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a b s t r a c t 

Astrocytes, characterized by complex spongiform morphology, participate in various physiological processes, and 

abnormal changes in their calcium (Ca2 + ) signaling are implicated in central nervous system disorders. However, 

medications targeting the control of Ca2 + have fallen short of the anticipated therapeutic outcomes in clinical 

applications. This underscores the fact that our comprehension of this intricate regulation of calcium ions re- 

mains considerably incomplete. In recent years, with the advancement of Ca2 + labeling, imaging, and analysis 

techniques, Ca2 + signals have been found to exhibit high specificity at different spatial locations within the intri- 

cate structure of astrocytes. This has ushered the study of Ca2 + signaling in astrocytes into a new phase, leading 

to several groundbreaking research achievements. Despite this, the comprehensive understanding of astrocytic 

Ca2 + signaling and their implications remains challenging area for future research. 
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Deciphering Ca2 + signaling in astrocytes is crucial for understand-

ng the functional roles of the glial cells. A growing body of evidence

uggests that astrocytic Ca2 + signaling contributes to a variety of astro-

ytic functions, including modulation of cerebral blood flow, synaptic

ransmission, synaptic plasticity, and gliotransmitter release [1] . In this

ontext, our attention is dedicated to advancing our understanding of as-

rocytic Ca2 + events. Collectively, these advancements promise to yield

resh insights into the mechanisms through which astrocytes regulate

he brain function and how changes in astrocytic Ca2 + signals influence

hysiological and pathological processes. 

. Astrocyte morphology 

The types of glial cells in the central nervous system (CNS) include

icroglia, astrocytes, and oligodendrocyte precursors [2–4] . Astrocytes

ere first described by Rudolf Virchow in the 19th century. Decades

ater, researchers used the silver chromate staining technique to visual-

ze the morphology of astrocytes, advancing the view that astrocytes act

s a “glue ” in the CNS [5] . These abundant and morphologically com-

lex cells in mammalian brain are distributed in a lattice-like pattern

 6 , 7 ], forming a dense network in which other glial cells, blood vessels,

nd neurons are embedded [6–10] . 
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Astrocytes exhibit complex spongiform shapes, with volumes of ap-

roximately ∼6.6 × 104 μm and diameters ranging from ∼40 to 60 μm

11–14] . The fine structure of astrocytes, particularly protoplasmic as-

rocytes in the gray matter, consists of a soma, several major branches,

umerous branchlets, leaflets, and end-feet ( Fig. 1 ) [15] . Branches, the

ajor processes emanating from the soma, have diameters in the mi-

rometer range. Secondary to tertiary processes, branchlets have diam-

ters in the sub-micrometer range. Leaflets, the terminal extensions of

ranchlets, show close contacts with synapses, while end-feet are distal

xtensions that contact blood vessels. Perisynaptic astrocyte processes

PAPs), a morphologically distinct leaflets adjacent to a synapse, affect

nformation processing by the nerve circuits and the behaviours which

ely on it [ 16 , 17 ]. However, emerging evidence has suggested that the

orphology of astrocytes varies under different conditions. For instance,

he phenotypes of reactive astrocytes show an increased number of pro-

esses and a denser morphology with altered soma volume compared to

esting astrocytes [18] . 

As a heterogeneous population of cells, astrocytes vary in morpho-

ogical appearance [19] . Generally, protoplasmic astrocytes are one of

he major types found in grey matter, whereas fibrous astrocytes are

ound in white matter [20–22] . An increasing number of studies have

hown that astrocytes exhibit morphological deficits that may contribute
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Fig. 1. Astrocytes present a complex morphological appearance. Schematic 

representation of the astrocyte structure. 
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o the progression of CNS disease [ 7 , 14 ]. For instance, at the onset of

lzheimer’s disease (AD), progressive atrophy of astrocytes with de-

reased GFAP expression was observed in the hippocampus and cortex

23–25] . Furthermore, several studies have shown that the morpholog-

cal changes of astrocytes in the substantia nigra pars compacta exhib-

ted GFAP-astrogliosis in patients with Parkinson’s disease (PD). These

ndings imply that astrogloiosis dysfunction is likely to be fundamen-

al to dissecting the cellular mechanisms underlying CNS disease [26–

8] . In summary, the study of astrocytes with varying morphologies has

arnered increased attention due to their important contribution to the

NS. 

. Ca2 + signaling in astrocytes 

Calcium (Ca2 + ) is a crucial intracellular second messenger for the

urvival and fate of organisms [ 29 , 30 ]. The Ca2 + signaling system com-

rises numerous types of proteins, including channels, pumps, recep-

ors, exchangers, and sensors, several of which are altered in expres-

ion or mutated in various diseases [31] . For example, excessive inositol

,4,5-trisphosphate (InsP3 )/Ca2 + signaling contribute to the excitatory-

nhibitory imbalance of neurons in bipolar disorder [ 32 , 33 ]. Notably,

esearchers have studied Ca2 + signaling in various cell types and model

rganisms to understand its physiological and pathological roles [34] .

n the CNS, Ca2 + serves as a pivotal component in intracellular signal-

ng, facilitating communication within both glial cells and neurons. Its

ole is integral to the maintenance of brain homeostasis [35] . 

It is well known that astrocytes are electrically non-excitable glial

ells and Ca2 + fluctuations have been detected in astrocytes under phys-

ological and pathological conditions [36–38] . Spatially, Ca2 + signaling

otentially propagates to neighbouring cells via astrocytic gap junctions

 39 , 40 ]. This Ca2 + wave propagation has been thoroughly proven in

itro systems. Instead of wave propagation, synchronized Ca2 + activities

f many astrocytes have been detected in awake and naturally sleeping

nimals in response to different behavioral stimuli [41] . Within a single

strocyte, Ca2 + events in different cellular compartments also have dif-

erent functional roles, and several studies have provided evidence for

he diversity of Ca2 + signals [ 15 , 42 ]. 

Analyzing Ca2 + in the astrocytic soma is relatively straightforward

ue to its distinct identification in the soma region. Ca2 + signaling in as-

rocytes is frequent and short in the distal processes, but relatively rare

nd large in the soma [43] . Furthermore, Ca2 + signaling induced by the

ypoosmotic test was detected in most compartments of astrocytes ex-

ept the soma, indicating that the astrocytic soma does not respond to

he hypoosmotic test. Interestingly, under selected experimental condi-

ions, Ca2 + signals can still be detected in astrocytes at the soma. Thrane

t al. reported that the astrocytic soma responded to osmotic swelling,

n terms of Ca2 + spikes both in vivo and in vitro [44] . The mouse pups

sed in this study may explain why the somatic Ca2 + response occurred,

emonstrating that Ca2 + signaling at the soma relied on developmen-

ally regulated autocrine signaling pathways. Age is likely to be an im-
1366
ortant factor regulating somatic Ca2 + signaling in astrocytes. More-

ver, Duffy et al. showed that osmotically induced Ca2 + responses at

he soma occur in the late phase of brain swelling [44] . Furthermore,

nother study supported the idea that astrocytes exhibited an increase in

a2 + , mediated by voltage-dependent influx and released from internal

tores in response to ischemia [45] . 

Notably, most Ca2 + activity in astrocytes is spatially restricted to

icrodomains, occurring in fine processes that form a complex mesh-

ork [46] . These localized Ca2 + signals were observed to occur more

requently than somatic Ca2 + elevations and were firstly described as mi-

rodomains in the processes of Bergmann glia [47] . Researchers demon-

trated that these astrocyte Ca2 + signals were frequently far removed

rom the soma, such as in branches, branchlets, and end-feet [ 9 , 48–50 ].

a2 + released from the endoplasmic reticulum (ER) store in an inositol

riphosphate receptor 2 (IP3 R2)-dependent manner is one of the impor-

ant sources of Ca2 + microdomain signals [50] . Microdomain activity,

hich occurs in the absence of IP3-dependent release from the endoplas-

ic reticulum, is mediated by Ca2 + efflux from the mitochondria dur-

ng brief openings of the mitochondrial permeability transition pore [9] .

he Ca2 + influx-dependent events are also detected in the fine processes

f adult hippocampal astrocytes [51] . Many studies have focused on un-

erstanding the Ca2 + events at microdomains [ 1 , 52 , 53 ]. For instance,

 fraction of astrocytic Ca2 + signaling is caused by spontaneous and

ction potential–dependent synaptic activity [54] . Microdomain Ca2 + 

ignal has been detected in end-feet, mediated by Ca2 + entry via TRPV4

hannels and Ca2 + release from IP3 R2-dependent stores [ 55 , 56 ]. Finally,

nother type of Ca2 + signaling occurs during startle responses and lo-

omotion, and is driven by the volumetric release of neuromodulators

 57 , 58 ]. 

. Genesis of astrocytic Ca2 + events 

Astrocytic Ca2 + signaling is regulated by multiple mechanisms, al-

hough these remain to be fully elucidated [59] . To date, numerous

tudies have shown that astrocytic Ca2 + signaling depended not only

n intracellular Ca2 + resources, but also on extracellular transmembrane

a2 + influxes, as shown in Fig. 2 . The sources of Ca2 + also show spatio-

emporal characteristics. For instance, transients in the soma of astro-

ytes rely on the coordination between the release of intracellular Ca2 + 

tores and extracellular influxes. However, some of the events in fine

rocesses can be solely generated by Ca2 + influxes [51] . 

.1. Intracellular Ca2 + source 

The regulated release of Ca2 + from the internal stores of the ER

r mitochondria is one of the major mechanisms contributing to as-

rocytic Ca2 + events. Among them, astrocytic Gq-G protein-coupled

etabotropic receptor (GPCR)-linked IP3 R-dependent Ca2 + signaling

s the most extensively studied molecular mechanism of Ca2 + sig-

als, which has been investigated in an IP3 R2 knockout mouse

 19 , 50 , 60–64 ]. Nagai et al. reported that mice lacking intracellular

P3 R2s showed downregulation of spontaneous and GPCR-mediated

a2 + signaling [64] . Notably, astrocytic Ca2 + events in the soma are

educed by silencing IP3 R2 in the ER. However, both the proportion of

ast-onset microdomain Ca2 + events evoked by nearby synaptic activity

nd the Ca2 + responses in fine processes to sensory stimulation are unaf-

ected [ 50 , 60 , 65 ]. Nevertheless, IP3 R2 is unlikely to be the only type of

eceptor mediating Ca2 + release from the ER in astrocytes. Okubo et al.

ecently re-evaluated the assumption that Ca2 + release from the ER was

bolished in IP3 R2 -KO astrocytes using a highly sensitive imaging tech-

ique and demonstrated that IP3 R2 -independent Ca2 + release induced

mall cytosolic Ca2 + elevations but robust Ca2 + transients in the mito-

hondria [66] . Accordingly, in IP3 R2-KO mice, ryanodine and IP3 R1/3

eceptors may facilitate IP3 R2-independent Ca2 + release [ 67 , 68 ]. 

Mitochondria are another key player in the astrocytic Ca2 + mi-

rodomain, acting as a single electrically coupled continuum or as mul-
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Endoplasmic reticulum Mitochondria Cell membrane

IP3R

mPTP

GPCRs Nicotinic
Receptor

VGCC TRP P2XR Na+-Ca2+

Exchanger
PLC Ionotropic 

Glutamate 
Receptor

Ca2+Astrocyte

MCU

M
AM

Fig. 2. Different Ca2 + channels exist in the cell and organelle membranes. Ca2 + channels are expressed on both the plasma membrane and the membrane 

of organelles, as discussed in this review. GPCRs: G-protein coupled metabotropic receptors, PLC: phospholipase C, IP3 R: inositol triphosphate receptor, MAM: 

mitochondria-associated ER membranes, MCU: mitochondrial Ca2 + uniporter, mPTP: mitochondrial permeability transition pore, VGCC: voltage-gated Ca2 + channel, 

TRP: transient receptor potential channels, P2XR: P2X receptors. 
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iple separate organelles to modulate Ca2 + signals [69] . Recently, the

ergles laboratory demonstrated that mitochondria were critical for

he Ca2 + activities in astrocytic microdomains and were used to store

a2 + , which can influence signals by buffering receptor-induced Ca2 + 

ransients. In this study, scientists have shown that spatially restricted

a2 + events in astrocytic processes, which occurred independently of

R Ca2 + release, were caused by Ca2 + efflux from mitochondria in re-

ponse to the transient opening of the mitochondrial permeability tran-

ition pore (mPTP) [9] . Moreover, studies indicated that opening of the

PTP maintained the levels of mitochondrial Ca2 + . Reversible mPTP

pening-dependent ROS release is an adaptive housekeeping function

f mitochondria to avoid potentially toxic levels of ROS (and Ca2 + )

70] . Agarwal et al. showed that inhibiting the function of astrocytic

PTP or disrupting the mitochondrial membrane potential markedly re-

uced Ca2 + events in the microdomain, whereas increasing mPTP open-

ng increased Ca2 + transients [9] . Collectively, these studies showed that

pening of mPTP was the cause of spontaneous Ca2 + signals in astrocytes

acking IP3 R-mediated Ca2 + release. Mitochondrial Ca2 + homeostasis is

lso achieved by the mitochondrial Ca2 + uniporter (MCU), mitochon-

rial H+ -Ca2 + exchangers, and Na+ -Ca2 + exchangers [71] . 

Interestingly, functional coupling also exists between mitochondria

nd ER Ca2 + stores in astrocytes. The ER and mitochondria are fre-

uently in close proximity and have been shown to form mitochondria-

ssociated ER membranes (MAMs) that promote the exchange of

etabolites and ions [72] . This specialized junction may synergistically

romote Ca2 + release. In PD, the interface of the ER–mitochondria was

isrupted, leading to abnormal ER-to-mitochondria Ca2 + transfers in pa-

ients with PD and Parkin knockout mice with Parkin mutations [73] .

arkinson’s disease protein 7 (Park7/DJ-1) which is another PD-related

rotein closely related to MAMs has also been implicated in Ca2 + events

nd upregulating DJ-1 prevents these alterations by re-establishing the

R-mitochondria tethering [ 74 , 75 ]. Liu et al. identified DJ-1 as a key

omponent of the IP3 R–Grp75–VDAC1 complex, the loss of which re-

ulted in decrease in mitochondrial Ca2 + upon IP3 R stimulation [75] .

n AD, exposure of neurons to A 𝛽 triggered the upregulation of MAM-

ssociated proteins and increased ER–mitochondrial contact sites [76] .
1367
oreover, MAM-localized Ca2 + signals have been implicated in the

athogenesis of other diseases and warrants further investigation [72] . 

.2. Extracellular Ca2 + influx 

Numerous studies have suggested that Ca2 + activity in astrocytes also

epended on extracellular Ca2 + sources. In particular, astrocytes exhib-

ted Ca2 + events close to the membrane [ 49 , 77 ]. Genetic and pharma-

ological evaluations have shown that extracellular Ca2 + influx in astro-

ytes occurred through transient receptor potential cation channel A1

TRPA1) and others (e.g., TRPC3, TRPC4, TRPC5, TRPV1, TRPV4 and

RPC1) [ 55 , 77–84 ]. Importantly, the studies conducted by Freeman’s

roup on TPR channels contributing to microdomain Ca2 + signals de-

erve attention. They demonstrated that astrocytic Ca2 + events medi-

ted by different TRP channels were indispensable for multiple sensory-

riven behaviors as well as the regulation of CNS gas exchange [ 85 , 86 ].

owever, despite the dedication of numerous scientists to the investiga-

ion of these receptors, the molecular basis of this process has not been

ystematically elucidated. Ca2 + signaling in astrocytes in different brain

egions may be mediated by different sources. 

Ionotropic glutamate receptors (iGluRs) are ligand-gated ion chan-

els that can be divided into three types (NMDA receptor, AMPA recep-

or, and Kainate receptor). iGluRs are also essential mediators of astro-

ytic Ca2 + influx [87–91] . Porter et al. demonstrated that hippocampal

strocytes responded to the neuronal release of the neurotransmitter

lutamate by increasing in Ca2 + through iGluRs [92] . Similarly, NMDA

riggered local increases in astrocytic Ca2 + in the mouse neocortex via

unctional NMDA receptors [93] . 

The Na+ -Ca2 + exchanger, also known as “NCX, ” exchanges the Ca2 + 

nd Na+ in the astrocytes. Multitudinous researches have attempted

o model the function of NCX in astrocytic Ca2 + microdomain events,

hich revealed a novel form of astrocytic Ca2 + signaling [94–96] . 

P2X receptors, which are thought to contain seven subunits, are ion

hannels that open in response to the binding of extracellular ATP in

strocytes from the hippocampus, cortex, spinal cord, cerebellum, brain

tem, and retina [ 19 , 97–99 ]. P2 ×1/5 and P2 ×7 are the major subunits
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a Interactions at individual synapses b Interactions at groups of synapses c Interactions between networks

Non-spiny
dendrite

Synaptic clusterSpiny
dendrite

Astrocyte

signaling of neurons

Astrocyte

Pre-synapse

Post-synapse

Astrocyte

Neuro-transmitter

Secretory
molecules

Dendritic spine

Fig. 3. Three modes of interaction between neurons and astrocytes . (a) Ca2 + events in perisynaptic astrocytic leaflets induce the release of signaling molecules 

that affect neuronal excitability, synaptic plasticity, and transmission. (b) Astrocytic Ca2 + signaling involves the territories of multiple synapses, which affect their 

plasticity/ activity. (c) Ca2 + events propagate through the astrocytic network and control information processing throughout the network of neurons. 
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ssociated with Ca2 + signals. Rat cortical astrocytes have been reported

o express ligand-gated P2X (i.e., P2 ×1 -P2 ×5 and P2 ×7 ) for all clones

xcept the P2 ×6 receptor [ 88 , 100 ]. In addition to the cortex, P2 ×7 

eceptors were found to be expressed in the hippocampus and retina

 101 , 102 ]. 

Voltage-Gated Ca2 + Channels (VGCC), documented at the molecu-

ar level, are classified as Cav 1.1–1.4 or L-type Ca2 + channels, Cav 2.1–

.3 or P/Q/N/R-type channels, and Cav 3.1–3.3 or T-type Ca2 + channels

 19 , 103 ]. Previous studies have found Cav 1.2 and Cav 1.3 channels in

odent cortical astrocytes, while VGCCs subtypes of 𝛼1B (N-type), 𝛼1C

L-type), 𝛼1D (L-type), 𝛼1E (R-type), and 𝛼1G (T-type) have been found

n neonatal cultured cortical astrocytes [104–107] . Additionally, the pri-

ary pituicytes express immunoreactivity for the Cav 1.2 L-type, Cav 2.1

/Q-type, Cav2.2 N-type, Cav 2.3 R-type, and Cav3.1 T-type subunits

108] . 

The homomeric 𝛼-7 nicotinic acetylcholine receptors ( 𝛼7nAChRs)

re expressed in astrocytes, and activation of 𝛼7nAChRs in hippocampal

lices or in culture has been shown to induce intracellular Ca2 + tran-

ients [ 109 , 110 ]. Other Ca2 + channels, such as Ca2 + release-activated

a2 + channels and plasmalemmal Ca2 + -ATPase, also contribute to the

strocyte microdomain Ca2 + signals and other astrocytic functions

111] . While astrocytic Ca2 + events can originate from either pure in-

racellular or extracellular Ca2 + resources, they may also arise from the

ollaborative action of different sources [ 112 , 113 ]. 

. Function of astrocytic Ca2 + signals 

Ca2 + signaling assumes a fundamental role in diverse astrocytic func-

ions, including the modulation of cerebral blood flow, synaptic trans-

ission, synaptic plasticity, release of gliotransmitters, and neuronal

piking [1] . Additionally, the ability to generate Ca2 + events promotes

TP production by enhancing glycogenolysis [114] . Significantly, the

omplex morphology and wide distribution of astrocytes makes them

ell placed to exert local control over synapses and provide global sup-

ort to neural circuits [ 9 , 115 ]. Astrocytes express numerous neurotrans-

itter receptors, particularly metabotropic receptors, which sense the

icroenvironment and induce intracellular Ca2 + signaling. Therefore,

here exists a significant relationship between astrocytes and neurons

hat is mediated by Ca2 + signals. From the perspective of astrocytic

a2 + , the interaction between astrocytes and neurons can be divided

nto three models, interactions at individual synapses, interactions at

roups of synapses, and interactions between networks ( Fig. 3 ). Delv-

ng deeper into the intricacies of these interactions can contribute to a

etter understanding of synapse-astrocyte interactions. 
1368
.1. Synaptic transmission 

It is known that some astrocytic Ca2 + signals are intrinsic, while oth-

rs are driven by ATP or neurotransmitters such as norepinephrine (NA),

cetylcholine, and dopamine. Indeed, NA regulates Ca2 + events in astro-

ytes [ 53 , 57 , 58 , 116 ]. Paukert et al. showed that the NA released after

ight stimulation greatly enhanced astrocytic Ca2 + signals and shifted

he gain of astrocytic networks according to the behavioral state, en-

bling astrocytes to respond to local changes in activity of neuron [57] .

imilarly, Chen et al. characterized a previously undescribed glial type

n zebrafish that resembles mammalian astrocytes and demonstrated

hat zebrafish astrocytes exhibit microdomain Ca2 + transients and re-

pond to NA [117] . Another study further confirmed that Ca2 + levels in

adial astrocytes of zebrafish increased with the number of failed swim-

ing attempts [118] . Recently, Poskanzer’s group reported that NA-

riven astrocytic Ca2 + events acted as a distinct neuromodulatory signal

o regulate state of cortex and linking arousal-associated desynchrony

o cortical circuit resynchronization [119] . Moreover, Ca2 + transients

ere induced by acetylcholine in hippocampal and cortical astrocytes

nd modulate synaptic transmission [ 120 , 121 ]. Dopamine, which is pro-

uced in dopaminergic neurons, induced Ca2 + responses in astrocytes

n the nucleus accumbens or hippocampus [ 122 , 123 ] . In the nucleus

ccumbens, dopamine increased Ca2 + in astrocytes, stimulated adeno-

ine/ATP release and inhibited excitatory synaptic transmission by acti-

ating presynaptic A1 receptors [122] . In the hippocampus, dopamine

riggered changes in the concentration of intracellular astrocytic cal-

ium with enhanced associated effects on local synaptic function [123] .

.2. Synaptic plasticity 

Long-term potentiation (LTP) is the most researched form of synaptic

lasticity and is thought to be achieved by Ca2 + signals in astrocytes and

eurons [124–128] . Interestingly, different Ca2 + signaling pathways in

strocytes are involved in different forms of LTP [52] . The classical form

f LTP relies on NMDA receptors and Goshen’s group reported that astro-

ytic activation induced de novo NMDA-dependent LTP in CA1 to further

onfirm this concept [ 129 , 130 ]. D-serine is an endogenous ligand for

MDA receptors and it has been reported that astrocytes regulated ac-

ivation of LTP through Ca2 + -dependent release of D-serine [131–133] .

dditionally, Shigetomi et al. indicated that astrocytes contributed to

MDA receptor-dependent LTP, the activation of which caused Ca2 + in-

ux, possibly through plasma membrane TRPA1 channels [78] . Navar-

ete et al. showed that cholinergic activity in vivo evoked by electri-

al or sensory stimulation increased astrocytic Ca2 + events and induced
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Table 1 . 
TP in the hippocampus. Similarly, in hippocampal slices, stimulation

f cholinergic pathways evoked astrocytic Ca2 + signals and induced

TP at single CA3-CA1 synapses [134] . Recently, Liu et al. demon-

trated that through the integration of synaptic inputs, astrocyte in-

sitol IP3 R2-dependent Ca2 + signaling was crucial for late-phase LTP,

hich was mediated by astrocyte- and brain-derived neurotrophic factor

135] . 

.3. Other functions of Ca2 + signals in astrocytes 

Previous research has shown that changes in Ca2 + signals of astro-

ytes altered hemodynamics, increase glucose mobilization and influ-

nce cell activity by releasing neuroactive substances (e.g., glutamate,

-serine, and ATP) [136] . Moreover, Ca2 + signals in astrocytes stimu-

ate the Na+ - and K+ -dependent adenosine triphosphatase, leading to

 decrease in the extracellular concentration of K+ [36] . Furthermore,

esearchers have discovered widespread astrocytic Ca2 + events in the

ortex, showing that 11% of astrocytes exhibited Ca2 + signaling closely

orrelated with the behavior of running [137] . Interestingly, some sub-

tances can also affect the function of Ca2 + events to mediate responses

n astrocytes. Nagai et al. reported that a 122-residue inhibitory pep-

ide of 𝛽-adrenergic receptor kinase 1 attenuated astrocyte Gq -GPCR-

ediated Ca2 + signals and contributed to behavioral adaptation and

patial memory [64] . 

Notably, astrocytic Ca2 + signaling has been proposed to be involved

n disease progression [ 59 , 138 ]. In AD mice, Kuchibhotla et al. reported

hat astrocytic Ca2 + events were more frequent after CNS damage and

ere enhanced in the amyloid deposition regions [139] . P2Y1 recep-

ors, highly expressed by reactive astrocytes surrounding plaques, are

eported to mediate astrocyte hyperactivity, and blockade of P2Y1 re-

eptors significantly reduced astrocytic Ca2 + activity and normalized

strocytic dysfunction. In addition to P2Y1 receptor-mediated Ca2 + sig-

als, Bosson et al. demonstrated that astrocytes contributed to early A 𝛽o

oxicity by exhibiting a global and local Ca2 + hyperactivity involving

RPA1 channels [ 140 , 141 ]. Additionally, Lee et al. demonstrated that

icomolar amounts of A 𝛽 peptides was detected via an astrocytic 𝛼7-

AChR-dependent mechanism, which responded with increased Ca2 + 

ransients [142] . However, astrocytic Ca2 + signals were reduced during

he early stages of A 𝛽 deposition, while neurons were hyperactive and

pecific tactile memory loss occurred. Restoration of deficient Ca2 + sig-

als attenuated neuronal hyperactivity and alleviated the clinical phe-

otypes [ 143 , 144 ]. In an HD mouse model, the amplitude, duration,

nd frequency of astrocyte Ca2 + events significantly reduced, but astro-

ytes responded vigorously to cortical stimulation with evoked action

otential-dependent Ca2 + signaling [145] . 

In short, astrocytic Ca2 + events are vital for optimal physiological

nd pathological function. Nevertheless, the underlying mechanisms

nd the physiological and pathophysiological significance of Ca2 + in as-

rocytes remain poorly understood. Therefore, the study of Ca2 + events

n astrocytes remains elusive and is envisioned as the focus of future

iological research after the development of more advanced detection

ethods. 

. Analysis tools of astrocytic Ca2 + signaling 

Compared to the easy identification of somas, astrocytic Ca2 + mi-

rodomain signaling is difficult to define. The processes of astrocytes

xtend thin lamellar sheets that contain minimal cytoplasm, posing a

hallenge to the detection of Ca2 + changes with cytosolic indicators.

ue to technical difficulties in accessing the small spatial area of cal-

ium microdomains, the role of astrocytic Ca2 + microdomain activity

emains poorly understood. As a result, many experiments and analysis

ethods are constantly being updated, to better dissect the characteris-

ics of Ca2 + signaling in astrocytes. 
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.1. Indicators for detecting Ca2 + signals 

Observing changes and timelines in intracellular Ca2 + signaling is

ssential for exploring the physiological and pathological states in the

NS. Ca2 + activity is varied in a single astrocyte and in astrocytic net-

orks at different locations and times. Various indicators are used to de-

ermine the number, size, and position of detected Ca2 + signals, which

re powerful tools for visualizing the activity of Ca2 + signals. Visual-

zation and quantification of intracellular Ca2 + signals can be achieved

sing chemical Ca2 + indicators (e.g., Fura-2, Fluo-4, and Mag-Fura-Red)

r genetically encoded Ca2 + indicators (GECI) (e.g., GCaMPs, Pericams,

nd TN-XXL). 

.1.1. Chemical Ca2 + indicators 

Beginning with the studies of Cornell-Bell et al., chemical Ca2 + in-

icators have been introduced into the study of astrocytic Ca2 + signal

unctions. These indicators have been widely used and the resulting

ata have significantly advanced the understanding of astrocyte func-

ion [ 42 , 146 ]. Importantly, the concentrations of the indicators should

ot exceed the buffering capacity of the cells [ 147 , 148 ]. Additionally,

he selection of the most appropriate chemical Ca2 + indicator requires

ultiple considerations, including Ca2 + affinities, spectral properties,

nd the forms of different indicators [149] . 

Compared to GECIs, chemical Ca2 + indicators offer a notable advan-

age in that they are readily accessible commercially and can be eas-

ly employed without the need for cellular transfection. Moreover, cell-

oading protocols have been well-established [150] . Thus, traditional

hemical synthesis indicators have been widely used to investigate in-

racellular Ca2 + signaling. Selecting an appropriate chemical Ca2 + indi-

ator requires various considerations, including Ca2 + affinities and spec-

ral properties. However, these indicators have many limitations and

roblems, such as leakage, uneven dye loading photobleaching, and cy-

otoxicity. In particular, the cellular localization of the indicators cannot

e specifically targeted to a particular organelle [149] . Therefore, they

ay be inappropriate indicators for the precise study of Ca2 + signaling

149] . 

.1.2. Genetically-encoded Ca2 + indicators 

Imaging of Ca2 + with protein-based indicators has been extensively

sed to follow neural activity in intact nervous systems. In recent years,

ECIs have become one of the most comprehensive calcium indica-

ors and have made outstanding contributions to the study of physi-

logical functions and developmental mechanisms of different tissues

nd organisms [151] . GECIs have been particularly valuable in study-

ng Ca2 + signals in branches and branchlets of astrocytes [ 59 , 152 ]. Ac-

ording to the luminescence principle, GECIs can be divided into two

ategories: single-fluorescent protein-based GECIs and fluorescence res-

nance energy transfer (FRET)-based GECIs [153] . The most commonly

sed single-fluorescent protein-based GECIs include GCaMPs, Camga-

oos, and Pericams, while FRET-based GECIs include TN-XXL, D3cpV,

nd Cameleons [ 151 , 154 ]. 

Notably, GCaMP indicators are the most broadly used GECIs for

onitoring Ca2 + in astrocytes. GCaMP indicators consist of a circularly

ermuted enhanced GFP moiety linked to the calcium-binding protein

almodulin (CaM) and the CaM-binding peptide M13pep [155] . The first

CaMP indicator was terribly dim and poorly folded at 37 °C, limiting

ts effectiveness for imaging. Improvement by grafting of GFP-stabilizing

utations and random mutagenesis led to the generation of GCaMP2,

hich showed significant improvements in the characteristics of fluores-

ence and folding [156–158] . Since then, groups at the Janelia Research

ampus have continued to develop and optimize several rapid and sensi-

ive GCaMP-type indicators by using structure-guided mutagenesis and

arge-scale screening. The main approaches to the introduction of single

avelength GECIs for the detection of Ca2 + signals are summarized in
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Table 1 

Summary of the single wavelength GECIs for detecting astrocytic Ca2+ sig- 

naling . 

Name Wavelength (nm) Ref. 

Excitation Emission PMID 

GCaMP GCaMP3 485 510 23868258 

GCaMP5G 485 510 23868258 

GCaMP5K 485 510 23868258 

GCaMP6f 485 510 23868258 

GCaMP6s 485 510 23868258 

GCaMP6m 485 510 23868258 

jGCaMP7s 485 510 31209382 

jGCaMP7f 485 510 31209382 

jGCaMP7b 485 510 31209382 

jGCaMP7c 485 510 31209382 

jGCaMP8s 485 510 36922596 

jGCaMP8m 485 510 36922596 

jGCaMP8f 485 510 36922596 

Lck-GCaMP6f 488 510 27939582 

jRCaMP1 jRCaMP1a 575 595 27011354 

jRCaMP1b 570 595 27011354 

jRGECO1a 565 590 27011354 

XCaMP-B XCaMP-B 405 446 31080068 

XCaMP-G 488 514 31080068 

XCaMP-Gf 488 514 31080068 

XCaMP-Gf0 488 514 31080068 

XCaMP-Y 488 527 31080068 

XCaMP-R 561 593 31080068 
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Crucially, given the swift advancement of new techniques, there is

 growing need for more precise localization of astrocytic Ca2 + signals.

cientists have developed membrane and organelle-targeted indicators

hat have been used in various studies [159–161] . In 2013, Khakh and

is colleagues compared two types of GECIs, cyto-GCaMP3 and Lck-

CaMP3, and provided detailed descriptions to facilitate the systematic

esearch on astrocytic Ca2 + signaling [48] . A few years later, O’Donnell

t al. observed mitochondrially centered and extramitochondrial Ca2 + 

ignals using Lck-GCaMP6s [162] . Mitochondria, as key organelles reg-

lating Ca2 + signals, have been considered in the construction of DNA

lasmids encoding GECIs. Chen et al . constructed a mito-GCaMP2 by

enetic manipulation and demonstrated that the response of mitochon-

rial Ca2 + signals was diverse in different cell lines [163] . Similarly,

hang et al. observed mitochondrial Ca2 + imaging of cultured astro-

ytes by transfecting with mito-GCaMP5G/6s in astrocytes [164] . The

R acts as a store that maintains Ca2 + homeostasis [165] . Aryal et al.

eveloped ER-GCaMP6f and indicated that ER-GCaMP6f was expressed

n vivo and used to measure Ca2 + activity in brain slices [160] . With the

evelopment of technology and the need for ongoing research, numer-

us membrane- and organelle-targeted indicators are being developed

nd applied. 

.2. Software 

In order to investigate astrocytic Ca2 + signals in depth, various soft-

are tools that employ an event-based perspective to accurately quan-

ify Ca2 + in fluorescence imaging datasets have been developed. Here,

e discussed the most commonly used image analysis toolboxes tailored

or astrocytic Ca2 + image data. 

.2.1. GECIquant 

In 2015, Khakh et al. developed GECIquant, which allows for rapid

emi-automated detection of regions of interest (ROIs) for Ca2 + signaling

50] . As the first software used to specifically analyze Ca2 + in GCaMP

xpressing astrocytes, GECIquant was able to automatically detect the

icrodomain and expand wave ROIs based on the provided area criteria .

he GECIquant software focuses on the single cell level, with the abil-

ty to provide raw fluorescence data from different regions. Moreover,
1370
races can be processed by the software to obtain additional features

166] . 

.2.2. Ca2 + signal classification and decoding (CaSCaDe) 

Subsequently, in 2017, CaSCaDe was developed, which was similar

o GECIquant and used a machine learning-based algorithm to identify

a2 + signaling. Significantly, the CaSCaDe software can represent the

egions that exhibit dynamic fluorescence changes and provide infor-

ation on frequency, number, time course, and amplitude [9] . 

.2.3. Astrocyte quantitative analysis (AQuA) 

Both GECIquant and CaSCaDe rely on ROIs and measure along time.

evertheless, their shortcoming lies in the defined boundaries of mi-

rodomains, which would lead to inaccurate signals. Accordingly, Wang

t al. presented a new analytical framework that releases researchers

rom the limitations of ROI-based tools. The AQuA software accurately

uantifies complex Ca2 + signaling and neurotransmitter activity in fluo-

escence imaging datasets [167] . In this study, researchers demonstrated

hat the AQuA software outperformed other analysis methods on simu-

ated datasets and described event detection using multiple GECIs. Fur-

her, it applies not only to fluorescent indicators, but also to others tested

ere, especially those with complex dynamics. 

.2.4. Cellular and hemodynamic image processing suite (CHIPS) 

CHIPS is an open source toolbox developed to analyze the cells and

lood vessels, primarily from two-photon microscopy [168] . Signifi-

antly, it can integrate a range of algorithms and streamline image anal-

sis pipelines. In detail, CHIPS is best suited to examine a dataset using

ultiple approaches simultaneously. For instance, it can simultaneously

nalyze cell volume or vascular diameter [169] . 

.2.5. Begonia 

Begonia is a MATLAB-based two-photon imaging analysis toolbox

eveloped for astrocytic Ca2 + signals [170] . The analysis suite includes

n automatic, event-based algorithm with few input parameters that can

apture a high level of spatio-temporal complexity of astrocytic Ca2 + 

ignals. Furthermore, begonia enables the experimentalist to accurately

uantify astrocytic Ca2 + signals and examine Ca2 + transients in conjunc-

ion with other time series data [169] . 

.2.6. Deconvolution of Ca2 + fluorescent patterns (deCLUTTER) 

Recently, Grochowska et al. developed a new pipeline for calcium

maging data analysis called deCLUTTER2 + 
, which can be used to dis-

over spontaneous or cue-dependent patterns of Ca2 + transients [171] .

n their study, to better integrate the data from the different cell lines,

eCLUTTER was used to analyze the variability of Ca2 + at different time

oints, with older astrocytes contributing to the clusters of more respon-

ive cells. 

. Conclusion and perspectives 

This review focuses on the recent advances in astrocytic Ca2 + signal-

ng, contributing to more comprehensive understanding of Ca2 + events

n astrocytes. In particular, we describe the main characteristics of as-

rocytic Ca2 + signaling, exploring its genesis and functions in the CNS.

inally, we provide an overview of the analytical tools used to study

strocytic Ca2 + signaling. 

Despite these advances, research in this field is still in its infancy,

eaving several fundamental questions unanswered. Firstly, the hetero-

eneity of astrocytes may be reflected in various types of Ca2 + signaling

 172 , 173 ]. Supporting this perspective, given the demonstrated astro-

ytic heterogeneity across different brain regions, Khakh et al. identified

istinct astrocytic Ca2 + signals in the CA3 region compared to other re-

ions of the hippocampus [ 54 , 174–178 ]. Secondly, in vivo changes in

strocytic Ca2 + signals are diverse and complex over both short and
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ong time periods. Therefore, a pressing need exists for enhanced exper-

ments that can comprehensively investigate astrocyte responses across

ifferent temporal scales, building on the refined comprehension of Ca2 + 

ignals in vivo . When scientists can consistently and accurately observe

nd measure specific astrocyte Ca2 + microdomain signaling with spatial

nd temporal resolution, the field will be well-positioned to delve into

he functions of astrocytes in the CNS. Thirdly, the investigation of the

roperties and biophysics of astrocyte Ca2 + signals in processes deserves

urther attention. Notably, anesthesia, a critical confounding factor, has

een confirmed to affect Ca2 + responses within astrocytes. Therefore,

aintaining mice in an awake state is imperative when researchers in-

estigate Ca2 + signals [ 172 , 179 , 180 ]. Selection of sensitive critical indi-

ators, in particular GECIs, allows in vivo monitoring of astrocytic Ca2 + 

ctivity in precise regions. Fourth, the present studies may not system-

tically reflect the functions of astrocytic Ca2 + events throughout the

ntire brain. More attention should be directed towards understanding

he synergistic effect between astrocytic Ca2 + events and other compo-

ents of the neurovascular unit. Takano et al. reported that astrocytic

a2 + signals mediated vasodilation in response to increased neural ac-

ivity [181] . In essence, the study highlights the necessity for more sys-

ematic research on astrocytic Ca2 + signals in the future. Consequently,

t is crucial to adopt more comprehensive strategies and develop new

echnologies to enhance our understanding of astrocytic Ca2 + signaling

n vivo . 

Numerous challenges in this field warrant in-depth exploration. Key

uestions that require addressing include: (1) What is the precise molec-

lar mechanism by which astrocytes control Ca2 + ? (2) Can novel meth-

ds be developed to regulate astrocyte Ca2 + signaling in specific brain

egions? (3) Do altered astrocyte Ca2 + signals contribute to specific CNS

iseases via different pathways? 

In consideration of the aforementioned points, despite clear progress,

urther in-depth studies are needed to explore the molecular mecha-

isms of Ca2 + signals in astrocytes. Hence, the next stage of research

nto astrocytic Ca2 + signals should persistently emphasize investigations

nto astrocyte-related physiology, pathology, and animal behaviors. This

trategic focus will undoubtedly contribute to a more nuanced under-

tanding of the pivotal roles of astrocytic Ca2 + signaling in both normal

nd pathological conditions, paving the way for significant advance-

ents in the foreseeable future. 
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