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ABSTRACT 

Astrocytes spontaneously exhibit intracellular calcium elevations in various brain 

regions both in vitro and in vivo; however, neither the temporal pattern underlying the activities 

nor its function has been fully evaluated. Here, I utilized a long-term optical imaging technique 

and analyzed calcium activities of a total of more than 4,000 astrocytes in mouse hippocampal 

slices. Astrocytic calcium activities were largely sparse and irregular, a subset of cells exhibited 

calcium oscillations during which a few calcium activities repeated at a regular interval of 

approximately 30 s. The calcium oscillations: i) consisted of a complex reverberatory interaction 

between the soma and processes within astrocytes, ii) did not synchronize with other astrocytes 

or did not require neuronal electrical activities, iii) depended on type 2 inositol 

1,4,5-trisphosphate receptors and cAMP-protein kinase A. Furthermore, this phenomenon: iv) 

were associated with enhanced hypertrophy in astrocytic processes, and v) were facilitated under 

pathological conditions, such as energy deprivation and epileptiform hyperexcitation. Therefore, 

it is speculated that calcium oscillations may be linked to a morphological change observed in 

pathological state of astrocytes. Collectively, this is the first detailed report on the mechanism 

and possible physiological meaning of specific temporal pattern of astrocytic calcium activity.  
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INTRODUCTION 

Astrocytes spontaneously exhibit various forms of intracellular calcium elevations. The 

calcium activities are observed in in vitro and in vivo preparations and appear in different 

spatiotemporal scales (Volterra et al., 2014). Increased calcium levels are implicated in the 

release of gliotransmitters and thereby in the modulation of cerebral blood flow (Mulligan and 

MacVicar, 2004; Gordon et al., 2008; Girouard et al., 2010) and neuronal activities (Jourdain et 

al., 2007; Henneberger et al., 2010; Navarrete and Araque, 2010; Takata et al., 2011; Min and 

Nevian, 2012). In pathological states, the release of gliotransmitters may cause excitotoxicity 

and cell death (Ding et al., 2007; Agulhon et al., 2012; Lee et al., 2013; Kawamata et al., 2014). 

In contrast, other reports have demonstrated that neither genetic perturbation of astrocytic 

calcium elevations nor gliotransmitter release from astrocytes influences synaptic transmission 

or blood flow (Agulhon et al., 2010; Bonder and McCarthy, 2014; Jego et al., 2014). 

The reason why we lack the consensus for astrocytic function is that many previous 

studies have focused on calcium activities evoked artificially by electric stimulation, agonist 

perfusion, and photo-uncaging to evaluate the function of astrocytes (Fiacco et al., 2009; 

Hamilton and Attwell, 2010; Volterra et al., 2014). These evoked calcium activities may be 

insufficient to reproduce the natural activities of astrocytes. Indeed, a considerable proportion of 

the calcium activities of astrocytes are spontaneous or only weakly modulated by neuronal 

activity, and its generation mechanism is not completely understood. Thus, the full 

investigations of spontaneous calcium activities could provide a foothold in resolving the 

controversy regarding the function of astrocytic calcium activities.  

Several studies have already revealed the spatial characteristics of spontaneous 

astrocytic activities (Aguado et al., 2002; Hirase et al., 2004; Kuga et al., 2011; Sasaki et al., 

2011). On the other hand, the temporal patterns of spontaneous activities remain largely 

unknown. Moreover, little is known about the heterogeneity of activity patterns among 

astrocytes or the interactions of temporal patterns between astrocytes. Compared to neuronal 
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electrical activities, calcium activities of astrocytes are far slower; their temporal dynamics 

usually range from tens of seconds to minutes. Thus, the temporal modulations of astrocytic 

activities may be overlooked in conventional small-scale recording techniques. This notion 

motivated me to evaluate spontaneous calcium activities of astrocytes using a large-scale and 

long-term optical imaging technique. In the present work, I report a unique temporal pattern of 

astrocytic calcium activities, i.e., cell-autonomous calcium oscillations and the physiological 

characteristics of this phenomenon.  
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MATERIALS AND METHODS 

The experiments were performed with the approval of the animal experimental ethics 

committee at the University of Tokyo (approval number: P24-8) according to the University of 

Tokyo guidelines for the care and use of laboratory animals.  

 

Hippocampal slice preparations 

Postnatal 9 to 12-day-old ICR mice (SLC) or type 2 inositol 1,4,5-trisphosphate receptors 

knockout (IP3R2-KO) mice were anesthetized with ether and decapitated. The brain was 

immersed in ice-cold modified artificial cerebrospinal fluid (aCSF) composed of (in mM) 27 

NaHCO3, 1.4 NaH2PO4, 2.5 KCl, 7.0 MgSO4, 1.0 CaCl2, 222 sucrose, and 0.5 ascorbic acid, 

bubbled with 95% O2 and 5% CO2. Horizontal entorhino-hippocampal slices were carefully cut 

at a thickness of 400 µm using a vibratome. The position of the brain, the balance and speed of 

the blade were optimized every time to reduce unnecessary damage. All slices were cut at the 

speed of 0.08 mm/s. Slices were first maintained at 37°C for 20 min, and then on at room 

temperature in normal aCSF composed of (in mM) 127 NaCl, 26 NaHCO3, 1.6 KCl, 1.24 

KH2PO4, 1.3 MgSO4, 2.4 CaCl2, and 10 glucose. 

 

Calcium imaging from astrocytes 

Slices were incubated for 40 min with 0.0005% Oregon Green 488 BAPTA-1 (OGB-1) AM 

(Invitrogen), 0.01% Pluronic F-127 (Invitrogen), and 0.005% Cremophor EL (Sigma-Aldrich) 

and recovered in aCSF for >60 min. After perfusion in a recording chamber with aCSF for >10 

min, spontaneous calcium signals were recorded from astrocytes in the CA1 stratum radiatum 

and stratum lacunosum-moleculare. Fluorophores were excited at 488 nm, and the fluorescence 

was captured at 1 Hz using a cooled EM-CCD camera (iXonEM+ DV897; Andor Technology) 

through a water-immersion objective lens (×16 or ×40, 0.8 NA, Nikon) and a Nipkow disk 

confocal laser scanner (CSU-10/X1; Yokogawa Electric). Slices that moved more than 3 µm in 
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the Z axis were discarded; those that moved in x-y dimension were post hoc corrected by 

ImageJ software (NIH) and custom-written Matlab software (Mathworks). Region of interests 

(ROIs) were carefully set by hand to avoid selecting non-astrocytic structures. The mean 

fluorescence intensity was measured from the soma of each astrocyte, and its change was 

defined as ΔF/F0 = (Ft – F0)/F0, where Ft is the fluorescence intensity at time t, and F0 is the 

baseline averaged for 50 s before and after time t. Calcium increases were semi-automatically 

extracted with the thresholds of 4×SD of baseline noise and a 5-s duration (Sasaki et al., 2008; 

Sasaki et al., 2011). The calcium activities detected were carefully inspected by eye.  

 

LTP induction 

LTP was induced by bipolar tungsten electrode and field EPSP was recorded by glass pipettes 

filled with ACSF. Both were carefully placed in the stratum radiatum of CA1 so that they are 

from the same distance from the pyramidal cell layer. Theta-burst stimulation protocol was 

used for induction (5 trains of 4 pulses at 100 Hz separated by 200 ms, repeated 6 times with 

10 s inter-train interval). For test pulses, 100 μs duration pulse was given every 30s. The 

amplitude for test pulse and LTP induction was set at about 50% of maximum response.  

 

Immunohistochemistry and analysis of astrocytic morphology 

The slices were fixed either in 4% paraformaldehyde in 0.1 M phosphate buffer for 2 h or 40 

mg/ml 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) in 0.1 M 

phosphate buffer solution for 3-6 h at room temperature. EDC is known to preserve calcium 

fluorescent dyes, such as OGB-1, inside the cell throughout the immunohistochemistry 

procedure (Tymianski et al., 1997). Slices fixed with paraformaldehyde were washed with PBS, 

whereas EDC-fixed slices were washed with 0.1 M glycine in PBS. After blocking for 60 min 

with 5-10% goat serum and 0.1-0.3% Triton X-100, the slices were incubated with a primary 
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rabbit monoclonal antibody against glial fibrillary acidic protein (GFAP; 1:500, Dako or 

Sigma-Aldrich) and a primary mouse monoclonal antibody against S100β (1:1000, 

Sigma-Aldrich) overnight at 4°C and labeled with a secondary anti-rabbit IgG Alexa-594 

(1:400, Invitrogen). Sections were imaged using a confocal microscope (FV 1200; Olympus), 

water-immersion objective lens (×20 or ×40; Olympus) and an Ar/Kr or He-Ne laser. 

Super-resolution images were obtained using FV-OSR (Olympus), oil-immersion objective 

lens (×100; Olympus), and a laser diode. 

 

Application of drugs 

Tetrodotoxin (Wako), KT5720 (Sigma-Aldrich), forskolin (Sigma-Aldrich), isoproterenol 

(Wako), and methoxamine (Sigma-Aldrich) were bath-applied at concentrations of 1, 0.03, 50, 

10, and 100 M respectively. For treatment with tetrodotoxin and KT5720, the drugs were 

perfused from -5 min and throughout the recordings. Bath application was performed under 

fluid velocities of 3−4 ml/s. In case of treatment with 30 μM cyclopiazonic acid (Wako), slices 

were incubated in cyclopiazonic acid-containing aCSF for 10-15 min and then used for 

experiments.  

 

Acute pathological models 

Ischemia-like neuronal network states were induced by oxygen-glucose deprivation (OGD). 

Glucose in aCSF was replaced with sucrose and were continuously bubbled with 95% N2 and 

5% CO2. Epileptic-like hyperexcitation states were induced by Mg2+-free aCSF containing 50 

µM picrotoxin (Sigma-Aldrich). 
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Data analysis 

All statistical procedures were carried out by custom-written MATLAB software (Mathworks). 

The cell morphology was analyzed using ImageJ (National Institutes of Health). Data are 

reported as means ± SEMs unless otherwise specified. Paired t-test, Student's t-test, Dunnett’s 

test, Kolmogorov-Smirnov test, and one-way repeated-measure ANOVA were performed to 

assess the significance of the difference. P < 0.05 was considered statistically significant. 
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RESULTS 

Characterization of astrocytic calcium oscillations 

Functional imaging of calcium activities were conducted from 97 ± 4 astrocytes in 

acute hippocampal slices loaded with OGB-1-AM (Fig. 1A,B; mean  SEM of 43 slices from 32 

mice). I utilized a Nipkow-disk confocal microscope, which can rapidly scan a wide microscopic 

field at a low laser intensity. The laser intensity on the slice surface was set between 4−19 μW, 

typically 10 μW, to avoid phototoxicity (Kuga et al., 2011). The cell type was identified post hoc 

based on GFAP immunoreactivity (Fig. 1C). On average, 20.2 ± 1.3% of the astrocytes imaged 

were spontaneously active in 20-min control recordings (n = 33 control slices). The percentage 

of active cells and the overall activity frequencies were constant throughout the recording time 

for as long as 90 min (data not shown; e.g., see Fig. 2C), ruling out the possibility of ongoing 

damage to the slices by the imaging procedure.  

In a subset of astrocytes, I discovered a characteristic pattern of oscillatory bursts, i.e., 

oscillatory cycles of calcium activities (Fig. 2A red dots). Figure 2B shows a return map of the 

consecutive inter-activity intervals in a representative oscillatory cell, demonstrating that 

oscillation events (red circles) formed a cluster of activities and were distinct from other 

sporadic activities. An oscillation event was defined as a group of more than two calcium 

activities that repeated at an inter-activity interval of less than 60 s (Fig. 2C). On average, 4.5 ± 

0.3% of the total astrocytes (34 ± 3.8% of active astrocytes) exhibited calcium oscillations (mean 

 SEM of 33 slices). In any given cell, oscillation events occurred at frequencies of 0.17 ± 0.03 

per hour (mean  SEM of 3,507 cells), and in an active cell, the events occurred at frequencies of 

0.80 ± 0.13 per hour (mean  SEM of 711 cells). Among the total 2,328 calcium activities in 33 

control slices, 1,012 (43%) activities constituted oscillations, whereas the remaining 57% 
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occurred sporadically. A single oscillation event lasted for 86.0 ± 7.0 s and consisted of 4.9 ± 0.3 

calcium activities (mean  SEM of 208 events). Compared with sporadic activities, the activities 

involved in calcium oscillations were significantly larger in the ΔF/F amplitude (oscillatory: 6.7 

± 0.2%, n = 1,012 activities, sporadic: 6.3 ± 0.1%, n = 1,316 activities; P = 0.042, t2326 = 2.03, 

Student’s t-test) and were shorter in duration (oscillatory: 16.1 ± 0.39 s, sporadic: 28.2 ± 0.8 s; P 

= 6.2 × 10-35, t2326 = 12.54, Student’s t-test). 

To examine whether oscillations occurred by chance, 1,000 surrogate datasets were 

generated by shuffling the calcium activities in each original dataset. More specifically, one 

calcium activity in a given cell was exchanged with a randomly selected activity in another 

randomly selected cell without changing their timings, and this activity swapping between two 

cells was repeated for all activities in the dataset. This procedure preserved both the activity 

frequencies of individual cells and the population modulation of event timings (Ikegaya et al., 

2004; Sasaki et al., 2007). In all datasets, the activity-swapped surrogates contained significantly 

fewer oscillatory cells and oscillation events than the real datasets (Fig. 2D, n = 22 datasets). 

Thus, the occurrence of calcium oscillations cannot be explained by chance.  

One important tendency in observing calcium oscillations is that more trained 

experimenters observed fewer oscillations; the oscillation occurrence decreased with the training 

periods of astrocytic calcium imaging, reaching a plateau over three years (Fig. 3). This trend 

suggests that oscillations may be driven at least in part by damages to the slices. Therefore, in 

this work, I only employed the data acquired after training for more than three years to analyze 

calcium oscillations under stable experimental conditions. 

Of note, the occurrence of calcium oscillation was not dependent on the postnatal day of 

animals (Fig. 4). Thus, the oscillation is likely not a developmental phenomenon. 
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Cellular mechanisms of oscillations 

Next, I assessed the basic characteristics of oscillatory activities using pharmacologic 

and genetic approaches. First, consistent with previous reports (Parri et al., 2001; Nett et al., 

2002), I confirmed that bath application of 1 μM tetrodotoxin did not alter either the overall 

activity frequency (Fig. 5A; P = 0.41, t16 = 2.88, Dunnett’s test after one-way ANOVA; n = 5 

slices) or sporadic activity frequency (Fig. 5B; P = 0.56, t16 = 1.12). In addition, tetrodotoxin did 

not affect either the percentage of cells that exhibited oscillations to a total of the recorded cells 

(Fig. 5C; P = 0.54, t16 = 1.14) or the frequency of oscillation events (Fig. 5D; P = 0.43, t16 = 1.33). 

Thus, astrocytic spontaneous calcium oscillations occurred independent of neuronal spiking 

activity. 

To further assess the involvement of neuronal activity on the generation of the 

oscillations, I induced long-term potentiation (LTP) and recorded astrocytic calcium activity 

before and after LTP induction. Theta-burst stimulation on Schaffer collateral – CA1 pathway 

significantly increased the percentages of amplitude (Fig. 6A; P = 6.6 × 10-5, t8 = 5.39, paired 

t-test; n = 9 slices) and slope (Fig. 6B; P = 6.5 × 10-5, t8 = 5.39) of field EPSPs. LTP induction 

did not change either the overall activity frequency (Fig. 6C; P = 0.68, t8 = 0.42, paired t-test; n = 

9 slices) or sporadic activity frequency (Fig. 6D; P = 0.40, t8 = 0.89). Moreover, LTP induction 

did not affect either the percentage of cells that exhibited oscillations to a total of the recorded 

cells (Fig. 6E; P = 0.50, t8 = 0.71) or the frequency of oscillation events (Fig. 6F; P = 0.49, t8 = 

0.72). Thus, the net level of neuronal activity is not involved in the occurrence of calcium 

oscillations. 

Astrocytes form a syncytium, interacting with adjacent cells via gap junction and 

gliotransmitters (Giaume et al., 2010; Giaume and Liu, 2012). To examine whether calcium 

oscillations emerged through astrocytic network interactions, I focused on their spatiotemporal 

correlations. First, I asked whether the oscillatory cells were evenly distributed and spatially 
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clustered. The number of oscillatory cells that were located within varying radii from a focused 

oscillatory cell were counted (Fig. 7A). If oscillatory cells are spatially clustered, the percentage 

of oscillatory cells to all cells is expected to exhibit a higher value for a smaller radius. However, 

the oscillatory cell probability did not change over the radii (Fig. 7B; n = 156 oscillatory cells 

from 25 slices). The oscillatory cells seemed to be uniformly distributed in space. This analysis 

did not take inter-cellular temporal correlations into consideration, however. Thus, I next 

examined whether more closely located cells tended to oscillate simultaneously (Fig. 7C). For 

varying radii, I calculated the probability of cells that exhibited oscillations together with a 

focused oscillating cell. This oscillatory cell probability also did not change with the radii (Fig. 

7D; n = 104 oscillatory cells from 15 slices). Thus, calcium oscillations were unlikely to 

synchronize between nearby cells. These data implicate that the oscillations emerged as a 

single-cell-level behavior, independent of the activities of other astrocytes.  

 

Intracellular dynamics of calcium oscillations 

Given that the oscillations were single-cell level activities, I next focused on 

intracellular calcium dynamics during oscillations. I first searched oscillatory astrocytes through 

large-scale imaging and then observed the somata and processes from the cells using a higher 

magnification objective (Fig. 8A). The morphology of these subcellular structures was 

confirmed post hoc through electroporation with Alexa 594 (Reeves et al., 2011). Figure 8B 

shows representative line-scan plots of calcium activities along three primary processes of an 

astrocyte. During single oscillation events, 78 ± 25% processes exhibited calcium oscillations 

together with the somatic oscillatory activities (Fig. 8C; mean  SEM of 11 cells). This ratio was 

higher than the ratio of processes involved in sporadic activities (Fig. 8C, P = 0.03, t34 = 1.96, 

Student’s t-test). In addition, oscillation events were more frequently initiated from a process of 

the astrocyte than sporadic activities (Fig. 8D). During a typical oscillation event, the initial 

activity of one astrocytic process propagated to the soma, and subsequently, the somatic activity 
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propagated to more processes, constituting a Ping-Pong-like reverberation between the soma and 

the processes. Thus, the direction of the activity propagation was not necessarily uniform across 

individual cycles of an oscillation event; oscillations comprised a complex mixture of 

soma-to-process and process-to-soma propagations. In a few cases, local oscillations that 

occurred only in processes and did not propagate to the somata were observed (Fig. 8E). Such 

local oscillations were rare, however. 

 

Molecular mechanisms of calcium oscillations 

First, I investigated the calcium source of the oscillations. Calcium oscillations were 

completely abolished by treatment with 20 μM cyclopiazonic acid, a specific inhibitor of 

Ca2+-ATPase in the endoplasmic reticulum (Fig. 9C,D; n = 5 slices). Consistent with this result, 

calcium oscillations did not occur in slices prepared from mice lacking IP3R2, a dominant type 

of channels that mediates intracellular calcium release in astrocytes (Sharp et al., 1999; 

Holtzclaw et al., 2002) (Fig. 9C,D; n = 5 slices). These data indicate that the oscillations 

depended exclusively on IP3R2-mediated calcium release. On the other hand, a few sporadic 

activities remained in both cyclopiazonic acid-treated slices and IP3R2-KO slices (Fig. 9A,B). 

These calcium activities exhibited a plateau elevation (data not shown). 

A variety of cells exhibit oscillatory calcium elevations that depend on IP3 signal (Li et 

al., 1995; Mikoshiba, 2011). For instance, hepatocytes and parotid acinar cells express IP3R2 and 

exhibit calcium oscillations, like astrocytes (Woods et al., 1986; Wojcikiewicz et al., 1994; Bruce 

et al., 2002). These oscillations are associated with cAMP and cAMP-dependent protein kinase 

(PKA) (Chatton et al., 1998; Bruce et al., 2002; Soltoff and Hedden, 2010). Therefore, I tested 

the involvement of the cAMP-PKA pathway in astrocytic calcium oscillations pathway using 

KT5720, a PKA inhibitor (Fig. 10A). Neither the frequency of the total calcium activities (Fig. 

10B; P = 0.20, t5 = 1.48, paired t-test) nor the frequency of sporadic activities (Fig. 10C; P = 0.61, 

t5 = 0.55) was significantly altered by bath application of 30 nM KT5720 (n = 6 slices). On the 
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other hand, KT5720 significantly reduced the number of cells that exhibited oscillations (Fig. 

10D, P = 0.0027, t5 = 5.49) and the frequency of oscillation events (Fig. 10E, P = 0.024, t5 = 

3.20). The IC50 of KT5720 against PKA is 60 nM (Kase et al., 1987). KT5720 at higher than 30 

nM induced swelling of slice preparations. However, the effectiveness of KT5720 at such a low 

concentration as 30 nM suggests that PKA activity underlies the generation of calcium 

oscillations. 

To examine whether activation of cAMP signal is sufficient to induce calcium 

oscillations in astrocytes, 50 µM forskolin, an activator of adenylate cyclase, were bath-applied 

for 5 min (Fig. 11A). Forskolin increased the overall calcium activities of astrocytes (Fig. 11B; 

P = 7.1 × 10-4, t4 = 9.4, paired t-test; n = 5 slices) and induced calcium oscillations in 47 ± 4% 

astrocytes (Fig. 11B; mean  SEM of 5 slices; %cell: P = 0.25 × 10-3, t4 = 6.74; event frequency: 

P = 0.0011, t4 = 8.45, paired t-test). After washout, the increased calcium activities gradually 

returned to baseline levels until 80 min (Fig. 11A bottom). Astrocytes express β-adrenergic 

receptors (Salm and McCarthy, 1992), and their activation may increase cAMP in astrocytes 

through the G protein α subunit Gs. Indeed, 5-min application of 10 µM isoproterenol, a 

β-adrenergic receptor agonist, replicated the effect of forskolin; it induced calcium oscillations in 

44  6% astrocytes (Fig. 11B; mean  SEM of 5 slices; %cell: P = 0.97 × 10-4, t4 = 8.68; event 

frequency: P = 0.0012, t4 = 8.29, paired t-test). Thus, both direct and endogenous 

receptor-mediated stimulation of cAMP-dependent pathway induced calcium oscillations. 30 

nM KT5720 significantly reduced the frequency of the oscillation events (Fig. 11C; P = 0.035, 

t13 = 2.66, Dunnett’s test after one-way ANOVA; n = 5-6 slices), whereas it did not affect the 

proportion of cells that exhibited calcium oscillations in response to forskolin (Fig. 11C; P = 

0.96, t13 = 0.24). The weak effect of KT5720 on forskolin-induced calcium oscillations was 

perhaps due to the low concentration (30 nM), but KT5720 robustly shortened the persistence of 

calcium oscillations after forskolin washout (Fig. 11D). In slices prepared from IP3R2-KO mice, 

forskolin failed to induce calcium oscillations (Fig. 11C; n = 5 slices). 
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Next, I asked whether persistent and robust calcium oscillation is a unique characteristic 

of cAMP activation or is a common feature of agonist activation. To test this, 100 µM 

methoxamine, an α-adrenergic receptor agonist was bath-applied for 5 min (Fig. 12A). 

Astrocytes are known to express α-adrenergic receptors (Sutin and Shao, 1992), which activate 

IP3 - calcium pathway via G protein α subunit Gq. Methoxamine increased the overall calcium 

activities of astrocytes (Fig. 12B; P = 0.011, t4 = 4.52, paired t-test; n = 5 slices) and induced 

calcium oscillations in astrocytes (Fig. 12B; mean  SEM of 5 slices; %cell: P = 7.1 × 10-4, t4 = 

9.42; event frequency: P = 0.0028, t4 = 6.56, paired t-test). However, the effectiveness of 

methoxamine to induce oscillations was weaker and transient compared to that of forskolin or 

isoproterenol (Fig. 12A bottom). Instead, methoxamine often induced plateau-type calcium 

elevations in astrocytes as shown in the trace in Fig. 12C bottom.  

 

Calcium oscillations as pathological correlates 

cAMP and calcium signals are both known to regulate the dynamics of cytoskeleton 

(Janmey, 1998) and induce a morphological change in cultured astrocytes, such as the stellation 

of cell bodies and the thickening of processes (Goldman and Abramson, 1990; Matsuura et al., 

2002). I thus hypothesized that calcium oscillations are associated with morphological changes 

in astrocytes. During calcium imaging, hippocampal slices were treated with control aCSF or 

aCSF containing 50 µM forskolin for 5 min, fixed with paraformaldehyde after 90 min, and 

immunolabeled with anti-GFAP antibody (Fig. 13A). I measured the thickness of GFAP-positive 

primary processes that arose directly from the soma (Fig. 13B). Forskolin increased the 

thickness of the primary processes (Fig. 13C, non-oscillatory versus control: P = 2.97 × 10-6, 

D177 = 0.39; oscillatory versus control: P = 1.96 × 10-9, D237 = 0.45, Kolmogorov-Smirnov test, n 

= 70 control and 274 forskolin-treated processes). Among forskolin-treated cells, the primary 

processes of cells that exhibited calcium oscillations in response to forskolin were significantly 

thicker than those of cells that did not respond to forskolin (Fig. 13C, P = 0.03, D274 = 0.18, n = 
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163 oscillating and 111 non-oscillating processes). These data suggest that calcium oscillations 

drive forskolin-induced thickening of astrocytic processes. I did not observe significant 

differences in soma sizes or GFAP expression intensities between oscillatory and non-oscillatory 

astrocytes in forskolin-treated slices (soma size: P = 0.42, D32 = 0.30; GFAP intensity: P = 0.96, 

D32 = 0.17; Kolmogorov-Smirnov test; 19 oscillating and 13 non-oscillating cells). 

Under pathological conditions, astrocytes become reactive and undergo morphological 

changes, including the thickening of processes (Sofroniew, 2009; Robel et al., 2011). Finally, I 

examined whether astrocytes respond to pathological stress with calcium oscillations. I treated 

slices with non-bubbled aCSF containing no glucose (oxygen-glucose deprivation; OGD; Fig. 

14A) and Mg2+-free aCSF containing 50 M picrotoxin, a GABAA receptor channel inhibitor 

(Fig. 14B). These two aCSF conditions are used as in vitro models of cerebral ischemic states 

and epileptiform hyperactive states, respectively. The hyperactive states were confirmed by 

calcium discharges recorded from the neuropil region (Fig. 14B, top trace). The frequency of the 

total calcium activities of astrocytes was significantly increased by OGD (Fig. 14C; P = 0.042, t6 

= 2.58, n = 7 slices, paired t-test), but not by Mg2+-free aCSF (Fig. 14C; P = 0.10, t4 = 2.11, n = 5 

slices). Both OGD and Mg2+-free aCSF increased the number of oscillatory cells (Fig. 14D; 

OGD: P = 0.026, t6 = 2.94; Mg2+-free: P = 0.032, t4 = 3.22) and the frequency of oscillation 

events (Fig. 14E; OGD: P = 0.025, t6 = 2.97; Mg2+-free: P = 0.014, t4 = 4.16). These results, 

along with the dependence of calcium oscillations on the training period of experimenters (see 

Fig. 3), suggest that oscillatory activities of astrocytes represent an early response toward 

pathological states. 
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DISCUSSION 

 

In the present study, I analyzed the spatiotemporal patterns of astrocytic calcium 

activities in large-scale imaging datasets and discovered that a subset of astrocytes exhibited 

calcium oscillations. The calcium oscillations did not require neuronal activity, nor were the 

oscillatory cells spatially organized or temporally synchronized among astrocytes. 

Pharmacologic and genetic investigations revealed that calcium oscillations were dependent on 

IP3R-mediated intracellular calcium release and PKA-dependent pathway and that activation of 

cAMP signal alone was sufficient to induce prolonged oscillatory activities. Calcium oscillations 

were correlated with thicker primary processes of astrocytes, and increased in in vitro 

pathological models, in which reactive gliosis is likely to be enhanced. 

 

Significance of spontaneous calcium oscillations in situ 

Oscillatory calcium activity has been observed in cultured astrocytes (Charles et al., 

1991; Pasti et al., 1995; Nakahara et al., 1997); however, these studies refer to the activities 

evoked by mechanical stimulation or agonist application. Thus, it has not been known whether 

astrocytes in situ exhibit different temporal patterns spontaneously at single-cell level. As far as I 

know, this study is first to discover and conduct detailed analysis on spontaneous temporal 

activity pattern in situ. I believe this was made possible by two methodological advantages, 

which I will describe below. 

First, I chose acute hippocampal slices to observe astrocytic calcium activities. Acute 

slices are an experimental preparation which preserve both the cellular microenvironment 

including neuronal connectivity and cell morphology observed in vivo, and is a first-line choice 

when combining large-scale imaging and pharmacological experiments. Large-scale imaging 

can also be done in cultured cells. However, recent evidences show that astrocytes in culture 

differ from in situ astrocytes in many ways: i) gene expression and molecular profile are altered 
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in cultured astrocytes (Nakagawa and Schwartz, 2004; Wilhelm et al, 2004; Cahoy et al., 2008; 

Lovatt et al., 2007), ii) morphology of astrocytes including fine processes are lost (Matsushima 

et al., 2002), and iii) distinct calcium dynamics such as intercellularly propagating waves are 

observed (Cornell-Bell et al., 1990). Thus, cultured cells are not optimum when probing the 

physiological calcium activity patterns of astrocytes. 

Next, the thorough analysis of calcium oscillation was not possible without large-scale 

imaging. As shown in Fig.1, calcium oscillation itself is spatiotemporally sparse phenomenon. In 

order to characterize the physiological nature of oscillation, it is necessary to recording tens of 

hundreds of cells simultaneously. The confocal microscopy system utilized in this study is an 

optimum approach in that it allows imaging from large imaging field without high laser 

intensity. 

Whether previously studied evoked oscillatory patterns in cultured cells and the 

spontaneous calcium oscillations observed in this study have common molecular / functional 

features are unknown. However, because of the properties of cultured cells as described above, 

and the usage of artificial stimulations exceeding physiological levels in past studies, I believe 

that calcium oscillations observed in this study more likely reflect the nature of astrocytes in 

vivo. 

 

Cellular mechanisms of calcium oscillations 

The results of pharmacological and electrophysiological experiments suggest that 

neuronal firing or net activity level are not directly associated with the generation of calcium 

oscillations. Although the increase in net neuronal activity by long-term potentiation is known 

to increase extracellular glutamate concentration (Ikegami et al., 2014; Errington et al., 2003), 

this did not affect the occurrence of calcium oscillations. Furthermore, spatiotemporal analysis 

revealed that calcium oscillations do not synchronize or propagate among astrocytic network. 

Therefore, oscillations are likely single-cell dynamics that emerge independent of the states of 
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other cells. This is contrary to the well-described propagation of calcium waves (Dani et al., 

1992; Kuga et al., 2011) or synchronization of sporadic activities in situ (Sasaki et al., 2011). 

 

Intracellular dynamics of calcium oscillations 

Because of a technical limitation in large-scale imaging using a low-magnification 

objective, calcium activities mainly in the astrocytic somata were observed. At a more 

microscopic level, however, I identified oscillations as a complex intercellular interaction 

between the somata and peripheral processes. Calcium oscillations involved more processes than 

sporadic activities, indicating that the influence of calcium signaling is spatially larger in 

oscillations. Interestingly, calcium oscillations often traveled between the soma and the 

processes in Ping-Pong-like manner. One molecular mechanism to explain such phenomenon is 

calcium-induced calcium release (CICR) at distal processes (Berridge et al., 1993), in which 

elevated calcium activates IP3 or ryanodine receptors, stimulating further release of calcium 

from intracellular calcium store (See Molecular mechanism of calcium oscillations.). Therefore, 

calcium oscillation may be in part enhanced by soma – process interaction. These data, although 

still preliminary in part, suggest that oscillations are associated with wave-like spatial 

propagations of calcium activities and gradually recruit astrocytes at the whole-cell level, 

thereby modulating changes in gene expression or subcellular morphology, such as reactive 

gliosis. Independent local oscillations in the processes were also observed. Although the 

mechanism and function of this phenomenon is beyond the scope of this study, temporal activity 

patterns may be a useful parameter in understanding localized calcium dynamics. Future work 

will be necessary to assess the significance of subcellular calcium dynamics. 

 

Molecular mechanism of calcium oscillations 

Calcium oscillations have been documented in various cell types, including oocytes 

(Carroll and Swann, 1992), lymphatic cells (Wilson et al., 1987), and neuronal cells, such as 
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immature pyramidal cells and interneurons (Flint et al., 1999; Woodhall et al., 1999). Most, if not 

all, of these oscillations are generated by IP3-dependent calcium release from the intracellular 

store. Several models attempt to explain how IP3 signal induces oscillatory patterns, using a 

cAMP-calcium crosstalk (Vajanaphanich et al., 1995; Bruce et al., 2003; Siso-Nadal et al., 2009). 

A computational model predicts that an increase in cAMP triggers calcium oscillations at low 

concentrations of IP3 that otherwise does not induce oscillations (Bugrim, 1999). In astrocytes, I 

found that the IP3R2-calcium pathway mediates both sporadic and oscillatory calcium activities, 

whereas the cAMP-PKA pathway is specifically involved in oscillatory activities. 

IP3-dependent calcium elevation occurs via activation of IP3R and release of calcium 

from the endoplasmic reticulum. The termination of calcium release is generally thought to 

depend on the feedback inhibition of IP3R by calcium itself (Iino, 1990). Uptake of cytosolic 

calcium into intracellular stores by SERCA-type Ca2+ - ATPases (Li et al., 1995) follows, 

reducing the cytosolic calcium concentration to normal state.  

PKA-dependent pathway is reported to modulate the above calcium dynamics in rodent 

hepatocytes (Pittner and Fain, 1989), blowfly salivary glands (Schmidt et al., 2008; Fechner et 

al., 2013), rodent parotid acinar cells (Bruce et al., 2002; Soltoff and Hedden, 2010), rabbit 

interstitial cells of Cajal (Drumm et al., 2014), etc. In these cells, PKA is likely to directly 

phosphorylate IP3R2 channels and enhance their sensitivity to IP3 (Hajnoczky et al., 1993; 

Wojcikiewicz and Luo, 1998). Along with the modulation of calcium release, PKA also 

contributes to regulation of calcium clearance (Bruce et al., 2002). At the same time, intracellular 

calcium also affects cAMP concentrations (Gorbunova and Spitzer, 2002) via stimulation of 

adenylyl cyclase (Willoughby and Cooper, 2006) and phosphodiesterase (Bruce et al., 2003). 

These complex positive-feedforward interactions between the cAMP-PKA and IP3R2-calcium 

pathways may contribute to the generation and elongation of calcium oscillations. However, the 

involvement of PKA-independent pathway, such as Epac cannot be ruled out (Schmidt et al., 

2001; Oestreich et al., 2007). Of note, the origin of calcium triggered by cAMP remains 
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controversial (Grimaldi et al., 1999; Wu et al., 1999), but in this study, forskolin-induced 

calcium oscillations were completely abolished in IP3R2 knockout mice. Therefore, the 

intracellular calcium store exclusively mediates cAMP-triggered calcium elevations at least in 

astrocytes. 

Persistent calcium oscillation observed by activation of cAMP pathway was not a 

feature shared by Gq-GPCR activation. Rather, Gq-GPCR activation resulted in transient 

oscillatory pattern or plateau-type elevation. This data supports the idea that (1) Gq-GPCR and 

its downstream IP3R2-calcium pathway has only a weak ability to generate oscillatory activity 

pattern when activated alone and (2) cAMP pathway enhances the calcium elevation resulting in 

oscillatory activity pattern, which is consistent with the computational model mentioned above 

(Bugrim, 1999). 

As for the direct triggers of calcium oscillations, it remains to be evaluated. The 

possible candidates include change in extracellular ion concentration, neurotransmitters, and 

inflammatory factors in case of pathological calcium oscillations (Volterra and Meldolesi, 2005, 

Agulhon et al., 2012). Taking the computational studies and this data together, the triggers of 

calcium oscillations does not necessarily have to be different from that of single-peak activity. 

A cell may exhibit single-peak activity or multi-peak oscillation even to the same stimulation, 

depending on the intracellular concentration of cAMP or PKA. Otherwise, calcium oscillation 

may be triggered by stimulation different from single-peak activity. For example, calcium 

oscillation may reflect synergistic activation of cAMP and calcium pathway, likely by 

neuromodulators such as noradrenaline or acetylcholine, which activate both Gq-GPCRs and 

Gs-GPCRs expressed by astrocytes.  

It should be noted that not all cells exhibit calcium oscillation, both spontaneously and 

by agonist application. This could be due to heterogeneity in extracellular microenvironment or 

intracellular signaling molecules. Both normal and reactive astrocytes are known to be 

heterogeneous population in morphologically, physiologically, and functionally (Anderson et 



- 23 - 

 

al., 2014; Zhang and Barres, 2010). Thus, there may be a population of astrocytes, in which the 

cAMP – calcium crosstalk is more easily activated than others. If calcium oscillation functions 

as an enhancer of reactive gliosis as discussed below, this population may act as a rapid 

responder to brain injury and pathology. 

 

Physiological function of calcium oscillations 

Despite a large body of literatures regarding cAMP-calcium interactions in other cell 

types, a limited number of studies have focused on cAMP in astrocytes. A few reports have 

demonstrated the involvement of a cAMP-calcium crosstalk in glycogenolysis and production of 

inflammatory molecules in cultured astrocytes (Hsiao et al., 2007; Juric et al., 2008; Muller et al., 

2014). Using acute slices, I observed calcium oscillations in astrocytes and implicated them in 

hypertrophy of primary processes. The results in this study are in line with previous works 

alluding the involvement of calcium (Gao et al., 2013; Kanemaru et al., 2013) and cAMP 

(Kaneko et al., 1994; Segovia et al., 1994; Schubert et al., 2000) in GFAP expression and 

reactive gliosis.  

I could not directly test whether calcium oscillation is a consequence or cause of 

morphological changes. However, the importance of calcium and cAMP in morphology of 

astrocytes, and regulation of gene expression by calcium oscillations of certain frequencies 

reported in other cell types (Gu and Spitzer, 1995; Dolmetsch et al., 1998; Li et al., 1998) 

support my idea that calcium oscillation enhances the morphological change as observed in this 

study. Our laboratory is now developing a genetical tool to manipulate astrocytic cAMP 

specifically, which may help give answer to this question. 

Is oscillation itself important in the above described morphological changes? In other 

words, is sustained, plateau-type calcium elevation sufficient to induce such changes? As 

described above, a subset of gene expression has been shown to be sensitive to the frequency of 

calcium oscillation. Furthermore, constant, plateau-type calcium elevations is not sufficient to 
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induce efficient transcription (Dolmetsch et al., 1998; Tomida et al., 2003; Zhu et al., 2011). 

These data suggest that intracellular signaling pathways are sensitive to the temporal kinetics of 

calcium, not mere elevation of calcium concentration; however, how the oscillation itself 

regulates these pathways remains unsolved. There are two apparent differences between 

oscillatory and constant calcium elevation. First, constant calcium elevation likely results from 

saturation of machinery regulating intracellular calcium concentration, while in calcium 

oscillation, the machinery of calcium release and clearance remain operative. Second, when 

oscillation persists, it functions to accumulate calcium-related signaling more effectively and 

strongly than constant calcium elevation (Zhu et al., 2011; Salazar et al., 2008). These 

differences may allow calcium oscillation to exhibit specific effect on intracellular signaling 

pathways.  

 

Calcium oscillations in pathology 

As shown in this study, calcium oscillations were enhanced in two representative in 

vitro pathological models. cAMP-pathway-activating inflammatory molecules such as PGE2 

(Denes et al., 2010), and neuromodulators such as noradrenaline and adenosine (O’Donnell et 

al., 2012; Pedata et al., 2001) are known to increase under pathological stress. These 

extracellular factors may elevate intracellular cAMP level astrocytes acutely or chronically. 

Data from our laboratory suggesting that neurons in epileptic model exhibit increased 

intracellular cAMP concentration (Nakahara et al., unpublished) supports this idea. The 

elevated cAMP concentration may allow the occurrence of calcium oscillation even by stimuli 

that normally does not induce oscillatory pattern, enhancing morphological changes in reactive 

gliosis. 

From the data in this study, it is speculated that the observed calcium oscillation in 

pathological states enhance early stage of reactive gliosis including morphological changes, 

accelerating various inflammatory responses and formation of glial scars. However, whether 
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the hypertrophy of astrocytic processes directly impact the outcome of reactive gliosis is still 

not understood. Interestingly, the degree of hypertrophy and the severity of inflammation does 

not always coincide. For example, deletion of STAT3 signaling pathway attenuates 

hypertrophy and upregulation of GFAP and exhibits anti-inflammatory effect (Herrmann et al., 

2008). On the other hand, deletion of NFκB, which also alters hypertrophy and GFAP 

upregulation, reduces the severity of inflammation (Brambilla et al., 2005). Given that NFκB is 

downstream of PKA, which was shown in this study to be involved in the generation of 

calcium oscillation, it is possible that calcium oscillation acts in pro-inflammatory manner; 

however, whether this is dependent on morphological changes or not is difficult to determine 

from these studies. Further experimental consideration is required to determine the direct 

impact of calcium oscillation and morphological changes enhanced by oscillation in the 

outcome of brain injury and disorders. 

 To my knowledge, this work is the first to propose the oscillatory pattern as a sign of 

pathological stress. Several animal models of neuronal diseases have revealed enhanced calcium 

activities (Ding et al., 2007; Takano et al., 2007; Kuchibhotla et al., 2009). However, none of 

these studies has addressed the temporal patterns of calcium dynamics. Therefore, it would be 

interesting to analyze the temporal profile of enhanced calcium activity in these animal models, 

and possibly observe the relationship between the occurrence of oscillatory pattern and the 

development and outcome of brain disorders. 

 

Conclusion 

 This study enlightens the importance of temporal activity pattern in understanding the 

physiological mechanism and function of astrocytic calcium activity. Variety of activity 

patterns based on the complex interaction of intracellular signaling pathways may allow the 

realization of diverse output by astrocytes. I believe through analysis of temporal activity 
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pattern of astrocytes as done in this study will provide a novel viewpoint in evaluation of 

astrocytic physiology. 
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FIGURES 

Figure 1. In situ calcium imaging of hippocampal CA1 astrocytes. (A) A schema showing 

acute hippocampal slice preparation and bulk loading of OGB-1. (B) Confocal image of an 

OGB-1-loaded hippocampal slice. (C) OGB-1-loaded cells were post-hoc immunolabeled with 

anti-GFAP.  
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Figure 2. Oscillations of spontaneous calcium activities in hippocampal CA1 astrocytes. 

(A) Two representative ΔF/F traces showing calcium oscillations (top) and sporadic activities 

(bottom). Vertical bars below the traces indicate the onset times of individual calcium activities, 

and red bars correspond to oscillatory activities. (B) Representative return map of inter-activity 

intervals (IAIs) in a single astrocyte recorded for 60 min. The (n+1)th IAIs were plotted against 

the nth IAIs. Red circles indicate IAIs during oscillations. (C) Representative raster plot of 96 

astrocytes simultaneously monitored for 60 min. Each dot indicates a single calcium activity, and 

red dots indicate oscillatory activity. (D) The percentages of oscillatory cells (left) to the total 

cells monitored and the mean frequencies of oscillation events (right) per cell were higher than 

those found in their surrogates. Each data point indicates a single dataset. The error bars 

represent the SDs of 1,000 surrogates. n = 22 slices. 
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Figure 3. Occurrence of spontaneous calcium oscillations is dependent on the training 

period of experimenters. (A) The percentages of oscillatory cells to the total cells monitored 

are plotted as a function of training periods of experimenters. (B) The frequency of oscillation 

events are plotted as a function of training periods of experimenters. Error bars are SEM of 

20-min recordings from a total 101 slices. 
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Figure 4. Occurrence of spontaneous calcium oscillations does not depend on 

developmental age. (A) The percentages of oscillatory cells to the total cells monitored are 

plotted as a function of postnatal day. (B) The frequency of oscillation events are plotted as a 

function of postnatal day. Error bars are SEM of 20-min recordings from a total 33 slices. 
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Figure 5. Calcium oscillations are not dependent on neuronal firing. (A-D) The frequencies 

of the total activities per cell (A), the frequencies of sporadic activities (B), the percentage of 

oscillatory cells to the total cells (C), the frequency of oscillation events (D) in control and 1 μM 

tetrodotoxin-treated slices. Error bars are SEM of 5 slices each. 
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Figure 6. Calcium oscillations are not dependent on neuronal plasticity. (A) Left, the 

amplitude of field EPSP was plotted relative to the mean of pre-LTP. Red arrow indicates the 

time point of LTP induction. Right, mean amplitude before and after induction of LTP. (B) Left, 

the slope of field EPSP was plotted relative to the mean of pre-LTP. Red arrow indicates the time 

point of LTP induction. Right, mean slope before and after induction of LTP. (C-F) The 

frequencies of the total activities per cell (C), the frequencies of sporadic activities (D), the 

percentage of oscillatory cells to the total cells (E), the frequency of oscillation events (F) before 

and 40 min post-LTP. **P < 0.01, paired t-test versus before. Error bars are SEM of 9 slices each.  
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Figure 7. Lack of inter-cellular correlations in calcium oscillations. (A) Representative cell 

map of astrocytes in the CA1 stratum radiatum. Cells that exhibited oscillations are shown in red. 

(B) The percentage of oscillatory cells that were located within radii r from a given oscillatory 

cell are plotted as a function of r. Error bars are SEM of 156 oscillatory cells from 25 slices. (C) 

Oscillatory activities, indicated in red in the top raster plot, are collapsed to the bottom histogram 

of the number of oscillatory cells for a given 1-s time period. (D) The percentage of cells that 

exhibited calcium oscillations simultaneously with a given calcium-oscillating cell are plotted 

against radii (r) from the focused cell. Error bars are SEM of 104 oscillatory cells from 15 slices.  
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Figure 8. Intracellular calcium dynamics during oscillations. (A) Confocal images of an 

astrocyte, whose morphology was post hoc identified through electroporation with Alexa-Fluor 

594. (B) Fluorescence changes in the soma (top trace) and three processes shown in A (bottom 

XT-scans). The dotted lines in the background indicate the onset times of the somatic calcium 

activities. The green arrowheads indicate the calcium activities propagating from the soma (s) to 

the processes (p), whereas the blue arrowheads indicate activities propagating from a process to 

the soma. (C) The percentages of processes exhibiting calcium activities in sporadic and 

oscillatory activities relative to the total number of the imaged processes. *P = 0.03, t34 = 1.96, 

Student’s t-test. Error bars are SEM of 28 sporadic activities and 8 oscillation events in 11 

astrocytes in 5 slices. (D) The ratios of soma- or process-initiated calcium activity in sporadic 

and oscillatory activities. n = 28 activities for sporadic, 8 activities in the 1st cycle of the 

oscillations, and 47 activities in the 2nd and later cycles. (E) Local calcium oscillations occurring 

in the processes (p), but not in the soma (s).  

  



- 35 - 

 

 

Figure 9. Astrocytic calcium oscillations are dependent on intracellular calcium store. 

(A-D) The frequencies of the total activities per cell (A), the frequencies of sporadic activities (B), 

the percentage of oscillatory cells to the total cells (C), the frequency of oscillation events (D) in 

control, 20 μM cyclopiazonic acid-treated slices and slices prepared from IP3R2-KO mice. **P 

< 0.01, *P < 0.05 versus control, Dunnett’s test after one-way ANOVA. Error bars are SEM of 5 

slices each. 
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Figure 10. PKA dependence of astrocytic calcium oscillations. (A) Representative raster plot 

of spontaneous calcium activities. KT5720 was continuously bath-applied after time 0 min. Red 

dots indicate oscillations. (B-E) The frequencies of the total activities per cell (B), the 

frequencies of sporadic activities (C), the percentage of oscillatory cells to the total cells (D), and 

the frequency of oscillation events (E) before and after KT5720 treatment. *P = 0.024, t5 = 3.20, 

**P = 0.0027, t5 = 5.49 versus before, paired t-test. Error bars are SEM of 6 slices. 
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Figure 11. cAMP induces calcium oscillations. (A) Representative raster plot (top) and its time 

histogram (bottom) of calcium activities in responses to bath application of 50 μM forskolin. 

Forskolin was applied at time 0-5 min. (B) The frequencies of the total activities per cell (left), 

the percentage of oscillatory cells to the total cells (middle), and the frequency of oscillation 

events (right) are plotted 0-20 min before and 0-20 min after 5-min application of forskolin or 10 

μM isoproterenol. **P < 0.01 versus before, paired t-test. Error bars are SEM of 5 slices. (C) The 

same parameters as B, but for wild-type slices treated with forskolin alone, wild-type slices 

treated with forskolin under KT5720 treatment, and IP3R2-KO slices treated with forskolin. *P < 

0.05, **P < 0.01 versus forskolin alone, Dunnett’s test after one-way ANOVA. Data were 

calculated for the 20-min period before and after 5-min application of forskolin. KT5720 was 

continuously bath-perfused throughout experiments. Error bars are SEM of 5-6 slices. (D) Time 

changes in the frequencies of oscillation events in response to forskolin in the absence 

(Forskolin) and presence of KT5720 (Forskolin+KT5720). Oscillation events were counted for 

every 5-min period. Data are means  SEM of 5-6 slices. 
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Figure 12. Calcium elevations induced by Gq-GPCR activation. (A) Representative raster 

plot (top) and its time histogram (bottom) of calcium activities in responses to bath application of 

100 μM methoxamine. Methoxamine was applied at time 0-5 min. (B) The frequencies of the 

total activities per cell (left), the percentage of oscillatory cells to the total cells (middle), and the 

frequency of oscillation events per cells (right) are plotted 0-20 min before and 0-20 min after 

5-min application of methoxamine. **P < 0.01, *P < 0.05 versus before, paired t-test. Error bars 

are SEM of 5 slices. (C) Two representative ΔF/F traces showing transient calcium oscillations 

(top) and plateau calcium elevation (bottom) in response to application of methoxamine. 
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Figure 13. Calcium oscillations are associated with severe hypertrophy of astrocytic 

processes. (A) Immunohistochemical images for S100β and GFAP of control non-oscillatory 

cells (top), non-oscillatory (middle) and oscillatory cells (bottom) in response to forskolin. 

Hoechst was used as a counter stain of the nuclei. (B) Super-resolution confocal image showing 

the measurement of the thickness of an astrocytic process. For each 'primary' branch that arose 

directly from the soma, its thickness were averaged across three points (d1, d2, and d3) at an 

interval of 1.5 m from the soma contour (gray line). (C) Cumulative distributions of the 

primary branch thicknesses of all cells in control slices and of non-oscillatory and oscillatory 

cells in forskolin-treated slices. *P<0.05, **P<0.01, Kolmogorov-Smirnov test. n = 70 branches 

from 11 cells (control), 111 branches from 13 cells (non-oscillatory), and 163 branches from 19 

cells (oscillatory). 
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Figure 14. Increased calcium oscillations in pathological conditions. (A) Representative 

raster plot of calcium activities in responses to oxygen-glucose deprivation (OGD). OGD was 

conducted from time 0 min. (B) Representative raster plot of calcium activities in responses to 

Mg2+-free aCSF containing 50 M picrotoxin. Normal aCSF was changed to Mg2+-free aCSF 

at time 0 min. The top trace is the mean calcium response of neuropil surrounding the recorded 

astrocytes, indicating that epileptiform neuronal discharges occurred under the disinhibited 

conditions. (C-E) The frequency of the total calcium activities (C), the percentage of 

oscillatory cells to the total cells (D), the frequency of oscillation events (E) before and 0-15 

min after the onset of OGD or Mg2+-free aCSF treatment. *P < 0.05, **P < 0.01 versus before, 

paired t-test. Error bars are SEM of 5-7 slices. 
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