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Abstract

Inositol trisphosphate receptor (IP3R)-mediated intracellular Ca2+ increase is the major Ca2+ 

signaling pathway in astrocytes in the central nervous system (CNS). Ca2+ increases in astrocytes 

have been found to modulate neuronal function through gliotransmitter release. We previously 

demonstrated that astrocytes exhibit enhanced Ca2+ signaling in vivo after photothrombosis (PT)-

induced ischemia, which is largely due to the activation of G-protein coupled receptors (GPCRs). 

The aim of this study is to investigate the role of astrocytic IP3R-mediated Ca2+ signaling in 

neuronal death, brain damage and behavior outcomes after PT. For this purpose, we conducted 

experiments using homozygous type 2 IP3R (IP3R2) knockout (KO) mice. Histological and 

immunostaining studies showed that IP3R2 KO mice were indeed deficient in IP3R2 in astrocytes 

and exhibited normal brain cytoarchitecture. IP3R2 KO mice also had the same densities of S100β

+ astrocytes and NeuN+ neurons in the cortices, and exhibited the same glial fibrillary acidic 

protein (GFAP) and glial glutamate transporter (GLT-1) levels in the cortices and hippocampi as 

compared with wild type (WT) mice. Two-photon (2-P) imaging showed that IP3R2 KO mice did 

not exhibit ATP-induced Ca2+ waves in vivo in the astrocytic network, which verified the 

disruption of IP3R-mediated Ca2+ signaling in astrocytes of these mice. When subject to PT, 

IP3R2 KO mice had smaller infarction than WT mice in acute and chronic phases of ischemia. 

IP3R2 KO mice also exhibited less neuronal apoptosis, reactive astrogliosis, and tissue loss than 

WT mice. Behavioral tests, including cylinder, hanging wire, pole and adhesive tests, showed that 
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IP3R2 KO mice exhibited reduced functional deficits after PT. Collectively, our study 

demonstrates that disruption of astrocytic Ca2+ signaling by deleting IP3R2s has beneficial effects 

on neuronal and brain protection and functional deficits after stroke. These findings reveal a novel 

non-cell-autonomous neuronal and brain protective function of astrocytes in ischemic stroke, 

whereby suggest that the astrocytic IP3R2-mediated Ca2+ signaling pathway might be a promising 

target for stroke therapy.
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1. Introduction

Ischemic stroke is a leading neurological disorder that causes brain damage, disability and 

death, and thus has a major impact on public health. Despite tremendous efforts being taken 

in translational research, treatment strategies for ischemic stroke are still limited [1;2]. Thus, 

identifying new molecular pathways that can reduce neuronal death and improve stroke 

outcomes has remained an intensive research area. Astrocytes are the predominant glial cell 

type in the central nervous system (CNS). Although astrocytes are electrically non-excitable, 

Ca2+ signaling is the signature feature of astrocytes in the brain and plays an important role 

in astrocyte-neuron communications [3–5]. Astrocytes generally employ metabotropic 

receptors that are coupled with Gq/11 (i.e., G-protein coupled receptors, GPCRs) to activate 

phospholipase C (PLC). PLC causes the liberation of IP3 that activates IP3 receptors (IP3Rs) 

to mediate Ca2+ release from internal stores. Stimulation of various GPCRs, including the 

P2Y receptors, metabotropic glutamate receptors (mGluRs) and γ-aminobutyric acid b 
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receptors (GABAbRs), can induce Ca2+ increase in astrocytes in vivo [6–10]. Astrocytic 

Ca2+ increases caused by the simulation of mGluR5 can modulate synaptic function through 

activation of neuronal extrasynaptic NMDA receptors manifested as slow inward currents 

(SICs) [11–14]. PLC/IP3R is the major Ca2+ signaling pathway in astrocytes.

Studies have shown that astrocytes are quiescent with respect to somatic Ca2+ fluctuation in 

vivo under normal conditions with anesthesia [6;8;9;12]; however, under pathological 

conditions, including ischemia, status epilepticus, traumatic brain injury and Alzheimer’s 

disease,, astrocytes display different properties in Ca2+ signaling in vivo [6;12;15–17]. Using 

two photon (2-P) microscopy, we have previously demonstrated that astrocytes exhibit 

enhanced Ca2+ signaling in vivo after photothrombosis (PT)-induced cerebral ischemia in 

mice [6]. Such Ca2+ signaling is characterized by high-frequency intercellular Ca2+ waves 

and increased amplitude among the astrocytic network. Using pharmacological reagents, we 

further showed that the PT-induced astrocytic Ca2+ signals are largely mediated by mGluR5 

and GABAbRs and that, group I mGluR inhibitors, including 2-methyl-6-(phenylethynyl)-

pyridine (MPEP), significantly reduce infarct volume and suppress Ca2+-dependent calpain 

activation [18]. In addition, 1,2-bis(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid AM 

(BAPTA-AM), which can be selectively loaded in astrocytes in vivo to buffer the global 

intracellular Ca2+ [12], also significantly reduces ischemic infarction [6]. These studies 

indicate that astrocytic Ca2+ signals contribute to neuronal death and brain damage after 

ischemia. However, these pharmacological inhibitors might not act specifically on 

astrocytes, and BAPTA is also a non-pathway specific Ca2+ chelator. In addition, many 

other signaling pathways can mediate Ca2+ increases in astrocytes [19–21]. Studies also 

show that type 2 IP3R (IP3R 2) is primarily expressed and the predominant IP3R in 

astrocytes in the rodent brain [22–24], and thus in the current study, we investigated the role 

of astrocytic IP3R-mediated Ca2+ signaling pathway in ischemia using IP3R2 KO mice. We 

initially characterized their brain and subsequently examined the role of astrocytic IP3R2 in 

brain damage in acute and chronic phases after PT-induced focal ischemic stroke. 

Furthermore, we assessed whether and how astrocytic IP3R2 affects long-term histological 

and behavioral outcomes after PT. Using infarct volume measurements, cell death assays, 

immunostaining and behavioral tests, our results demonstrate that deletion of IP3R2 in 

astrocytes can ameliorate brain damage, apoptotic neuronal death, tissue loss, reactive 

astrogliosis and reduce functional deficits after PT. Our findings suggest that astrocytic 

GPCR-mediated Ca2+ signaling pathway might be a promising target for stroke therapies.

2. Materials and methods

2.1. Animals

The IP3R2 KO mice were generated as described previously [25;26]. They are global IP3R2 

KO mice as IP3R2 is also expressed outside the CNS in WT mice. All mice were maintained 

at the University of Missouri mouse facility under pathogen-free conditions according to 

institutional guidelines. Positive mice were genotyped by PCR amplification of their DNA 

obtained from tail snips. Adult male and female mice aged 8–10 weeks were used in this 

study. All procedures were performed according to the NIH Guide for the Care and Use of 
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Laboratory Animals and were approved by the University of Missouri Animal Care Quality 

Assurance Committee.

2.2. PT-induced brain ischemia model

The procedure for PT was well established as described in our previous studies [18;27–29]. 

Briefly, mice were anesthetized by ketamine and xylazine (130 mg/10 mg/kg body weight), 

and the photosensitive dye rose Bengal dissolved in saline was injected through the tail vein 

at a dose of 30 mg/kg. For histological and immunocytochemical studies, PT was induced in 

an area of intact skull with 1.5 mm in diameter centered at −0.8 mm from the bregma and 

2.0 mm lateral to the midline in somatosensory cortex. This area was focally illuminated for 

2 min through a 10× objective (NA=0.3) with the X-cite 120 PC metal halide lamp (power 

set at 12%, EXFO, Canada) of a Nikon FN1 epi-fluorescent microscope (~13 mW green 

light of bandwidth 540–580 nm). Mice were sacrificed at different times after PT. Similarly, 

for behavioral tests, PT was induced in a region with a diameter of 2.5 mm centered at 2.0 

mm to the left of bregma in somatosensory cortex which covers forelimb responsive site 

[30–32].

2.3. Infarct volume and brain tissue loss measurements

The procedures were similar to our previous studies [27–29;33]. For histological and 

immunostaining studies, adult mice were transcardially perfused at different times after PT 

with phosphate buffer saline (PBS, pH7.4), followed by ice-cold 4% paraformaldehyde 

(PFA) PBS. The brain was then post-fixed in 4% PFA PBS at 4 °C overnight and transferred 

to PBS with 30% sucrose for 2–3 days until it sunk. Coronal sections of brain slices with a 

thickness of 30 μm were cut using a cryostat (CM1900, Leica) and serially put on gelatin-

coated glass slides or in 48-well plates with 0.01 M PBS. To measure the infarct volume, 

every fifth brain slice on the glass slides was stained with 0.25% cresyl violet (Nissl-

staining). The infarct volume was determined by measuring the areas showing the loss of 

Nissl-staining in brain sections using the ImageJ software (NIH) as in our previous studies 

[27–29;33]. The total infarct volume of ischemic tissue was calculated by multiplying the 

individual infarct area by the total thickness of the five slices (150 μm). Brain tissue loss was 

estimated from the Nissl-stained brain sections in every fifth brain section (giving a distance 

of 150 μm between two sections) that covered entire lesion. Tissue loss (%) was quantified 

as the area of contralateral hemisphere minus the area ipsilateral hemisphere and divided by 

the area of contralateral hemisphere [29;34].

2.4. Western blot analyses

We used Western blot analysis to determine IP3R2, glial fibrillary acidic protein (GFAP) 

and glial glutamate transporter (GLT-1) protein levels in WT and IP3R2 KO mice [18;27]. 

Total protein was extracted from freshly-harvested brain cortices and hippocampi using a 

lysis buffer plus protease inhibitor (Pierce Biotechnology, IL), and phosphatase inhibitor 

cocktails (Sigma, MO), pH 8.2. The homogenized tissues were centrifuged at 12,000 × g for 

30 min at 4°C. The supernatant fluid was the total cell lysate. The protein concentration of 

the cell lysate was determined with a BCA protein assay kit (Pierce Biotechnology, IL). 

Equivalent amounts of protein from each sample were diluted with Laemmli buffer, boiled 
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for 5 min, subjected to electrophoresis in 10% SDS-polyacrylamide gels at 100 mV, and 

subsequently transferred to PVDF membranes. Membranes were blocked for 1 h with 5% 

(w/v) non-fat dry milk in Tris-buffered saline containing 0.1% (v/v) Tween 20 (TBST) and 

were incubated overnight at 4 °C in 3% (w/v) BSA with 0.02% (w/v) sodium azide in TBST 

with rabbit anti-IP3R2 antibody (1:1000, kindly provided by Dr. Ju Chen, University of 

California, San Diego) [26], mouse anti-GFAP (1:2500, Millipore), mouse anti-GLT1 

(1:1000, Millipore, CA) and monoclonal anti-β-actin antibody (1:2000, Cytoskeleton, CO). 

The membranes were incubated with goat HRP-conjugated anti-rabbit IgG (1:5000, Santa 

Cruz Biotechnology, CA) or rabbit HRP-conjugated anti-mouse IgG (1:2500, Sigma, CA) 

diluted in 5% (w/v) non-fat dry milk in TBST for one h at room temperature. The 

membranes were then exposed to SuperSignal West Pico Chemiluminescent detection 

reagents (Pierce, IL) and autoradiograph films (ISC BioExpress, UT) to visualize bands.

2.5. Immunostaining analyses

The floating method was used for immunostaining as described in our previous studies 

[6;18;27;28;35]. Brain sections were incubated overnight at 4°C with a mouse anti-neuronal 

nuclei (NeuN) monoclonal antibody (1:200, Millipore, CA), a mouse anti-GFAP 

monoclonal antibody (1:800, Millipore), a mouse anti-S100β monoclonal antibody (1:500, 

Sigma), and rabbit anti-IP3R2 (Millipore). Brain sections were then incubated with 

Rhodamine-conjugated donkey anti-rabbit IgG (1:200) or FITC-conjugated donkey anti-

mouse IgG (1:200, Millipore) for 4 h at room temperature. Fluorescent images were 

acquired using a Nikon FN1 epi-fluorescence microscope or an Olympus FV1000 confocal 

fluorescent microscope.

2.6. Fluoro-Jade B (FJB) and terminal deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL) staining

Brain sections were stained with FJB to detect degenerating neurons as described in our 

previous studies [27;28;33]. Briefly, brain sections fixed with 4% PFA on glass slides were 

washed with ddH2O and immersed in 0.06% potassium permanganate for 20 min, and then 

immersed into 0.0004% FJB in 0.1% acetic acid solution for 45 min in the dark. For 

detecting apoptotic neurons, TUNEL staining was performed using an in situ cell death 

detection kit (Roche, CA) similar to our previous studies [18;36]. Briefly, brain tissue 

sections were incubated in freshly prepared permeabilization solution (0.1% triton x-100, 

0.1% sodium citrate) for 2 min on ice. TUNEL reaction mixture was then added on the brain 

sections and incubated in a humidified atmosphere at 37°C for 60 min in the dark. Images of 

the FJB- and TUNEL-stained sections were acquired with MetaVue imaging software 

(Molecular Device, CA) using a Nikon epi-fluorescence microscopy (Nikon, Melville, NY) 

equipped with a CoolSNAP-EZ CCD-camera (Photometrics, Tucson, AZ).

2.7. Cell counting

The number of GFAP+, FJB+ and TUNEL+ cells in the penumbra were counted using 

MetaMorph imaging software as in our previous studies [18;29;35]. Cell counting was 

performed by an experimenter blind to experimental conditions. Cells were counted if they 

contained a whole-cell body [27;37] and data were presented as number per mm2. The data 
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from 3 slices of each mouse brain were averaged as a single value for that mouse and the 

summary data were the average value from multiple mice and expressed as mean ± s.e.m.

2.8. In vivo 2-P Ca2+ imaging in astrocytes and data analysis

Detailed procedures for surgery and in vivo imaging have been described in our previous 

publications [6;12;38]. Briefly, mice were anesthetized with an intraperitoneal (IP) injection 

of urethane (1.5–2.0 mg/g body weight) dissolved in ACSF. A circular craniotomy (2.0 mm 

in diameter) was made using a high speed drill over the somatosensory cortex at coordinates 

−0.8 mm from bregma and 2.0 mm lateral to the midline. A custom-made metal frame was 

attached to the skull with cyanocrylate glue, and the dura was then carefully removed with 

fine forceps. After astrocytes in the cortex were labeled with Ca2+ indicator fluo-4 AM, 

mice were transferred to the stage of a 2-P microscope for in vivo imaging. Images were 

obtained using a Leica SP 1500 microscope using a 60× (NA=0.9) water immersion 

objective. A Mai Tai laser (Spectra-Physics, CA) was used for 2-P excitation (820 nm). For 

ATP administration, ACSF containing 0.5 mM ATP was applied to the cortex. The cranial 

window was then refilled with 2% agarose containing 0.5 mM ATP. ACSF containing the 

same concentration was applied on the surface of solidified agarose before imaging. Imaging 

was usually performed on astrocytes 80–100 μm below the cortical surface within 15–60 

min after ATP administration. Multiple time-lapse imaging was performed to monitor Ca2+ 

signals for a period of 7.5 min for each with acquisition rates of one image every two 

seconds. For each animal, 15–25 astrocytes in 4–5 fields were imaged, and all the astrocytes 

imaged were used for analysis. Throughout the experiment (about 3–4 h from the beginning 

of surgery to the end of imaging), the mice were maintained at 37 °C using a heating pad 

(Fine Science Tool, CA) and at a surgical level of anesthesia. Importantly, it has been 

reported that animals anesthetized with urethane maintain relative constant physiological 

parameters including heartbeat and blood oxygen levels and mimic a sleep-like brain state 

[39–41].

Ca2+ signals were analyzed as described in our previous studies [6;12]. Briefly, the 

fluorescent signals were quantified by measuring the mean pixel intensities of the cell body 

of each astrocyte using MetaMorph software (Molecular Device, CA). Ca2+ changes were 

expressed as ΔF/Fo values vs. time, where Fo was the baseline fluorescence. To calculate 

the magnitude of Ca2+ signals without subjective selection of threshold values, we 

integrated the ΔF/Fo signal over the imaging period and normalized to 300 s using Origin 

software (OriginLab Corporation, MA). The resulting value was expressed as ΔF/Fo.s in all 

graphs. Data collected from multiple cells from each mouse were averaged and the averaged 

value of these cells was used as a single value for that mouse. The summary data were the 

average value from multiple mice.

2.9. Behavior tests

A battery of behavioral tests were performed on control (N=8) and ischemic mice (N=16) on 

days 1, 3, 5, 7, 10, 14 and 21 after PT as described in our previous study and elsewhere [29]. 

Pre-training was done before ischemia. These tests included cylinder, hanging wire, pole and 

adhesive removal tests [42;43].
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2.10. Statistical analysis

Quantitative data were reported as mean ± s.e.m. Statistical comparisons were made by a 

student’s paired t-test for two groups or a one-way ANOVA (Bonferroni post hoc test) for 

multiple groups. p <0.05 was considered statistically significant.

3. Results

3.1. Characterization of IP3R2 deficient mice

In order to examine the roles of IP3R in astrocytic Ca2+ signaling, we used homozygous 

IP3R2 KO mice. Compared with WT litter mates, IP3R2 KO mice are viable and fertile and 

display no gross anatomical abnormalities of whole brain and normal brain cytoarchitecture 

of the cortex and hippocampus as revealed by Nissl staining (Fig. 1A–B), consistent with the 

results from a study by Petravicz et al [25]. In addition, IP3R2 KO and WT mice have 

similar body weights, suggesting no metabolic difference (Fig. 1C). To confirm the 

deficiency of IP3R2 in knockout mice, we first performed immunostaining of IP3R2 and 

S100β in brain sections based on genotyping and found that immunofluorescent signals of 

IP3R2 are only present in the astrocytes in WT mice based on the colocalization with S100β 

signals, while IP3R2 signals in astrocytes is absent in IP3R2 KO mice (Fig. 1D). 

Furthermore, our data from Western blot study also showed that a 270 kD band of IP3R2 is 

absent in the hippocampus and cortex in IP3R2 KO mice (Fig. 1E). Based on 

immunostaining and Western blot analysis, we confirmed that IP3R2 is indeed absent in 

astrocytes in homozygous IP3R2 KO mice.

We further examined whether there are other cellular and molecular changes presumably 

caused by astrocytic deletion of IP3R2. Using immunostaining, our data show that there is 

no difference in the densities of mature cortical S100β+ astrocytes (Fig. 2A–B) and cortical 

NeuN+ neurons in layers II–IV, V and VI (Fig. 2C–D) between the two genotypes, 

indicating no cell-autonomous and non-cell autonomous effect of astrocytic IP3R2 on the 

astrocytic and neuronal populations in the cortex. GFAP is also an important cellular marker 

of astrocytes, but there was no difference in GFAP levels in the cortices and hippocampi 

between the two groups (Fig. 2E–F). Importantly, there was also no difference in the protein 

levels of GLT-1, the major astrocytic glutamate transporter in adult mice (Fig. 2E & G), 

suggesting that deletion of IP3R2 does not affect glutamate uptake by astrocytes under 

normal conditions.

3.2. IP3R2 KO mice do not exhibit ATP-stimulated somatic Ca2+ waves in astrocytes in vivo

In order to test whether the deletion of IP3R2 affects Ca2+ signaling in astrocytes, we 

performed in vivo Ca2+ imaging on astrocytes using 2-P microscopy [6;12;38]. Previously, 

we have shown that stimulation of GPCR agonists including ATP, dihydroxyphenylglycine 

(DHPG) and chloro-5-hydroxyphenylglycine (CHPG), can induce astrocytic intercellular 

somatic Ca2+ waves including the appearance of high-frequency and regenerative Ca2+ 

waves in astrocytic network by the continuous presence of ATP [6;12;38]. Therefore, we 

examined the ATP-stimulated, astrocytic Ca2+ waves in WT and IP3R2 KO mice using in 

vivo 2-P imaging. Continuous presence of ATP on the dura-removed cortex induced 

regenerative and sustained intercellular Ca2+ waves in astrocytes in WT mice in vivo under 
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anesthesia (Fig. 3A, 3C & 3E); however, IP3R2 KO litter mates did not exhibit intercellular 

waves under the same conditions (Fig. 3B, 3D–3E), in agreement with previous studies that 

IP3R2 is the predominant IP3R in astrocytes in the mouse brain [22–24]. Our data, from a 

functional study of in vivo Ca2+ imaging, demonstrated that IP3R2 is expressed in 

astrocytes. Moreover, the deletion of IP3R2 abolishes ATP-stimulated somatic Ca2+ waves 

in astrocytes.

We and others have shown that, under normal conditions, astrocytes do not exhibit somatic 

Ca2+ waves in vivo without GPCR agonist stimulation; however, astrocytes do exhibit 

spontaneous and low frequency Ca2+ activities in the somata as well as in the fine processes 

[8;12;44]. Here, using in vivo 2-P imaging, we revealed that IP3R2 KO mice also exhibited 

spontaneous and low frequency Ca2+ increases in the fine processes, but did not exhibit 

Ca2+ increases in the somata (Fig. 3F–G). The data suggest that astrocytes can mediate 

IP3R2-independent Ca2+ signaling under normal conditions, in agreement with a recent 

report using the genetically encoded Ca2+ indicator GCaMP6 [45].

3.3. Deletion of astrocytic IP3R2 ameliorates neuronal injury, apoptosis and brain damage 
after PT

To determine the role of IP3R2 in brain damage after ischemic stroke, we used PT-induced 

focal ischemia model. PT was induced unilaterally in the somatosensory cortex through the 

intact skulls of WT and IP3R2 KO mice. It has been known that the evolution of brain 

infarction is time dependent in acute phase and stabilized from day one postischemia 

[29;46], and tissue shrinkage and loss take place in the chronic phase of ischemia [29;47]. 

We therefore sacrificed mice at 4 h, 2 and 14 days after PT for histochemical study and 

infarct volume measurement. Our results showed that an ischemic lesion based on Nissl 

staining could be identified 4 h after PT (Fig. 4A). The ischemic core was clearly 

demarcated from surrounding tissue, and the underlying white matter was also partly 

affected two days after PT (Fig. 4B). It was also apparent that a glial scar barrier separating 

the normal brain tissue from the ischemic core had developed at this time point (Fig. 4B). 

Statistically, IP3R2 KO mice exhibit significantly smaller infarction than WT mice 4 h, 2 

and 14 days after PT (Fig. 4D).

FJB detects degenerating neurons early after stroke. FJB+ neurons peak at 24 h and remain 

stable until three days after ischemia [46]. Apoptotic neuronal death occurs at a delayed time 

point after stroke and can be detected by TUNEL staining [18;48;49]; therefore, to further 

test the role of astrocytic IP3R2 on mediating neuronal death, we conducted FJB staining 

two days after PT and TUNEL staining seven days after PT to compare the degenerating and 

apoptotic neurons between the WT and KO mice. Our data showed that IP3R2 KO mice 

have similar density of FJB+ neurons (Fig. 5A–B), but have a significantly reduced density 

of TUNEL+ neurons (Fig. 5C–D) in the penumbra as compared with WT mice. It is worth 

noting that since WT mice had a larger infarction than IP3R2 KO mice, the total number of 

FJB+ neurons in the WT was still larger than IP3R2 KO mice. Thus, our results indicate that 

IP3R2 in astrocytes plays an important role in brain damage and neuronal death after 

ischemia.
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Interestingly, we observed that WT mice had cavities surrounding the infarction 14 days 

after PT, presumably due to the shrinkage of peri-infarct tissue whereas KO mice exhibited a 

compact ischemic tissue (Fig. 6A–B), which is consistent with our previous study using 

inhibitors of group 1 mGluRs [18]. Although overall infarct volumes were greatly reduced 

for both groups of mice at this time point as compared with 4 h and 2 days after PT, IP3R2 

KO mice had a much smaller infarct volume than WT mice (Fig. 4C–D). IP3R2 KO mice 

also exhibited significantly less tissue loss than WT mice (Fig. 6C). These data demonstrate 

that deletion of IP3R2 in astrocytes can protect the brain from long-term damage after PT-

induced ischemia.

3.4. Deletion of astrocytic IP3R2 perturbs reactive astrogliosis and glial scar formation in 
the penumbral region

A hallmark of the focal ischemic stroke is reactive astrogliosis and glial scar formation 

manifested by the large upregulation of GFAP expression in reactive astrocytes [29;50–53]. 

The process of reactive gliosis is spatial and temporal dependent after focal ischemia and 

includes both proliferation of glial cells and upregulation of GFAP and Iba1 in existing 

astrocytes and microglia. Overall, reactive gliosis increases GFAP+ astrocytes and Iba+ 

microglia in the peri-infarct region [29;47;54]. Therefore, we conducted GFAP and Iba1 

immunostaining and counted GFAP+ astrocytes and Iba+ microglia in the penumbra to 

determine the effects of astrocytic IP3R2 on reactive gliosis two weeks after PT [18;29]. Our 

data show that IP3R2 KO mice exhibited a significant decrease in the density of GFAP+ 

reactive astrocytes as compared with WT mice (Fig. 7A–B), but the densities of Iba1+ 

microglia between the two groups were similar (Fig. 7C–D). In addition, from visual 

inspection, reactive astrocytes in WT mice have thicker GFAP+ processes than in IP3R2 KO 

mice, while Iba1+ microglia exhibit similar morphology between the two groups.

3.5. Deletion of astrocytic IP3R2 reduces behavioral deficits after PT

An important goal of neuroprotective research in ischemia is to improve long-term 

behavioral outcomes. Since our data showed that IP3R2 KO mice have a reduced infarct 

volume and tissue loss compared to WT mice after PT, we set out to determine whether 

there is a causal link to ischemia-induced behavioral deficits. We conducted a battery of 

behavioral tests including cylinder, hanging wire, pole, and adhesive removal tests. We 

started behavioral tests prior to PT to establish a baseline performance, and conducted the 

same tests 1, 3, 5, 10, 14 and 21 days after PT. The cylinder test was conducted to evaluate 

the asymmetricity of forelimb use for weight shifting during vertical exploration and assess 

motor deficits after an ischemic stroke [43]. Data analysis showed that IP3R2 KO mice 

exhibited less difference in the frequency of usage between non-impaired and impaired paws 

than WT mice after PT. Statistical differences of performance were observed on days 1, 3, 5, 

7 and 10 post-ischemia (Fig. 8A). This can be explained by the fact that IP3R2 KO mice 

used their impaired forelimb more frequently than WT mice since they had less neuronal 

death and brain damage. The pole test was used to evaluate simple motor function after a 

stroke [55]. WT mice appeared to need more time to reach the ground than the KO mice at 

day 3, 5, 7 and 10 after PT, even though there was no significant difference after day 14 

between the two groups (Fig. 8B). To evaluate the grasping ability and forelimb strength 

after ischemia, the hanging wire test was performed [43]. There was a significant difference 
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between IP3R2 KO and WT mice at days 1, 3, 5 and 7 after ischemia (Fig. 8C). To further 

evaluate sensory-motor deficits involving the sensory-motor cortex, cortico-spinal tract and 

striatum after ischemia, we also performed the adhesive removal test [56]. Our data showed 

that IP3R2 KO mice needed significantly shorter time to remove the adhesive dots than WT 

mice on days 7 and 10 after PT (Fig. 8D). Notably, there was no difference in these tests 

between the two groups under non-ischemic conditions, suggesting that IP3R2 in astrocyte 

does not modulate motor function, concordant with a recent report [57]. Overall, our study 

on four different behavioral tests indicate that IP3R2 KO mice had significantly less 

behavioral deficits than WT mice over the time course of three weeks after PT.

4. Discussion

In current study we investigated whether and how disruption of PLC/IP3R-mediated Ca2+ 

signaling pathway in astrocytes would affect neuronal death, brain infarction and long-term 

histological and behavioral outcomes using IP3R2 KO mice and the PT-induced ischemia 

model. The following main findings were observed. First, deletion of astrocytic IP3R2 did 

not cause any change in astrocytic and neuronal populations nor in GFAP and GLT-1 levels 

in the mouse brain. In vivo 2-P imaging indeed showed that ATP-stimulated Ca2+ waves in 

astrocytes were absent in live IP3R2KO mice, while, interestingly, spontaneous Ca2+ 

activities in the processes of astrocytes were still observed. Second, IP3R2 KO mice 

exhibited reduced brain damage, neuronal death and tissue loss after PT as compared with 

WT mice. Third, deletion of astrocytic IP3R2 attenuated reactive astrogliosis, but not 

microglia activation. Fourth, behavioral tests demonstrated that IP3R2 KO mice exhibited 

less ischemia-induced functional deficits than WT mice. These results demonstrate that 

deletion of astrocytic IP3R2 is beneficial in protecting against neuronal death and brain 

damage and reducing behavioral deficits after ischemia, and suggest the involvement of the 

astrocytic PLC/IP3R2 Ca2+ signaling pathway in these processes.

IP3R2 KO mice originally were generated for studying Ca2+ signaling in atrial myocytes 

[26] and were later used for studying Ca2+ signaling in astrocytes, neuron-glia interactions 

and neurovascular coupling in the CNS [9;10;25;45;58;59]; however, they were not well 

characterized in the brain [25;60]. In the current study, we demonstrated that IP3R2 was 

indeed deleted in astrocytes of IP3R2 KO mice and that global brain architecture, body 

weight, astrocytic and neuronal populations, GLT-1 and GFAP expression levels remained 

the same as that recorded for WT mice. Using 2-P in vivo imaging, we showed that there 

was no regenerative somatic Ca2+ wave in the astrocytic network of IP3R2 KO mice in the 

continuous presence of ATP, which further validated the absence of IP3R2 and IP3R2-

mediated Ca2+ signaling in IP3R2 KO mice. Several studies using the same IP3R2 KO mice 

showed that astrocytic IP3R2 does not modulate synaptic activity, short- and long-lerm 

plasticity and neurovascular coupling [10;25;58;59]. Together, these findings suggest that 

astrocytic IP3R2-mediated Ca2+ signaling is not critical for neuronal function and has no 

cell-autonomous and non-cell-autonomous effects in the CNS under physiological 

conditions. However, a recent study also showed that IP3R2 KO mice display depression-

like behaviors which was modulated by reduced astrocyte-derived ATP [60]. In contrast, 

others have shown that IP3R2 conditional KO (IP3R2 cKO) mice had no such behavioral 

alterations [57]. The different results from these two studies might result from the use of 
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astrocyte-specific IP3R2 constitutive vs. conditional KO mice. The background of strains 

may have also contributed to these differing observations. In our study, IP3R2 KO and WT 

mice exhibited the same motor behaviors in cylinder, hanging wire, pole, and adhesive 

removal tests under non-ischemic conditions.

Enhanced astrocytic Ca2+ signaling has been demonstrated to induce the release of 

glutamate and D-serine that can stimulate and modulate NR2B-subunit-containing NMDA 

receptors [11;13;61–63]. Studies using brain slice preparations showed that group 1 mGluRs 

in astrocytes play a major role in interacting with neurons. They mediate Ca2+ increases in 

response to synaptically released glutamate [64;65], while their stimulation with agonist 

DHPG can induce the release of glutamate through a Ca2+-dependent signaling pathway as 

well as modulate neuronal excitability through activation of NR2B-containing NMDARs 

characterized as SICs [11–14]. Moreover, MPEP can significantly inhibit CHPG and 

DHPG-stimulated Ca2+ increase in astrocytes in vivo and reduce neuronal excitation in brain 

slice preparations [12]. The mGluR5 selective antagonist MPEP and mGluR1 selective 

antagonist LY367385 can suppress whisker stimulation evoked astrocytic Ca2+ responses in 

vivo in mice [8]. Thus, Ca2+ signaling in astrocytes serves as a mediator of bidirectional 

interactions between neurons and astrocytes. Previously, we demonstrated for the first time 

that ischemia induces a prolonged and enhanced Ca2+ signaling in astrocytes which can be 

largely inhibited by mGluR5 inhibitor MPEP [6]; moreover, MPEP can reduce brain 

infarction after ischemia through suppression of Ca2+-dependent calpain activation [18]. The 

current study further showed that IP3R2 KO mice exhibited reduced brain infarction and 

neuronal cell death after PT as compared with WT mice. These studies led us to conclude 

that disruption of PLC/IP3R2 Ca2+ signaling pathway can reduce Ca2+-dependent glutamate 

release from astrocytes under ischemic conditions and consequently ameliorate glutamate 

excitotoxicity, neuronal death and brain damage. A recent study using brain slice recordings 

provided evidence that astrocyte-mediated glutamate release causes neuronal excitotoxicity 

under ischemic conditions [66]. Oxygen glucose deprivation (OGD) induces neuronal SICs 

and IP3R2 KO mice exhibit lower frequency of SICs than WT mice. Consistent with our 

results, IP3R2 KO mice had smaller infarct volume than WT mice at 6 h after middle 

cerebral artery occlusion (MCAO), a very acute phase. Similarly, it has been reported that 

transgenic mice conditionally expressing dominant-negative SNARE (dn-SNARE) protein 

under control of the GFAP promoter exhibited a reduced PT-induced brain lesion and 

improved behavioral performance [67]. Their study suggests that these dnSNARE mice 

produced a neuroprotective effect through a decrease in Ca2+-dependent vesicular release of 

D-serine from astrocytes and reduced surface expression of neuronal NMDA receptors 

[67;68]. Thus, ischemia-induced Ca2+ signaling in astrocytes could mediate glutamate 

excitotoxicity through the activation of extrasynaptic NMDA receptors in neurons, similar to 

what has been observed in the pathological condition of status epilepticus [12].

Although it has been reported that astrocytic mGluR5 is developmentally regulated with 

lower expression levels in adult mice than in neonatal mice [7], the mGluR5 inhibitor can 

largely inhibit ischemia-induced astrocytic Ca2+ signaling in adult mice, and OGD increases 

the frequency of SICs in brain slice preparations [6;66]. In addition, mGluR5 is upregulated 

in reactive astrocytes after OGD [69]. These studies suggest that mGluR5-mediated 
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astrocytic Ca2+ increases could cause additional glutamate release and contribute to 

excitotoxicity under ischemic conditions.

In addition to Ca2+-dependent vesicular release of glutamate, volume-sensitive ion channels 

can also mediate glutamate release [70]. Glutamate and DHPG can increase astrocyte water 

permeability and swelling through the activation of mGluR5-mediated PLC/IP3R Ca2+ 

signaling pathway [71;72]. Brain edema, including cytotoxic and vasogenic edema, is 

significantly developed in the acute phase after ischemia [29]. Cytotoxic edema is 

characterized by swelling of different cell types in the brain, including astrocytes [73;74]. 

Thus, reduction of volume-sensitive ion channel-mediated glutamate release could be 

another mechanism that contributes to the difference in ischemia-induced neuronal death 

and brain damage between IP3R2 KO and WT mice.

Astrocytic Ca2+ signaling may play different roles in neuronal death and brain damage in 

different brain injury models. Zheng et al. reported that using a tiny ischemic lesion model 

generated by a single vessel laser irradiation, an increase in astrocytic Ca2+ can stimulate 

energy metabolism and ATP production in astrocytic mitochondria and, thus, reduces brain 

damage [16]. Similarly, in stab wound injury (SWI) model which also produces a tiny 

lesion, IP3R2 KO mice had increased neuronal loss as compared with WT mice [75]. It has 

been known that ketamine is an antagonist of NMDAR and is neuroprotective in brain injury 

[76], but, the different results cannot be explained by the use of ketamine/xylazine as 

anesthesia in the current study as WT mice exhibit higher frequency of NMDAR-mediated 

SICs than KO mice. The different results are likely due to the different stroke models, 

severity of brain injury and the post-ischemic time points for infarct volume measurements. 

Our current study discovered that astrocytic Ca2+ signals have different effects on neuronal 

death and brain damage in mild vs. severe brain injury models.

Our current study shows that the deletion of astrocytic IP3R2 attenuates GFAP+ reactive 

astrocytes in the chronic phase after PT (Fig. 7). In the SWI model, deletion of IP3R2 in 

astrocytes also attenuates reactive astrogliosis, and Ca2+-dependent up-regulation of N-

cadherin in astrocytes is required for reactive astrogliosis and neuroprotection [75]. 

Activation of the Nuclear Factor of Activated T-cells (NFATs) transcription factor by Ca2+-

dependent protein phosphatase calcineurin is another possible mechanism that enhances 

reactive astrogliosis as inhibition of NFATs can reduce astrocyte activation and cognitive 

performance in an Alzheimer’s Disease (AD) mouse model [77;78]. In addition to Ca2+-

dependent pathways, other signaling pathways could also mediate reactive astrogliosis 

[52;79]. While reactive astrogliosis is a common phenomenon for various neural diseases 

including brain injury, they are highly dynamic in morphology, proliferation and gene 

expression after ischemia [29;50;51;80]. Although the mechanisms and signaling pathways 

by which astrocytes are activated might be different in different stages after brain injury, 

these studies indicate that Ca2+ signaling and its related pathways are the important 

regulators in reactive astrogliosis in ischemic stroke and other neurodegenerative diseases. 

Attenuation of reactive astrogliosis is associated with either increase or decrease in infarct 

lesion after ischemia [81;82]. Although we cannot arrive at a conclusion whether glial scar is 

beneficial or detrimental in neuronal and brain protection after ischemia, the current study 

suggests that attenuation of reactive astrogliosis resulting from the deletion of IP3R2 might 
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exert a beneficial effect on the reduction of brain damage and functional deficits in IP3R2 

KO mice experiencing ischemic stroke. It is interesting to observe that the populations of 

activated Iba1+ microglia are the same between the two groups, suggesting there is no non-

cell-autonomous effect of astrocytic IP3R2 on reactive gliosis.

Although lesion size is the most precise outcome measure of tissue pathology, functional 

recovery is an essential measure of outcome and is typically used as a primary end-point in 

clinical trials. In PT model, the size and location of infarction can be controlled [28] and 

behavioral deficits can be observed if a large enough infarction is induced [29;30;83]. In the 

current study, we targeted ischemia in forelimbs somatosensory cortex, and we therefore 

conducted a battery of motor function behavioral tests including cylinder, hanging wire, 

pole, and adhesive removal tests [42;43;56] to determine the role of IP3R2 in functional 

deficit and recovery after PT. Consistent with the study from Petravicz et al [57], we showed 

that IP3R2 KO and WT mice exhibit the same behaviors in cylinder, hanging wire, pole, and 

adhesive removal tests under non-ischemic conditions (Fig. 8). In contrast to the non-

ischemic condition, IP3R2 KO mice have significantly better performance than WT mice 

after PT, indicating that IP3R2 KO mice display less functional deficits or impairments than 

WT mice (Fig. 8). This is consistent with histological study showing that IP3R2 KO mice 

have a significant reduction in infarction and tissue loss than WT mice. Thus, our study 

revealed previously unknown role of IP3R2 in the reduction of functional deficits after 

ischemia. Although there are multiple factors that affect ischemia-induced functional 

deficits, our results showing that IP3R2 KO mice have reduced reactive astrogliosis suggest 

that mitigating reactive astrogliosis may have beneficial effects on improving behavioral 

outcomes.

In our previous study, we found that astrocytes exhibit spontaneous Ca2+ increases in the 

processes and soma in anesthetized and head-fixed, awake mice; these fast Ca2+ increases in 

the processes are not synchronized with somatic Ca2+ increases [12]. Here, we show that 

under the same imaging conditions IP3R2 KO mice abolished receptor-stimulated somatic 

Ca2+ waves in astrocytes, but these mice still exhibited spontaneous Ca2+ transients in the 

processes of astrocytes (Fig 3). In fully awake, non-anesthetized and head fixed mice, 

spontaneous Ca2+ transients in IP3R2 KO mice were not markedly different from WT [45]. 

Similarly, the startle-evoked somatic Ca2+ response was almost abolished in IP3R2 KO 

mice, whereas the responses in the processes were increased in both IP3R2 KO and WT 

mice, but with no significant difference between them. Although the molecular nature of 

Ca2+ activities in the cell processes remain to be elucidated, these studies suggest that there 

are currently unknown IP3R2-independent Ca2+ signaling pathways in the astrocytes that 

might be important for functional modulation in the CNS. As reported in a recent study on 

the olfactory bulb, Ca2+ increases in astrocytic processes are suggested as a potential 

regulator of neurovascular coupling as these Ca2+ signals precede the onset of functional 

hyperemia [84]. For future study in ischemia, it will be important to determine whether there 

is any alteration of these IP3R2-independent Ca2+ transients in astrocytic processes and 

whether mild and severe brain injuries induce different frequencies and magnitudes of Ca2+ 

signals in soma and processes. Resolving these issues could lead to a better understanding of 

why IP3R2 KO mice have a smaller lesion in severe focal ischemia, but a larger lesion than 

WT mice in mild focal ischemia. Eventually, we will delineate the roles of somatic and 
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process Ca2+ signals in astrocytes during brain damage and functional impairment after 

ischemia.

In summary, the current study using IP3R2 KO mice demonstrates that although deletion of 

astrocytic IP3R2 does not cause any alterations in brain cytoarchitecture, astrocytic and 

neuronal populations, GFP and GLT-1 levels and behavioral function under physiological 

conditions, it can ameliorate brain damage and neuronal death as well as attenuate reactive 

astrogliosis and tissue loss after PT. Significantly, the deletion of astrocytic IP3R2 also 

reduced ischemia-induced functional deficits. Our study revealed previously unknown roles 

of astrocytic IP3R2-mediated Ca2+ signaling pathway in non-cell-autonomous neuronal and 

brain protection after ischemic stroke and indicates that targeting the astrocytic Ca2+ 

signaling pathway might be a promising strategy for stroke therapy. In future studies, it will 

be important to determine whether somatic and process Ca2+ signals plays different roles in 

neuronal death and brain damage and whether astrocytes exhibit different properties of Ca2+ 

signaling during severe and mild ischemic strokes.
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Research Highlights

• IP3R2 KO mice exhibited normal brain cytoarchitecture, the same densities of 

mature astrocytes and neurons, the same GFAP and GLT-1 levels as WT mice.

• IP3R2 KO mice did not exhibit ATP-induced Ca2+ waves in vivo in the 

astrocytic network, but exhibit spontaneous Ca2+ increases in astrocytic 

processes.

• IP3R2 KO mice had smaller infarction than WT mice in acute and chronic 

phases of ischemia. These KO mice also exhibited less neuronal apoptosis, 

reactive astrogliosis, and tissue loss than WT mice.

• IP3R2 KO mice exhibited reduced functional deficits after PT.
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Fig. 1. Deletion of IP3R2 in astrocytes in mouse brain
A) Whole brain images of adult WT and IP3R2 KO mice. The brains were perfused and 

fixed in PFA. B) Nissl staining of coronal brain sections of adult WT and IP3R2 KO mice 

showing no anatomical abnormality. C) Body weight of WT (N=16) and IP3R2 KO mice 

(N=20) at two months old. D) Immunostaining of IP3R2 and S100β in WT (upper panels) 

and IP3R2 KO (lower panels) mice in the cortex. E) Western blotting images of IP3R2 in the 

cortex and hippocampus. Notice the absence of the IP3R2 band in IP3R2 KO mice.
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Fig. 2. Characterization of WT and IP3R2 KO mice
A–B) Fluorescent images of S100β staining (A) and the densities of S100β+ astrocytes in 

the cortices of WT and IP3R2 KO mice (B). C–D) Fluorescent images of NeuN staining (C) 

and the densities of NeuN+ neurons in the different layers in the cortices (D). E–G) Western 

blot images (E) and analysis of GFAP (F) and GLT-1 (G) levels in the hippocampus and 

cortex.
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Fig. 3. Deletion of IP3R2 in mice abolishes ATP-stimulated somatic Ca2+ oscillations and waves 
in astrocytes in vivo
A–B) Single frame images of astrocytes labeled with fluo-4 in the cortices of WT and IP3R2 

KO mice. C–D) Time courses of somatic fluo-4 fluorescence of individual astrocytes 

indicated by the numbers in the upper panels in the presence of 0.5 mM ATP. Note there is 

no somatic Ca2+ oscillation or wave observed in IP3R2 KO mice. E) Summary of somatic 

Ca2+ signals of astrocytes from WT (59 astrocytes from N=4 mice) and IP3R2 KO (36 

astrocytes from N=3 mice) mice. Data were average values of Ca2+ signal from individual 

mice. The Ca2+ signal for each mouse was the average value of multiple cells. Ca2+ signals 

of individual astrocytes were obtained by integration of ΔF/Fo fluorescence over 300 s. ** 

p<0.005, t-test. F) Pseudocolor fluorescent images shown the appearance of one hot spot in 

the process (p2 with an arrow) near an astrocyte. Notice hot spots p1, p3 and p4 in the 

processes exhibited Ca2+ increases at different times from p2 (see G). Four astrocyte somata 

were labeled with numbers 1–4. G) Time courses of Ca2+ signals in the processes and cell 

bodies of astrocytes.
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Fig. 4. Deletion of astrocytic IP3R2 attenuates ischemia-induced brain damage in acute and 
chronic phases after PT
A–C) Representative Nissl staining images of brain sections in the middle of brain infarction 

at 4 h, 2 days and 14 days after PT in WT and IP3R2 KO mice. D) Infarct volumes at 4 h, 2 

days and 14 days after PT in WT and IP3R2 KO mice. Data were obtained from N=10–12 

mice at each time point for each group. * p<0.05, ** p<0.005, t-test.
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Fig. 5. Deletion of astrocytic IP3R2 alleviates neuronal apoptosis after PT
(A) Representative images of FJB staining in the penumbra at two days after PT from WT 

and IP3R2 KO mice. (B) Summary of the densities of FJB+ cells in the penumbra two days 

after PT. N=6 mice for each group. (C) Representative images of TUNEL staining in 

penumbra seven days after PT from WT and IP3R2 KO mice. (D) Summary of the densities 

of TUNEL+ cells in the penumbra from WT and IP3R2 KO mice seven days after PT. N=4 

mice for each group. In (B) and (D), the average value of three brain sections in the middle 

of infarction from each mouse was used as a single value for that mouse. *p<0.05, t-test. 

NS-no significant difference.
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Fig. 6. IP3R2 KO mice have reduced tissue loss in the chronic phase of ischemia
A) Images of whole brains of WT and IP3R2 KO mice 14 days after ischemia. Notice tissue 

crack (the large tissue loss) in the WT mice. B) Rostrocaudal series of Nissl-stained coronal 

sections showing the infarction 14 days after PT of WT and IP3R2 KO mice. C) Summary 

of tissue loss of WT and IP3R2 KO mice. Data were the average values of N=12 mice for 

each group. *p<0.05, t-test.
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Fig. 7. Deletion of astrocytic IP3R2 attenuate reactive astrogliosis after PT
A–B) GFAP staining images (A) and densities of GFAP+ astrocytes (B) in the penumbra of 

WT and IP3R2 KO mice at two weeks after PT. C–D) Iba1 staining images (C) and densities 

of Iba1+ microglia (D) in the penumbra of WT and IP3R2 KO mice at two weeks after PT. 

The data were average values of brain sections in the middle of infarction from three mice in 

each group. **p<0.005, t-test. NS-no significant difference.
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Fig. 8. IP3R2 KO mice exhibit reduced functional deficits after PT
Four behavioral tests, i.e., cylinder (A), hanging wire (B), pole (C) and adhesive removal 

(D) tests were performed on sham and ischemic mice to assess functional deficits and 

recovery of WT and IP3R2 KO mice over a time course of three weeks after PT. The value 

of day 0 is the data from pre-ischemic mice for the ischemic group in each test. N = 8 and 16 

mice for control and ischemic mice of both groups. *p < 0.05, ANOVA test, compared 

between WT and IP3R2 KO mice at multiple time points after PT.
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