
R E S E A R CH A R T I C L E

Astrocytic Ca2+ activation by chemogenetics mitigates the
effect of kainic acid-induced excitotoxicity on the
hippocampus

Nira Hernández-Martín1,2 | María Gómez Martínez1 | Pablo Bascuñana1,2 |

Rubén Fernández de la Rosa1,3 | Luis García-García1,2,4 | Francisca Gómez1,2,4 |

Maite Solas5 | Eduardo D. Martín6 | Miguel A. Pozo1,2,7

1Instituto Pluridisciplinar, Universidad Complutense de Madrid, Madrid, Spain

2Instituto de Investigación Sanitaria San Carlos (IdISSC), Hospital Clínico San Carlos, Madrid, Spain

3Bioimac, Universidad Complutense de Madrid, Madrid, Spain

4Departamento de Farmacología, Farmacognosia y Botánica, Facultad de Farmacia, Universidad Complutense de Madrid, Madrid, Spain

5Facultad de Farmacia, Universidad de Navarra, Pamplona, Spain

6Instituto Cajal, CSIC, Madrid, Spain

7Facultad de Medicina, Universidad Complutense de Madrid, Madrid, Spain

Correspondence

Nira Hernández-Martín, PET Center,

Department of Radiology & Biomedical

Imaging, Yale University School of Medicine,

333 Cedar Street, New Haven, CT 06510,

USA.

Email: nira.hernandezmartin@yale.edu

Present addresses

Nira Hernández-Martín, PET Center,

Department of Radiology & Biomedical

Imaging, Yale University School of Medicine,

New Haven, Connecticut, USA; and María

Gómez Martínez, Radiochemistry and Nuclear

Imaging, CIC biomaGUNE, Gipuzkoa, Spain.

Funding information

Agencia Estatal de Investigación; Ministerio de

Ciencia, Innovación y Universidades,

Grant/Award Numbers: PDI2019-106968RB-

100, PID2020-116327GB-100,

SAF2017-87619-P; Instituto de Salud Carlos

III, Grant/Award Number: CP21/00020;

Universidad Complutense de Madrid;

Comunidad de Madrid

Abstract

Astrocytes play a multifaceted role regulating brain glucose metabolism, ion homeo-

stasis, neurotransmitters clearance, and water dynamics being essential in supporting

synaptic function. Under different pathological conditions such as brain stroke, epi-

lepsy, and neurodegenerative disorders, excitotoxicity plays a crucial role, however,

the contribution of astrocytic activity in protecting neurons from excitotoxicity-

induced damage is yet to be fully understood. In this work, we evaluated the effect of

astrocytic activation by Designer Receptors Exclusively Activated by Designer Drugs

(DREADDs) on brain glucose metabolism in wild-type (WT) mice, and we investigated

the effects of sustained astrocyte activation following an insult induced by intrahip-

pocampal (iHPC) kainic acid (KA) injection using 2-deoxy-2-[18F]-fluoro-D-glucose

(18F-FDG) positron emission tomography (PET) imaging, along with behavioral test,

nuclear magnetic resonance (NMR) spectroscopy and histochemistry. Astrocytic Ca2+

activation increased the 18F-FDG uptake, but this effect was not found when the

study was performed in knock out mice for type-2 inositol 1,4,5-trisphosphate recep-

tor (Ip3r2�/�) nor in floxed mice to abolish glucose transporter 1 (GLUT1) expression

in hippocampal astrocytes (GLUT1ΔGFAP). Sustained astrocyte activation after KA

injection reversed the brain glucose hypometabolism, restored hippocampal function,

prevented neuronal death, and increased hippocampal GABA levels. The findings of

our study indicate that astrocytic GLUT1 function is crucial for regulating brain
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glucose metabolism. Astrocytic Ca2+ activation has been shown to promote adaptive

changes that significantly contribute to mitigating the effects of KA-induced damage.

This evidence suggests a protective role of activated astrocytes against KA-induced

excitotoxicity.
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1 | INTRODUCTION

Astrocytes are the most abundant types of brain cells, and their role is

considered pivotal as they are involved in many functions relevant to

cells survival, such as maintaining and regulating neuronal glucose

metabolism (Attwell et al., 2010; Barros, Brown, & Swanson, 2018;

Gordon et al., 2007). Located in a privileged position, in the interface

between blood vessels and neurons, astrocytes have specific channels

for sensing and transporting glucose. Thus, based on glucose availabil-

ity and the neuronal energetic requirements, astrocytes are able to

control the amount of glucose that enters the brain cells (Marina

et al., 2018). In addition, astrocytes are involved in several other pro-

cesses, including neuroinflammation, reactive gliosis, and glial scarring

(Al Sufiani & Ang, 2012). In damaged brain areas, astrocytes undergo

molecular and physiological changes that may be related to the onset

and progression of neurodegeneration (Sofroniew & Vinters, 2010).

Astrocytes also play a prominent role in regulating glutamate

homeostasis (Andersen et al., 2021; Danbolt et al., 2016). Particularly,

astrocyte-derived glutamine has a key role in regulation during sus-

tained glutamatergic signaling, as the inhibition of glutamine synthesis

in these cells disrupts neurotransmission and brain energy homeosta-

sis (Andersen et al., 2017). An altered astrocyte function may contrib-

ute to the excitotoxicity damage induced by glutamate (Provenzano

et al., 2023), defined as a condition where the postsynaptic activation

of glutamatergic neurons is excessive (Olney, 1971). This may increase

the susceptibility to excitotoxicity, leading to a process that ultimately

results in the neuronal death (Qian et al., 2011), a hallmark of neuro-

degenerative diseases (Brandebura et al., 2023; Hynd et al., 2004;

Iovino et al., 2020; Sepers & Raymond, 2014; Stoklund Dittlau &

Freude, 2024). Moreover, it has been proposed that cellular

glutamate-processes, as glutamate storage, synthesis, receptor signal-

ing, uptake, and recycling, are closely related to brain energy metabo-

lism (Andersen et al., 2021).

Positron emission tomography (PET) with 2-deoxy-2-[18F]fluoro-

D-glucose (18F-FDG) is an imaging technique that allows to study

brain glucose metabolism in a minimal invasive manner. Thus, in the

clinical context, 18F-FDG PET has been used to localize the seizure

focus on epilepsy patients (Carne et al., 2004; Duncan, 2009) as well

as to diagnose dementia-related diseases such as Alzheimer's disease

(Garibotto et al., 2017; Mosconi et al., 2009), dementia with Lewy

bodies (McKeith et al., 2017), frontotemporal dementia (Dave

et al., 2020; Jeong et al., 2005), Parkinson's disease (Meyer

et al., 2017), and atypical parkinsonism (Walker et al., 2018). These

18F-FDG PET studies in neurodegenerative diseases show brain glu-

cose hypometabolism as a common feature. 18F-FDG PET studies are

also performed in preclinical animal models, including a model of exci-

totoxicity and epilepsy such as the one induced by intrahippocampal

(iHPC) kainic acid (KA), an L-glutamate analogue that produces

alterations in excitability and toxicity (Bascuñana et al., 2020;

Kornblum et al., 2000; Mirrione et al., 2006) providing real-time

insights into biological process over time.

The role of astrocytes on brain glucose metabolism under condi-

tions of damage is yet to be fully elucidated. To address this issue, we

used an experimental approach involving Designer Receptors Exclu-

sively Activated by Designer Drugs (DREADDs). DREADDs are

adenovirus-associated muscarinic silent receptors that can be trans-

fected into localized areas in the brain and selectively activated using

clozapine-N-oxide (CNO). This technique can be used to modulate

astrocyte activity by increasing Ca2+ signaling, with diverse effects in

each brain cell type (Bonder & McCarthy, 2014; Shen et al., 2021).

Specifically, activation of Gq G-Protein Coupled Receptors (Gq-GPCR)

DREADDs sets in motion an intracellular signaling pathway in which

the type-2 inositol 1,4,5-trisphosphate (Ip3) receptors are the final

responsible for the intracellular Ca2+ concentrations increase

(Corkrum et al., 2020; Martin-Fernandez et al., 2017; Petravicz

et al., 2008).

Herein, we sought to investigate the potential protective role

of astrocyte activation against KA-induced excitotoxicity. We use
18F-FDG PET neuroimaging to assess the effects of chemogenetic

astrocyte activation on glucose metabolism in wild type (WT) and in

genetically modified mice to unveil the molecular mechanism involved

in DREADDs activation in astrocytes. In addition, we interrogate the

effect of astrocyte modulation after KA-induced damage.

2 | MATERIALS AND METHODS

2.1 | Animals

Adult male WT C57BL/6J mice (4 months-old) were obtained from

Charles River Laboratories (Spain). Transgenic mice knock out for Ip3

receptors (Ip3r2�/�) (Li et al., 2005) were kindly provided by Gertrudis

Perea. A conditional floxed mice model to ablate the glucose trans-

porter 1 (GLUT1) exclusively in hippocampal astrocytes through

Cre-mediated recombination (GLUT1ΔGFAP) was used. This last animal

was derived from the general GLUT1 ablation hGFAPCreERT2:
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GLUT1f/f mice model (Ardanaz et al., 2022). Upon arrival, animals were

housed 4/cage in standard cages on a ventilated rack (Tecniplast, Italy)

under controlled temperature (22 ± 2�C) and 12 h light/dark cycle, with

free access to standard rodent chow (Safe, France) and tap water. Prior to

the start of the procedures, animals were allowed to acclimatize to the

new housing conditions for at least 1 week to reduce the stress compo-

nent associated with the procedures. All experiments were performed

between 0800 and 1600 h to reduce any circadian cycle influence.

To study the effects of astrocytic Ca2+ activation in 18F-FDG

uptake, adult male WT mice were injected either with DREADDs

(WT/DREADD, n = 10) or with a control virus (WT/CONTROL,

n = 12). Additionally, we injected DREADDs in Ip3r2�/� (n = 5) and

GLUT1ΔGFAP (n = 8) mice.

To examine the effects of astrocytic Ca2+ activation after

KA-induced insult all WT mice were injected with DREADDs and then

divided into two groups: (i) injection of iHPC KA and (ii) iHPC injection

of saline (VEH). These animals were treated with CNO or saline (SAL)

from day 1 to day 7 after either KA or VEH injection. Thus, the resulting

groups with DREADDs in this experiment were classified as VEH + SAL

(n = 9), VEH + CNO (n = 8), KA + SAL (n = 8), and KA + CNO (n = 8).

2.2 | Stereotaxic viral injection

Animals were anesthetized under isoflurane (2% in oxygen at flow

rate of 1 L/min) and placed in a stereotaxic frame (Stoelting, USA) to

perforate the skull at the coordinates corresponding to the allocation

of the hippocampal CA1 according to the following bregma coordi-

nates: AP �2.1 mm; LM ±1.6 mm; DV �1.5 mm. DREADDs (pAAV-

GFAP-hm3D(Gq)-mCherry Titer: 1.2 � 1013 GC/mL Addgene

50478-AAV5) or control virus (pAAV-GFAP104-mCherry Titer:

1.2 � 1013 GC/mL Addgene 58909-AAV5) diluted in artificial cere-

brospinal fluid were injected using a 2 μL, 34-gauge needle Hamilton

syringe (Microliter Syringe 7002, Hamilton Company, USA) connected

to a stereotaxic microinjector (Stoelting, USA). The injections were

performed bilaterally, with a volume of 0.5 μL in each hemisphere at a

rate of 0.5 μL/min. At the end of the injection, the needle remained in

place for two additional minutes to ensure the proper viral diffusion

and to prevent eventual back flow.

For the floxed GLUT1ΔGFAP mice, hippocampal GLUT1 expression

was abolished by injecting a GFAPCre virus (AAV2/5-GFAP104-cre-

mCherry Titer 2.8 � 1012 GC/mL, 0.5 μL) in the hippocampus along

with the DREADDs. Animals were allowed to recover in their cages

for 2 weeks before the neuroimaging studies were performed.

2.3 | Intrahippocampal KA injection

Three weeks after the viral injection procedures, a subgroup of animals

underwent injection of iHPC KA (0.21 μg in 0.5 μL saline) or vehicle

(saline) at a rate of 0.5 μL/min, in the same coordinates of viral injection.

KA injection and behavior were evaluated and scored according to the

Racine scale (Racine, 1972) to confirm that all animals developed status

epilepticus. The scale is divided into the following levels: (0) immobility,

(1) facial movements and head nodding, (2) convulsive waves through

the body or piloerection and erect tail, (3) myoclonic jerks in forelimbs,

(4) clonic convulsions in all extremities or falling on one side, and

(5) tonic–clonic convulsions in the whole body or falling on the back. Fol-

lowing the occurrence of seizures, the animal may display a lack of mobil-

ity, which corresponds to the postictal period. Recovery is indicated

when the animal begins to engage in exploratory behaviors.

2.4 | CNO treatment

Acute DREADDs activation was achieved using CNO (3 mg/kg ip,

Merck Sigma-Aldrich, Germany). Each animal underwent two PET

studies, in which they were injected with either saline or CNO. The

order in which the animals received the treatments was varied to

avoid the effect of drug interaction. Drugs were injected 10 min prior

to 18F-FDG administration, to ensure that the incorporation of the

radiotracer matched with the maximum concentration of the drug in

blood. To examine the effects of astrocyte activation after glutamate

excitotoxicity, chronic astrocyte activation was performed from day

1 to day 7 after KA injection. On day 1, mice were ip injected with

CNO at a dose of 3 mg/kg. The following days (2–7) the dose was of

1 mg/kg ip. On experimental days corresponding to PET scans, mice

were injected 10 min before 18F-FDG administration.

2.5 | 18F-FDG positron emission tomography
imaging

PET/CT (computed tomography) scans were acquired using a small ani-

mal PET/CT scanner (Albira ARS PET/CT dual scanner, Bruker,

Germany). Dynamic scans were performed to assess changes in 18F-

FDG uptake caused by astrocytic Ca2+ activation. Animals were anes-

thetized with isoflurane (2% in oxygen) and catheterized through the tail

vein with a 34-gauge needle connected to a cannula. Thereafter, they

were introduced into the scan for a 60 min dynamic acquisition. 18F-

FDG (approx. 5.55 MBq/200 μL saline, iv, Curium Pharma, Spain) was

injected through the cannula 10 s after the beginning of the acquisition.

Finally, the CT image was acquired. PET images were reconstructed

using maximum likelihood expectation maximization (MLEM) algorithm.

The iterative reconstruction of PET data comprises 32 frames of 5 � 2 s,

4 � 5 s, 3 � 10 s, 8 � 30 s, 5 � 60 s, 4 � 300 s, and 3 � 600 s.

To evaluate the effect of DREADD activation in awake animals,

we also performed static PET acquisitions. Each animal had two stud-

ies, injected with saline or CNO. To assess brain metabolism after KA

injection, each animal was subjected to three image acquisitions: one

basal before the KA injection (�1 day) and two after the insult (days

1 and 8). The animals were fasted at least 8 h prior to the study.

Animals were injected with 18F-FDG (approx. 5.92 MBq/200 μL ip,

saline, Curium Pharma, Spain) and waited for 45 min of awake uptake.

Then, the animal was anesthetized with isoflurane (2% in oxygen) and

introduced into the scanner where a 20-min PET acquisition and a

10-min CT scan were performed. Blood glucose levels were measured

prior to the PET scan.
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PET images were automatically fused with each individual CT and

were coregistered to Mirrione's brain magnetic resonance imaging (MRI)

template (Ma et al., 2005), which includes a selection of volumes of

interest (VOIs) according to different brain regions, using PMOD 4.1

software (PMOD Technologies Ltd., Switzerland). Dynamic scans were

analyzed using the 2-tissue-compartment (2TC) for 18F-FDG kinetic

model. Together with the VOIs of the different brain areas, another

spherical VOI of cava vein (1 mm3) was created to determine the blood

input function and its time-activity curve was fitted to a three exponen-

tial whole blood model. We calculated the kinetic parameter ki (1/min), a

rate constant that indicates the flow of the radiotracer through the two

compartments (ki = (K1 � k3)/(k2 + k3)). Static scans were analyzed by

percentage of injected dose per cubic centimeter (%ID/cc). Statistical

Parametric Mapping 12 software (SPM; Wellcome Trust Center for

Neuroimaging, UCL, UK) in MATLAB (The MathWorks, USA) was used

to analyze whole brain voxel-wise imaging comparison (p = 0.05,

cluster = 20 voxels) (Leiter et al., 2019).

2.6 | T-maze test

The T-maze test (central arm 46 � 11 � 10 cm; side arms

80 � 11 � 10 cm, dark-gray color) is based on the natural tendency of

rodents to alternate between arms, exploring novel paths, which are

considered an adaptive mechanism (d'Isa et al., 2021). The test was per-

formed in an adjacent room under comparable environment conditions

(temperature, humidity, light intensity, and cycle) to those of the hous-

ing room. Animals were kept in this room for at least 30 min prior to

the test to allow for acclimatization. The floor and walls of the appara-

tus were thoroughly cleaned with a 70% ethanol solution and dried at

the end of each use. Behaviors were videotaped to avoid the presence

of the experimenter in the room. An experimenter blind to the experi-

mental groups scored the behavioral variables.

Groups used in this experiment were KA + SAL (n = 8) and KA

+ CNO (n = 7). The experiments were performed at day 9 post KA

injection, and consisted of a first trial, in which the animal was allowed

to freely explore only one arm of the maze for 5 min while the other

arm was kept closed, and a posttest 6 h later, in which the animal was

placed at the starting point of the maze, this time with both arms open,

to assess its interest in the previously unexplored arm. The time spent

in each arm and the number of entries (all four paws) into each arm

were evaluated. Ratios were then calculated for the percentage of time

spent in the new unexplored arm or in the already explored one.

2.7 | Neurohistochemistry

At the end of the studies, animals were sacrificed, and the brains were

collected and stored at �80�C. Brains were sliced coronally (30-μm

thick) at the level of the hippocampus using a cryostat (Leica, Germany).

Immunofluorescence studies were performed to assess neuronal

loss (NeuN), astrogliosis (GFAP) and to validate virus injection site.

Slices were fixed with 4% formaldehyde in phosphate buffered

saline (PBS) pH 7.4 for 10 min and washed with PBS (3 times, 3 min

each). Then, they were rinsed in tris-buffered saline (TBS) for 30 min

and blocked with 3% bovine serum albumin (BSA) (Sigma-Aldrich, Ger-

many), 0.1% triton X-100 in TBS for 60 min. Slides were incubated at

4�C overnight with mouse Anti-GFAP antibody (1:500, Invitrogen,

RRID AB10598515) or rabbit Anti-NeuN (1:500, Abcam, RRID

AB177487, in 1% BSA/TBS). The next day, the sections for NeuN

immunofluorescence were washed with 0.1% Tween 20 in TBS

(3 � 5 min) and incubated with Goat Anti-Rabbit secondary antibody

conjugated with Alexa Fluor® 488 (1:500, Abcam, RRID AB150077) for

1 h at room temperature. Finally, they were washed with 0.1% Tween

20 in TBS (3 � 5 min), adding in the last wash DAPI (1 mL of stock

solution at 0.01% in TBS) to label the cell nuclei, and mounted directly

with Mowiol. Sections were stored at 4�C, and images were acquired

on a Leica SP5 (Leica, Germany) laser scanning confocal microscope or

a Leitz Laborlux S microscope (Leica, Germany) with a FITC filter. For

quantitative fluorescence analysis, FIJI-ImageJ software (NIH, available

on the web: https://imagej.net/software/fiji/downloads) was used.

An ex vivo autoradiography was performed to assess the expres-

sion of the translocator protein (TSPO)-mediated neuroinflammation

using the 3H-PK11195 (Perkin Elmer, USA) as a marker of neuroin-

flammation as previously described (Slowing et al., 2023). Images were

obtained by using a magnifying glass (Leica MZ6, Leica, Germany)

attached to a digital camera. Images were analyzed with PMOD 4.2

software (PMOD Technologies, Switzerland) (Brackhan et al., 2016).

2.8 | Nuclear magnetic resonance spectroscopy

Hippocampal tissue was collected at day 9 after KA injection and

chronic treatment with saline or CNO (KA + SAL n = 8; KA + CNO

n = 7). 1H-nuclear magnetic resonance (NMR) spectroscopy was per-

formed in the ICTS Bioimagen Complutense (Universidad Complu-

tense de Madrid, Spain) at 500.13 MHz using a Bruker AVIII500 HD

spectrometer 11.7 T, as previously described (Llorente et al., 2012;

Ruiz-Hurtado et al., 2017).
1H, 13C 2D experiments were performed to carry out the compo-

nent's assignments. HMQC experiments were registered with the fol-

lowing parameters: 70 μs for GARP 13C decoupling, 6009 and 22 kHz

spectral widths in the 1H and 13C dimensions, respectively, 2 k data

points in f2 and 256 increments in f1. Zero filling in f1 and unshifted

squared sinusoidal window function in both dimensions were applied

before Fourier transformation. In this study, multivariate statistical

algorithms were used to classify high resolution magic angle spinning

(HR-MAS) 1H NMR spectra of these samples and identify distinct

metabolic profiles for the different tissues. For pattern recognition

analysis, 1H NMR spectra were data reduced using the software pro-

gram AMIX (Analysis of MIXtures version 3.6.8, Bruker Rheinstetten,

Germany) by subdivision into integral regions of 0.02 ppm between δ

0.6 and 9 ppm (excluding the water region from 5.7 to 4.7 ppm). Indi-

vidual integral regions were normalized to the total sum of integral

regions following exclusion of the water resonance. Partial least

squared (PLS) regression was applied to the data.
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2.9 | Statistics

Data analyses were performed using the statistical program

Graphpad Prism 6. Saphiro–Wilk normality test was used to assess

the data normal distribution. For PET imaging analysis, the data

were compared between experimental groups and its correspond-

ing time points using a paired Student's t-test or repeated-

measures one-way ANOVA with Bonferroni post hoc test (confi-

dence interval 95%). Immunohistochemistry data were analyzed by

two-way ANOVA with Tukey post hoc test (confidence interval

95%). We also analyzed each index in the kinetic model with com-

parison of treatments with their corresponding saline measure (T-

test paired for repeated measures). Data are expressed as the

mean ± standard error of the mean (SEM).

3 | RESULTS

3.1 | Astrocytic Ca2+ activation in WT mice
resulted in brain glucose hypermetabolism

The presence of virus in the injection zone of the hippocampus was

confirmed by histological analysis based on the colabeling of mCherry

and GFAP in hippocampal astrocytes (Figure 1b).

F IGURE 1 Astrocytic Ca2+ activation increases 18F-FDG uptake. (a) Study design of surgeries, groups, and treatments. (b) Evidence of
successful viral infection. Immunohistochemistry showed colocalization (yellow) between GFAP (astrocyte marker, green) and the fluorophore
added to the viral vectors (mCherry, red) and DAPI (cell nuclei marker, blue). Scale bar at 20 μm. (c) Schematic representation of glucose kinetic
constants in the 2TC model. The k4 parameter is represented in red as k4 = 0. (d) Graphs show that activation of astrocytes with CNO increased
the value of the k3 constant (SAL 0.009 ± 0.001 n = 15 vs. CNO 0.014 ± 0.001 n = 15; p = 0.04) and ki, (SAL 0.007 ± 0.0008 n = 15 vs. CNO

0.1 ± 0.0007 n = 15; p = 0.04) indicating an increase in overall 18F-FDG influx. Paired student's t-test, nonparametric. *p < 0.05. (e) SPM image
representing the comparison between SAL and CNO of each constant, in which red and yellow areas represent a significant increase after
treatment, and blue and green areas a decrease. (f) Graphs show quantification in several brain structures, where CNO causes a significant
increase in 18F-FDG uptake in hippocampus (SAL 0.9558 ± 0.02655 n = 9 vs. CNO 0.9848 ± 0.03387 n = 9; p = 0.008), thalamus (SAL 1.022
± 0.03421 n = 9 vs. CNO 1.064 ± 0.039 n = 9; p = 0.006) and midbrain (SAL 1.002 ± 0.03744 n = 9 vs. CNO 1.040 ± 0.03928 n = 9; p = 0.01).
Paired student's t-test. *p < 0.05; **p < 0.01. (g) Representation of mean images per treatment (top rows) and corresponding statistical
comparison (bottom row) with SPM.
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18F-FDG dynamic studies (Figure 1c) showed that tracer influx (ki)

was higher in the WT/DREADD mice treated with CNO compared

with the saline measure (Figure 1d,e). As expected, the

WT/CONTROL group showed no differences in ki after CNO treat-

ment compared with saline (Figure S1). Static studies were performed

to confirm this effect and to exclude any eventual effect of the anes-

thesia (awake radiotracer uptake). The results also showed an increase

in 18F-FDG uptake in the WT/DREADD mice treated with CNO.

However, in this case, the hypermetabolism was not limited to the

hippocampus, but it expanded to other brain areas such as the thala-

mus and midbrain (Figure 1f,g).

3.2 | Changes in glucose metabolism after
astrocytic Ca2+ activation are mediated by GLUT1

The Ip3r2�/� mouse (Li et al., 2005) was employed as a negative con-

trol for astrocytic Ca2+ activation via chemogenetics, as the G protein-

mediated astrocytic Ca2+ release from the endoplasmic reticulum in

this animal is largely abolished (Corkrum et al., 2020; Martin-Fernandez

et al., 2017; Petravicz et al., 2008). In Ip3r2�/� mice, dynamic studies

showed no changes in glucose uptake kinetics after CNO administra-

tion (Figure 2a,b). These results were confirmed in static scans

(Figure 2c,d), thus rejecting a possible masking effect of anesthesia.

F IGURE 2 Metabolic changes in astrocyte activation are mediated glucose transporter GLUT1. (a) Dynamic PET graphs show that activation
of astrocytes with CNO did not cause changes in any constant in Ip3r2�/� mice (SAL 0.014 ± 0.0034 n = 5 vs. CNO 0.010 ± 0.0011 n = 5;
p = 0.26). Paired student's t-test. (b) Comparison of dynamic PET images of each constant, confirming no significant difference after treatment
administration. (c) Static PET quantification in various brain structures showed no changes in glucose uptake after CNO administration in
Ip3r2�/� mice (SAL 0.944 ± 0.0404 n = 5 vs. CNO 0.931 ± 0.0242 n = 5; p > 0.99). Paired student's t-test, nonparametric. (d) Static PET
representation of the mean treatments (top rows) and their corresponding statistical comparison (bottom row), showing that the treatments

behave similarly in Ip3r2�/� mice. (e) Activation of astrocytes with CNO in GLUT1ΔGFAP mice did not cause changes in any constant in dynamic
PET scans. (SAL 0.007 ± 0.0007 n = 16 vs. CNO 0.009 ± 0.005 n = 16; p = 0.49). Paired student's t-test. (f) SPM comparison of dynamic PET
constants confirmed that there are no significant differences after treatment administration. (g) In static PET scans, graphs showed that CNO did
not produce changes in glucose uptake in any of them (SAL 0.981 ± 0.0136 n = 9 vs. CNO 0.100 ± 0.0102 n = 9; p = 0.13). Paired student's t-
test. (h) SPM representation of the static PET scans images and corresponding statistical comparison showed a significant increase in 18F-FDG
uptake when astrocytes are activated. However, the areas with the highest uptake correspond to the cerebral cortex and cerebellum, where there
are no DREADDs that can respond to CNO.
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F IGURE 3 Astrocytic Ca2+ activation reverted metabolism in neurodegeneration. (a) Study design of surgeries, KA iHPC model induction, and
imaging scans timeline. (b) Quantification of 18F-FDG uptake (%ID/mL) showing significant differences in the KA + SAL group at day
1 (hippocampus: VEH + SAL 94.611% ± 7.251% n = 9 vs. KA + SAL 120.427% ± 9.152% n = 7; p = 0.13) and at day 8 (VEH + SAL 92.563%
± 7.712% n = 9 vs. KA + SAL 60.255% ± 2.723% n = 7; p = 0.03). However, these differences were not found in the CNO-treated group (day 1:
VEH + CNO 81.902% ± 8.253% n = 7 vs. KA + CNO 81.828% ± 9.337% n = 6; p > 0.99; day 8: VEH + CNO 92.459% ± 11.341% n = 7 vs. KA
+ CNO 83.611% ± 13.43% n = 6; p < 0.99). Two-way ANOVA for repeated measures, post hoc Bonferroni. *p < 0.05; **p < 0.01; ***p < 0.001
SAL (VEH vs. KA); #p < 0.05; ##p < 0.01; ###p < 0.001 KA group (SAL vs. CNO); §p < 0.05; §§p < 0.01; §§§§p < 0.001 vs. baseline measurement.
(c) Representative mean of 18F-FDG PET images at different timeline. (d) Comparison of PET images with the baseline measurement, showing the

increase (red) or decrease (blue) of metabolism. CNO, clozapine-N-oxide; iHPC, intrahippocampal; KA, kainic acid; PET, positron emission
tomography; SAL, saline.
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To test the role of astrocytes in glucose uptake, we used a geneti-

cally modified mice lacking GLUT1 in hippocampal astrocytes

(GLUT1ΔGFAP). These animals showed no changes in 18F-FDG uptake

kinetics after CNO administration, as no differences were found on

any constant of 2TC model or SPM comparison (Figure 2e,f). Same

results were found in static PET scans, in which 18F-FDG uptake was

similar in all brain VOIs after both treatments (Figure 2g). Interestingly,

SPM analysis showed a significant difference in subregions of cortex

and cerebellum, but not in hippocampus (Figure 2h).

3.3 | Astrocytic Ca2+ activation rescued brain
glucose metabolism in mice exposed to excitotoxicity
induced by KA injection

We next investigate the role of astrocytes under conditions of dam-

age induced by iHPC KA injection (Figure 3a). All animals reached the

status epilepticus with a Racine scale score of 4–5.

The iHPC KA mouse model showed hypermetabolism 1 day after

KA injection (KA + SAL) compared with its control group (VEH

+ SAL). Increased 18F-FDG uptake was reversed by an acute injection

of CNO (KA + CNO, 3 mg/kg, ip). Contrarily, a marked hypometabo-

lism was found at day 8 in KA + SAL group compared with the basal

measure. However, decreased 18F-FDG uptake was not found after

the sustained astrocytic Ca2+ activation during 7 days (KA + CNO)

(Figure 3b–d). Moreover, the results of our study illustrate a discern-

ible metabolic impact in the KA + SAL group, as evidenced by the

emergence of hyperglycemia at day 8 postinjection (Figure S2A).

However, no alterations in blood glucose levels were observed in the

cohort treated with sustained astrocytic Ca2+ activation (KA + CNO).

To ascertain whether the discrepancy in endogenous glucose levels

and its competition with 18F-FDG were influencing the actual brain

metabolism, we conducted an analysis with the data corrected for

blood glucose. The data exhibited a similar tendency to that observed

in our previous analysis (Figure S2B), indicating that the effects of

endogenous glucose and 18F-FDG competition are not masking the

impact of the astrocytic Ca2+ activation treatment.

We also studied the eventual changes in the metabolomic profile

by 1H-NMR spectroscopy. Interestingly, CNO-treated mice (KA

+ CNO group) showed higher concentrations of GABA compared

with the KA + SAL in hippocampus (Figure S3A). Furthermore, multi-

ple regression analysis by SPM showed a positive correlation between

GABA levels and PET imaging in hippocampus, which was also con-

firmed by statistical multiple regression of VOI data (Figure S3B,C).

3.4 | Astrocytic Ca2+ activation prevented
neuronal loss and recovered behavioral indexes of
hippocampal function induced by excitotoxicity in
iHPC KA mice

Because compromised hippocampal function by KA injection is known

to alter behavior (Kim et al., 2017; Kumar et al., 2011; Miltiadous

et al., 2013), we next evaluated the behavioral profile of these animals

in the T-maze. The results showed that mice treated with CNO had a

better performance. CNO-treated mice spent more time exploring the

new-unexplored arm than those treated with saline. Similarly, the per-

centage of time spent in each arm in relation to the total time spent in

both goal arms indicated that the astrocytic Ca2+ activation in the KA

group spent a greater proportion of time in the new-unexplored arm

than in the previously explored arm (Figure S4A,B).

We also assessed the impact of actrocytic activation at 9 days

post iHPC KA injection, on various markers of neuronal viability and

neuroinflammation. As expected, NeuN immunofluorescence signal

was lower in the KA + SAL than in VEH + SAL group revealing that

excitotoxicity induced by KA resulted in neuronal loss in hippocampus

CA1 (Figure 4a,b). Interestingly, chronic astrocytic activation by CNO

prevented the neuronal loss induced by KA.

Regarding GFAP immunofluorescence signal, both KA groups

showed increased GFAP immunofluorescence signal in the hippocam-

pus in a similar manner. Furthermore, astrocytic activation in VEH ani-

mals (VEH + CNO) resulted in a similar GFAP expression increase

(Figure 4c,d).

When evaluating brain neuroinflammation by ex vivo TSPO auto-

radiography, our results showed that iHPC KA injection resulted in a

significant increase in 3H-PK11195 signal in KA + SAL mice when

compared with the VEH + SAL group in multiple brain areas including

hippocampus, cortex, thalamus, hypothalamus and amygdala. CNO-

induced astrocytic activation by itself also resulted in a significant

increase of 3H-PK11195 signal in both hippocampi irrespective of KA-

or VEH treatment (Figure 4e,f). However, sustained astrocytic Ca2+

activation reduced KA-induced TSPO expression in cerebral cortex

and amygdala.

4 | DISCUSSION

In the present study, we used chemogenetics to investigate the

effects of astrocytic Ca2+ activation on brain glucose metabolism,

neuronal viability, markers of neuroinflammation, and glial reactivity

and on behavioral aspects related to hippocampal functional state

under an experimental pathological condition of brain damage induced

by KA iHPC injection. To further deepen into the mechanisms under-

lying DREADD activation, we evaluated the potential involvement of

astrocyte intracellular Ca2+ signaling mediated by Ip3r2 and the role

of glucose exchange by the GLUT1. Herein, we show that astrocytic

Ca2+ activation by itself results in brain glucose hypermetabolism,

measured as 18F-FDG uptake. In addition, our studies demonstrate

that the functional integrity of both Ip3r2 and GLUT-1 are required

for the effects of astrocytic Ca2+ activation in brain metabolism to

occur. Furthermore, chronic astrocytic Ca2+ activation by CNO pre-

vents the alterations induced by iHPC KA injection, having a protec-

tive role on neuronal viability and behavior impairment.

The effects of in vivo chemogenetics in neurons have been widely

studied by evaluating their behavioral consequences both under nor-

mal and under neuropathological conditions such as in rat models of
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F IGURE 4 Legend on next page.
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Alzheimer's disease or of temporal lobe epilepsy (Alami et al., 2020;

Alcaraz et al., 2018; Goossens et al., 2019; Kang et al., 2020;

Rorabaugh et al., 2017). Recent publications have shown that chemo-

genetic astrocytic activation also modulates cellular mechanisms and

behaviors. (Jones et al., 2018; Lim et al., 2021; MacDonald

et al., 2020; Nwachukwu et al., 2021) However, the brain glucose

metabolic effects of in vivo astrocytic Ca2+ activation are not fully

deciphered. To address this issue, we performed both dynamic and

static 18F-FDG PET scans to evaluate glucose uptake in the brain. Our

findings indicate that astrocytic Ca2+ activation results in a measur-

able increase in brain glucose uptake. Our results add up to the

evidence provided by other studies reporting that PET neuroimaging

can indeed be a useful tool to evaluate changes in 18F-FDG uptake

mediated by nonneuronal cells (Rocha et al., 2022). Furthermore, the

static PET scans showed that the increase in 18F-FDG uptake is not

only restricted to the hippocampus but also is observed in other brain

regions distant from the injection site, extending beyond those

expressing the DREADDs. This indicates that the metabolic effect

induced by the activation of a subpopulation of astrocytes is not con-

fined to the DREADD expression.

It is known that astrocytic activation results in an increase in the

intracellular Ca2+ (Durkee et al., 2019), being the Ip3 the main media-

tor largely due to the activation of Gq-protein coupled receptors

(Corkrum et al., 2020; Martin-Fernandez et al., 2017). Accordingly, we

employed transgenic Ip3r2�/� mice, which exhibit astrocytes lacking

the capacity to release Ca2+ release from the endoplasmic reticulum

(Li et al., 2005) as negative control of astrocytic Ca2+ activation via

chemogenetics. The results demonstrated that CNO injection in

Ip3r2�/�mice was unable to induce an increase in 18F-FDG uptake.

This evidence supports the conclusion that a functional

Ip3r2-mediated intracellular Ca2+ signaling pathway is necessary for

the manifestation of this metabolic effect.

Astrocytes are metabolically active and as we have shown, their

activation contributes to changes in brain glucose metabolism mea-

sured by 18F-FDG. Because astrocytes take up glucose via the GLUT1,

we evaluated the involvement of GLUT1 on the 18F-FDG increase

seen after activation with DREADDs. Our results showed that astro-

cytic Ca2+ activation in GLUT1ΔGFAP mice failed to induce glucose

hypermetabolism in the hippocampus. However, we found differences

when the radiotracer was injected in awake animals, but in areas

where GLUT1 was conserved. Thus, GLUT1 is needed for 18F-FDG

uptake in astrocytes but not for astrocyte activation by DREADDS, as

it modified glucose uptake in other brain areas. Nevertheless, alterna-

tive technical methodologies must be employed to ascertain whether

the 18F-FDG uptake is a result of neuronal or glial activity (Xiang

et al., 2021). In vivo U-13C-glucose isotope tracing or cell sorting after
18F-FDG injection may be effective approaches to elucidate the path-

way followed by this tracer following astrocytic Ca2+ activation

(Barros, Bolanos, et al., 2018; Rodrigues et al., 2013).

Once confirmed the metabolic effect of astrocytic Ca2+ activation

by DREADDs, and considering that brain metabolic dysfunction

(Blass, 2002) is a common features of many neurodegenerative dis-

eases, we proceeded to evaluate the effect of astrocytic activation in

a well-characterized model of excitotoxic damage induced by iHPC

KA injection in mice (Lévesque & Avoli, 2013; Raedt et al., 2009;

Riban et al., 2002). In line with previous studies, we found a significant

hypermetabolism on day 1, followed by hypometabolism on day

8 (Bascuñana et al., 2020; García-García et al., 2016; Kornblum

et al., 2000; Mirrione et al., 2006; Shiha et al., 2015). Interestingly, an

acute dose of CNO 1 day after the insult was able to restore to basal

the acute hypermetabolism induced by KA. Likewise, chronic CNO

administration normalized the hypometabolism seen on day 8. Thus,

our results show that activated astrocytes might play a pivotal role

rescuing brain glucose metabolism after brain damage. Indeed, in

alignment with prior research (Kim & Hong, 2015), KA elevated glyce-

mia in the untreated cohort on day 8, whereas KA + CNO did not

exhibit fluctuations in blood glucose levels relative to its baseline or

other groups. This suggests that sustained astrocytic Ca2+ activation

may also regulate hyperglycemia resulting from secondary effects of

seizures, including increased cerebral metabolic rate (Fernandes

et al., 1999) and glycolysis (Fray et al., 1997). The observed variation

in endogenous glucose levels between the groups may potentially

influence the competition with the 18F-FDG uptake, thereby obscur-

ing the actual brain metabolism. However, the analysis of 18F-FDG

uptake corrected for blood glucose levels yielded comparable results

to those obtained without correction, thereby reinforcing the protec-

tive effect of astrocytic Ca2+ activation following KA injection.

In damaged brain areas, astrocytes experiment molecular and

physiological changes that might be related to metabolic fluctuations

and contribute to the development and progression of disease

F IGURE 4 Astrocytic Ca2+ activation prevented neuronal loss and neuroinflammation. (a) Immunofluorescent staining for NeuN in
hippocampus CA1 in both control and KA-injected mice treated with saline or CNO on day 9 after SE. Scale bar: 200 μm. (b) NeuN
immunofluorescent quantification showed that the KA + SAL group (4.211 ± 0.318 n = 8) had greater neuronal loss compared with VEH + SAL
(10.321 ± 2.741 n = 5; p = 0.02) and KA + CNO (9.058 ± 1.976 n = 8; p = 0.03). Two-way ANOVA Fisher's LSD. (c) Immunofluorescent staining
for GFAP in hippocampus CA1 in both control and KA-injected mice treated with saline or CNO on day 9 after SE. Scale bar: 200 μm. (d) GFAP

immunofluorescence revealed significant differences between VEH + SAL control (4.724 ± 0.449 n = 5) and both KA-injected groups (KA + SAL
12.308 ± 1.361 n = 7; p = 0.008; KA + CNO 12.336 ± 1.85 n = 8; p = 0.006), but also in the control group treated with CNO (VEH + CNO
11.041 ± 0.834 n = 7; p = 0.03). Two-way ANOVA, post hoc Tukey. *p < 0.05; **p < 0.01. (e) Representative sample of 3H-PK11195 uptake
(TSPO) in coronal slice of the dorsal hippocampus. (f) Quantification of 3H-PK11195 shows significant differences between VEH + SAL (94.088
± 1.587 n = 6) and KA + SAL group (127.475 ± 4.043 n = 8; p < 0.001). The groups treated with CNO hardly showed any differences (VEH
+ CNO 117.836 ± 2.956 n = 8 vs. KA + CNO 120.638 ± 3.304 n = 11; p = 0.92). Two-way ANOVA, post hoc Tukey. *p < 0.05; **p < 0.01;
***p < 0.001. SAL, saline.
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(Sofroniew & Vinters, 2010). Astrocytes are involved in a wide range

of physiological functions including neuroinflammation, reactive glio-

sis, and glial scars related to sclerosis, which are associated with neu-

ronal loss (Al Sufiani & Ang, 2012). Previous studies suggest that

neuronal death might be the main responsible of hypometabolism

found in several neurodegenerative diseases (Garcia-Garcia

et al., 2023; García-García et al., 2016; Garibotto et al., 2017; Jeong

et al., 2005; McKeith et al., 2017; Mosconi et al., 2009; Walker

et al., 2018). Thus, it is likely that the neuronal death found on day

8 in the KA + SAL group (as detected by NeuN immunofluorescence)

could be related, at least partially, with the hypometabolism found at

this stage of the pathology. We also found that the sustained astro-

cytic Ca2+ activation during 7 days after iHPC KA resulted in preser-

vation of neuronal survival in the CA1 hippocampal subregion, which

consequently might have contributed to maintain brain glucose

metabolism. Further, our NMR spectroscopy data showed that sus-

tained astrocyte activation induced an increase in GABA levels in

comparison with saline-treated animals. In addition, hippocampal

GABA concentration was positively correlated with brain metabolism.

This may indicate that astrocyte activation upregulates GABA concen-

tration, inhibiting the glutamatergic neurons and thus preventing the

neuronal death due to excitotoxicity.

Regarding our behavioral study, we show that KA + CNO group

had better performance in T-maze than the KA + SAL. Even though we

did not evaluated the effects of CNO by itself, several studies have

shown that hippocampal astrocytes are involved in the generation of

spatial cues during orientation (Doron et al., 2022), and that activation

of these cells in that region is sufficient to enhance spatial memory

(Adamsky et al., 2018). Our data suggest that the effect of sustained

astrocytic Ca2+ activation on neuronal survival in the face of excitotoxic

damage is also behaviorally reflected by restored hippocampal function.

As expected, GFAP signal was increased by the iHPC KA, an

effect that persisted even after the activation of astrocyte cells in KA

+ CNO mice. Interestingly, the presence of GFAP expression in the

VEH + CNO group in a similar level to KA + CNO may be attributed

to the chemogenetic activation of these cells. Similar results were

obtained in neuroinflammation measured by TSPO autoradiography.

TSPO autoradiography in KA + SAL group showed a widespread

expression in extra-hippocampal brain regions, as we reported previ-

ously after iHPC 4-aminopyridine injection (García-García

et al., 2018). TSPO upregulation at 2 weeks has been demonstrated to

possess prognostic capabilities, enabling the discrimination of the fre-

quency of spontaneous seizures (Bertoglio et al., 2021). Prior research

has indicated an increase in TSPO upregulation between 2 days and

7 weeks post-KA injection, a phenomenon that was also observed in

the contralateral hippocampus and in the ipsilateral thalamus and cor-

tex (Brackhan et al., 2018). Nevertheless, in KA + CNO mice, TSPO

signal was reduced in cortex and amygdala, indicating that astrocytic

Ca2+ activation resulted in a reduction of inflammation in these spe-

cific brain regions. Similar to GFAP results, TSPO was increased in

VEH + CNO group. Our results reveal that sustained astrocytic Ca2+

activation induces overexpression of GFAP and TSPO on its own but

may restrict neuroinflammation in other brain areas. Other

researchers have identified a correlation between TSPO signal and

microglia at 7–14 days postinjection, but with astrocytes at 6 months

(Nguyen et al., 2018). This indicates that TSPO expression is associ-

ated with both glial cells, depending on the phase of epileptogenesis.

Nevertheless, other studies have demonstrated that neuronal activity

can independently alter TSPO levels in the brain (Notter et al., 2021).

Consequently, TSPO expression can be augmented not only by sus-

tained neuroinflammation but also by noninflammatory processes

under specific physiological or pathological circumstances. Consider-

ing that the epileptic activity may be a potential cause of neuroinflam-

mation in the brain, our hypothesis is that the astrocytic Ca2+

activation is limiting the epileptic activity that impacts sensitive brain

regions as cortex and amygdala. Nevertheless, we cannot assure

which mechanisms are directly involved in this TSPO reduction nor

which cells are responsible for this decrease. Further research is

needed to explore the implication of glial cells in the context of animal

model of epilepsy, and the mechanisms involved in neuroinflammation

restriction.

In conclusion, our study reveals that astrocyte Ca2+ activation by

DREADDs increases brain glucose uptake and that both Ip3r2 and

GLUT1 are key mediators in the underlying mechanisms. Further, in a

pathological context, such as damage induced by iHPC KA, astrocyte

activation had a significant role regulating brain glucose metabolism

homeostasis. Furthermore, these metabolic effects were accompanied

by beneficial effects preventing neuronal loss and increasing GABA

levels in the hippocampus and protecting against brain neuroinflamma-

tion and behavioral alterations. Our findings sum up to other studies

supporting the hypothesis that astrocyte activation may be a significant

component of the neuroprotective mechanisms against brain damage,

contributing to the maintenance of neuronal network integrity.
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