adult mice, damaged astrocytes might have been quantified as non-active 

astrocytes. Therefore, the experimental procedures might account for the observed reduction 

in adult and ageing brain groups. This idea is supported by the constancy of the intrinsic 

activity displayed by active astrocytes. Nevertheless, our results indicate that the inherent 

astrocytic Ca2+ based cell-body excitability is largely maintained during brain lifespan.

A key feature of neuron-astrocyte signaling is the ability of astrocytes to sense 

neurotransmitters and synaptic activity in juvenile animals. To test the astrocytic 

responsiveness to neurotransmitters in the adult and ageing brain we selected paradigmatic 

receptor agonists that are known to elevate astrocyte Ca2+ in juvenile animals, namely, ATP, 

ACh, TFLLR and DHPG. We have found that astrocyte responsiveness to these agonists was 

preserved in adult and aged mice; notwithstanding a relative reduction of the glutamatergic 

responsiveness to group I mGluR agonist DHPG (Fig. 2E). A relative developmental down-

regulation of the expression of mGluR5 vs mGluR3 has recently reported (Sun et al. 2013), 

suggesting that astrocyte Ca2+ signaling mediated by glutamatergic synaptic activity, might 

be confined to young rodents. Present data is in agreement with a decrease in group I 

mGluRs expression during adulthood. However, our results also indicate that these receptors 

are still sufficiently present and functional to stimulate astrocytic intracellular Ca2+ (Fig 2F). 

The fact that group I mGluRs mobilize intracellular Ca2+ through a G protein-mediated 

amplifying intracellular signaling cascade, may support, even if reduced, the astrocyte 

responsiveness to glutamate. Taken together, these results indicate that neuron-to-astrocyte 

signaling, including group I mGluR-mediated glutamatergic signaling, was present and 

largely maintained in juvenile, adult and aged mice. These data also agree with the reported 

astrocyte responsiveness to neurotransmitters in adult human brain tissue (Navarrete et al., 

2012a).
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Since aged astrocytes showed a reduced ability to display spontaneous somatic Ca2+ events, 

but Ca2+ responses were elicited when stimulated with ATP or ACh with similar percentages 

to juvenile/adult mice (Fig. 2), that declined excitability might indicate an intrinsic property 

of astrocytes in ageing. Additionally, Ca2+-independent mechanisms could gain significance 

for the astrocytic neuromodulation in the aged brain. Because our data are based on Ca2+ 

analysis restricted to the soma of the cells, and considering the relevance that Ca2+ signals at 

the level of astrocyte local processes might have on neuronal activity (Di Castro et al. 2011; 

Otsu et al. 2015; Panatier et al. 2011; Srinivasan et al. 2015), then whether aged astrocytes 

show differences in Ca2+ signals at the processes needs to be explored.

Astrocytes actively modulate synaptic properties via gliotransmitter release (Eroglu and 

Barres 2010; Perea et al. 2014). It has been established from juvenile mice that glutamate 

released by astrocytes can enhance postsynaptic excitability by inducing SICs mediated via 

neuronal NMDAR activation by astrocytic glutamate (Araque et al. 2014). Our results show 

that SICs, indicative of glutamatergic-mediated astrocyte gliotransmission, were present in 

all age-tested groups with similar rates. Moreover, gliotransmission was also found in the 

accelerated senescence mouse model SAMP8 at similar rates to age-matched wildtype 

littermates and ageing mice, suggesting a lifelong conserved level of glutamatergic 

astrocyte-to-neuron signaling (Navarrete et al. 2012b). It’s worthy to note that particular age-

related changes can take place after 20 month-old, whether the reported neuron-astrocyte 

signaling might be preserved or additional changes might account in advanced stages of 

aging require further attention.

Recent evidence has found changes in the astrocyte network coupling features in aged mice, 

showing that the size and astrocytic territories overlapping in cortex and hippocampus were 

increased (Grosche et al. 2013), which might contribute to the decreasing functional 

capabilities of aged astrocytes. In addition, astrocytic larger networks were found in 

neocortex from AD brains (Peters et al. 2009). Not only structural changes have been 

reported, but astrocytic Ca2+ signaling has also been found to be altered in certain 

neurological diseases (Bosson et al. 2015; Jurado-Parras et al. 2016). Cortical astrocytes in 

AD exhibit higher resting levels of Ca2+ and generate synchronous activity in the vicinity of 

Aβ plaques (Kuchibhotla et al. 2009). Astrocytes exposed to exogenous Aβ show an 

enhanced glutamatergic gliotransmission that contributes to neuronal excitability (Pirttimaki 

et al. 2013; Talantova et al. 2013), and synapse loss (Talantova et al. 2013). Reactive 

astrocytes have shown to abnormally release GABA, which has been suggested to participate 

in synaptic plasticity deficits and memory impairment occurring in AD (Jo et al. 2014). Our 

findings show that APP/PS1 mice displayed enlarged levels of glutamatergic 

gliotransmission both in basal conditions and after DHPG stimulation, suggesting an 

exacerbated rate of astrocyte-neuron signaling in AD.

Furthermore, using APP/PS1 mice, a mouse model of AD, and IP3R2−/− mice, which lacks 

G protein-mediated Ca2+signals in astrocytes, we have found that the absence of IP3R2-

mediated astrocyte Ca2+ signaling accelerated the progression of Aβ plaque depositions and 

synaptic plasticity deficits at very early stages of the disease, which suggest a protective role 

of astrocyte Ca2+ signals in the initial phase of AD pathology. Astrocytes have been shown 

to be implicated in metabolite clearance and removal of potentially neurotoxic waste 
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products, including Amyloid-β oligomers, through the so-called glymphatic system (Xie et 

al. 2013). Whether astrocyte Ca2+ signal is involved in these processes is a likely possibility 

that requires further studies. Recently, it has been revealed the prominent role of IP3-

dependent Ca2+ signaling in astrocytes for astrogliosis and neuronal survival after brain 

injury, showing impaired reactive astrogliosis and increased neuronal death in IP3R2−/− mice 

(Kanemaru et al. 2013). Therefore, the dysregulation of astrocyte Ca2+ homeostasis and 

signaling may be associated with the AD pathology (Kuchibhotla et al. 2009; Lim et al. 

2014). Several questions are still open and additional studies will be required to establish the 

role of IP3R2-mediated astrocyte Ca2+ signaling in the onset and severity of AD.

In summary, present results indicate that basic features of neuron-astrocyte signaling, 

originally observed in young animals, are preserved in adulthood and during early stages of 

brain ageing. In contrast, dysfunction in gliotransmission and astrocyte-neuron 

communication is found in pathophysiological conditions, such as AD, highlighting the 

significance of astrocyte Ca2+ signaling for the proper brain activity, and suggesting that 

changes in homeostatic functions of astrocyte-neuron signaling might contribute to 

pathological progression of neurodegenerative diseases.
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Main Points

Fundamental Neuron-Astrocyte signaling pathway is largely conserved over the life span.

Dysfunction of astrocyte IP3R2-dependent calcium signaling is associated with early 

progression of Alzheimer’s disease.
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Figure 1. Spontaneous Ca2+ signals in astrocytes during aging

A: Scheme of different lifetime points selected for analysis. B: Left, pseudocolor images of 

hippocampal astrocytes (5-month old mouse) showing the colocalization of SR-101 and 

Fluo-4 fluoresecence signals at the soma of numbered astrocytes. Parenchymal blood vessels 

filled with SR101 are indicated (asterisk). Scale bar, 20 µm. Right, time course of the 

intracellular Ca2+ signals from astrocytes indicated in A. Note the presence of spontaneous 

Ca2+ oscillations in some astrocytes. C–D: Mean percentage of active astrocytes and Ca2+ 

oscillation frequency at different mice ages for hippocampus (C; n = 90, 86, 118 and 68 

astrocytes from 0.5, 5, 12 and 20-month old mice, respectively), and cortex (D; n = 71, 60, 

77 and 66 astrocytes from 0.5, 5, 12 and 20-month old mice, respectively). *p < 0.05; **p < 

0.01; ***p < 0.001; unpaired t-test and Mann-Whitney rank-sum test. Error bars indicate 

SEM.
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Figure 2. Neuron-Astrocyte Ca2+ signaling sensitivity during aging

A: Top, pseudocolor images of fluo-4- and SR-101-filled cortical astrocytes (5-month old 

mouse; scale bar, 15µm). Bottom, Ca2+ images and raw traces of labeled astrocytes before 

and after ATP stimulation (arrows; scale bar, 10 µm). B: Astrocyte Ca2+ spike probability to 

neurotransmitter receptor activation at different ages: ATP (4 mM; n ≥ 25 astrocytes) ACh (2 

mM; n ≥ 16 astrocytes), and TFLLR (1 mM; n ≥ 35 astrocytes). C: Mean percentage of 

responsive astrocytes shown in B to the different agonist vs age. *p < 0.05; **p < 0.01; 

ANOVA followed by Student-Newman-Keuls test. D: Astrocyte Ca2+ spike probability to 

local application of DHPG (1 mM) during aging in hippocampus (n ≥ 53 astrocytes) and 

cortex (n ≥ 89 astrocytes). E: Mean percentage of responsive astrocytes shown in D to 

DHPG vs age. *p < 0.05; **p < 0.01; ***p < 0.001. ANOVA; followed by Student-

Newman-Keuls test. F: Mean percentage of responsive astrocytes to DHPG in adult mice (5-

month-old) in control conditions (n = 152; astrocytes; black bar), in MPEP (50 µM) + 

LY367385 (100 µM) (n = 79; astrocytes; dashed bar), and in IP3R2−/− mice (n = 25; 

astrocytes; white bar). *p < 0.05; ***p < 0.001. ANOVA; followed by Student-Newman-

Keuls test. Error bars indicate SEM.
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Figure 3. Astrocyte synaptic Ca2+ responses and gliotransmission during aging

A: Top, Pseudocolor images of fluo-4- and SR-101-filled hippocampal astrocytes (5-month 

old mouse. Scale bar, 25 µm), and Ca2+ images and raw traces of labeled astrocytes before 

and after Schaffer collateral (SC) stimulation (30 Hz, 5s; gray bar. Scale bar, 10 µm). 

Parenchymal blood vessels filled with SR101 are indicated (asterisk). Bottom, Whole-cell 

recordings from CA1 pyramidal cell showing neuronal activity induced during SC 

stimulation (30 Hz, 5 s; gray bar). B: Mean percentage of responding astrocytes to SC 

synaptic stimulation during aging, in wild type mice (white) and in IP3R2−/− mice (black; n 

≥ 32 and n ≥ 33 astrocytes for each condition in wild type and IP3R2−/− mice, respectively). 

**p<0.01; #p < 0.001; Mann-Whitney rank-sum test. C: Top, Representative whole-cell 

recordings from CA1 hippocampal neurons from a 5 month-old mouse showing miniature 

excitatory currents (mEPSCs) and spontaneous SICs (down triangles), in control conditions 

and in the presence of the NMDAR antagonist AP5 (50 µM; gray trace). Note the absence of 

SICs in the presence of AP5. Bottom, Mean of SIC frequency at different ages in wild type 

mice (white; n ≥ 16 neurons for each condition) and in IP3R2−/− mice (black; n ≥ 11). Note 

the absence of statistical differences; unpaired t-test. D: Mean astrocytic Ca2+ oscillation 

frequency from IP3R2−/− mice at different ages (n = 23, 49, 64 and 70 astrocytes from 0.5, 5, 

12 and 20-month old mice; respectively); p > 0.05; ANOVA followed by Student-Newman-

Keuls test. E: Representative recordings from cortical neurons of SICs (down triangles), 

showing an increase in frequency after DHPG (1 mM) local stimulation. F: Mean frequency 

of hippocampal and cortical SICs in control and after DHPG stimulation (blue) in wild type 

mice (n ≥ 5 neurons for each condition) and in IP3R2−/− mice (n ≥ 5) at different ages. *p < 

0.05; **p < 0.01; paired t-test. G: Representative recordings from CA1 hippocampal 

neurons from a 6 month-old SAMP8 mouse showing spontaneous SICs (down triangles), 

and the SIC frequency average in SAMP8 mice (black; n = 6 neurons) and SAMR1 age-

matched control mice (white; n = 7 neurons) in hippocampus and cortex. Note the absence 

of statistical differences; unpaired t-test. Error bars indicate SEM.
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Figure 4. Astrocyte-neuron signaling dysfunction in APP/PS1 AD mouse model

A: Representative recordings from 12-month old APP/PS1 cortical neurons of SICs (down 

triangles) in control (black trace) and after local stimulation with DHPG (1 mM; gray trace). 

B: Average of cortical and hippocampal SIC frequency in control (white) and after DHPG 

stimulation in APP/PS1 mice (dashed; n ≥ 8 neurons for each condition), and compared with 

age-matched wild type mice (black; n ≥ 6). *p < 0.05; **p < 0.01; ***p < 0.001. ANOVA 

followed by Student-Newman-Keuls test. C: Representative fluorescence Thioflavin S 

staining images showing the Aβ deposits (green) in cortex and hippocampus of APP/PS1+/+-
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IP3R2+/+ and APP/PS1+/+-IP3R2−/− mice at 6-month old (c1, c2), and 2.5 month-old (c3, 

c4), respectively. Note the remarkable deposition of Thioflavin S-positive Aβ plaques in 

APP/PS1+/+-IP3R2−/− mice (c2 and c4; arrows). Scale bar, 1 mm. D: Mean values of plaque 

load in cortex and hippocampus in APP/PS1+/+-IP3R2−/− and APP/PS1+/+-IP3R2+/+ mice (n 

= 8). **p < 0.01; ***p < 0.001; ANOVA followed by Bonferroni’s test. E: Top, Protein 

detection of IP3R2 in APP/PS1+/+-IP3R2+/+ and APP/PS1+/+-IP3R2 −/− mice by 

immunohistochemistry. Representative sections obtained from the same mice as shown in C, 

showing that APP/PS1+/+-IP3R2+/+ mice exhibit immunoreaction product labeling astrocytes 

(white arrows) located in CA3 hippocampal region, while APP/PS1+/+-IP3R2−/− did not 

show immunoreactivity for IP3R2 labeling. Scale bar, 100 µm. Inset, magnification picture 

showing a punctate pattern of IP3R2 protein in astrocyte cell body and processes. Scale bar, 

10 µm. Bottom, PCR amplification of the IP3R2 wildtype gene and mutant allele from DNA 

obtained from brain sections shown in C. As expected, PCR confirms the specific ~200bp 

and ~400bp bands for IP3R2+/+ and IP3R2−/− mice, respectively. C+,C- indicates positive 

and negative controls. F: Top, Representative fEPSP traces before (a, c) and after (b,d) high 

frequency stimulation (HFS) protocol in hippocampal slices from APP/PS1+/+-IP3R2−/− 

mice (blue), and APP/PS1+/+-IP3R2+/+ (red) at 10 weeks. Bottom, Relative fEPSP slope 

(from basal values) versus time in APP/PS1+/+-IP3R2−/− mice (n = 12 slices from 4 mice; 

blue); APP/PS1+/+-IP3R2+/+ mice (n = 9 slices from 3 mice; red); APP/PS1−/−-IP3R2−/− 

mice (n = 14 slices from 4 mice; black); APP/PS1−/−-IP3R2+/+ mice (n = 12 slices from 4 

mice; gray). Zero time corresponds to the onset of HFS. G: Relative changes of the fEPSP 

slope in APP/PS1+/+-IP3R2−/− mice and corresponding littermates shown in E. Error bars 

indicate SEM. ** p<0.01; ***p < 0.001; paired t-test.
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