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Abstract: Calcium (Ca?") signaling plays a pivotal role in coordinating neural stem cell (NSC)
proliferation across various cell cycle stages, regulating immediate early gene transcription, and
governing processes like quiescence and cell division. Additionally, calcium signaling pathways are
implicated in the initiation, progression, and therapeutic targeting of glioblastoma multiforme (GBM),
particularly focusing on glioma stem cells (GSCs). Intracellular calcium levels are increased through
the activation of channels, transporters, and calcium-binding proteins (CaBPs), which generate specific
calcium signals characterized by spatial, temporal, and intensity profiles. Moreover, extracellular
factors such as growth factors, neurotransmitters, and extracellular nucleotides modulate calcium
levels to finely regulate NSC and GBM behavior. Calcium-associated proteins and ion channels like
calcium release-activated (CRAC) channels and voltage-gated calcium channels play key roles in NSC
proliferation and differentiation. Despite calcium's versatile and widespread role as a second messenger
critical for regulating various cellular functions, the specific roles of calcium in stem cell niches, stem
cell maintenance, and glioblastoma stem cells are still in early stages of exploration. This article aimed
to provide a comprehensive and current understanding of the roles of calcium signaling in NSC behavior
and interactions within their niche, which are critical for neurogenesis, brain repair mechanisms, and
understanding age-related decline in stem cell function. Investigating the heterogeneity of GBM
tumors resembling neurospheres and their similarity to neural stem cells (NSCs) highlights the critical
involvement of calcium in governing cellular behaviors such as quiescence, proliferation, and
migration. Furthermore, this manuscript illuminates various potential interventions targeting calcium
channels and associated signaling pathways to mitigate GSC activities and hinder GBM recurrence,
offering a promising avenue for developing novel therapeutic strategies against GBM.
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1. Introduction

The development of the nervous system unfolds through a meticulously orchestrated sequence of
events. It begins with the proliferation of neural stem/progenitor cells (NSCs), which then migrate
considerable distances from germinal centers to their final destinations. Following migration, these
cells undergo differentiation into billions of neurons and glia, ultimately populating the brain [1,2].
During this intricate process, thythmic bursts of calcium (Ca?") signals within developing cells play a
pivotal role, guiding specific cellular responses at each stage [3]. These cellular calcium signals are crucial
in regulating various aspects of neural development, such as neural induction and proliferation [4,5].

Stem cells typically reside within specialized niches that influence their behavior, making it crucial
to investigate how extracellular calcium is managed in these microenvironments. The modulation of
calcium levels in local tissues likely involves distinct mechanisms, yet this aspect remains relatively
unexplored due to its intricate technical nature [6]. Therefore, calcium physiology in stem cells is
influenced by specific regulation and signaling mediated by intracellular calcium, as well as by the
availability of calcium within the stem cell niche [7].

In pathological contexts, NSCs play a critical role in brain repair following injuries. Moreover,
oncogenic mutations in NSCs within the ventricular-subventricular zone (V-SVZ) region are
consistently linked to the development of glioblastoma (GBM) [8—11]. GBM tissues contain a subset
of cells known as glioma stem cells (GSCs), which share several characteristics with NSCs and are
believed to originate from them [12]. GSCs, known for their rapid proliferation and resistance to
current therapies, are believed to be responsible for tumor initiation, growth, and recurrence [13].

The activation of any calcium channel in the cell membrane results in a substantial influx of calcium
into the cell, leading to a rapid increase in intracellular calcium levels. This surge in calcium
concentration acts as a critical signal that modulates the activity of nearby proteins, initiating a diverse
array of biological responses [14].

Calcium ion Ca*" serves as a highly impactful signaling molecule on cellular function, underscoring
its functions as a versatile and widespread second messenger that regulates a diverse range of cellular
processes [15]. Within both mature and developing brain tissue, numerous calcium signaling proteins
generate diverse calcium signals that orchestrate various cellular processes [16,17]. Calcium signaling
is crucial in multiple aspects of nervous system development [18,19].

The regulation of cytoplasmic calcium governs a wide range of cellular activities, including
neurotransmitter release, intracellular signaling, transcription, excitation—contraction coupling in
muscle cells, cell motility and morphology, metabolism, and hormone release [20]. Moreover, the
calcium signaling pathway, mediated by specific components of the calcium signaling toolkit, plays a
vital role in neurogenesis, influencing neural induction, proliferation, migration, and differentiation of
neural cells [18,21,22].

As calcium diffuses away from its source, its concentration diminishes sharply with distance due to
cytoplasmic buffers and membrane pumps [23]. Consequently, the arrangement of calcium signaling
complexes and downstream effectors in close proximity to calcium channels facilitates rapid and
precise activation of calcium-dependent responses [24,25]. Therefore, for many calcium-mediated
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functions, the physiological outcome depends on the spatial relationship between calcium channels
and their calcium-sensitive effectors.

The diversity of cellular functions influenced by cellular calcium signals prompts inquiry into
how specificity is conveyed by this versatile messenger. The spatial arrangement of the calcium signal
provides targeted instructions to modulate downstream responses [3,25]. Calcium microdomains,
localized calcium signals, swiftly emerge near open calcium channels, establishing spatial calcium
gradients characterized by high [Ca?*] levels adjacent to the channel pore, sometimes reaching tens of
micromolar [26].

Cytosolic Ca*" levels are altered in response to external stimuli, a process modulated through both
extracellular calcium entry and the release of calcium from internal stores [27]. This complex
regulation underscores the importance of understanding intracellular calcium oscillation (ICO), a key
mechanism in cellular signaling. The dynamics of ICO have been extensively studied from various
perspectives, uncovering diverse phenomena such as stochastic resonance, calcium puffs, and
coherence resonance, all of which highlight the critical role of calcium-induced calcium release
channels [28].

Research on ICO has significantly focused on stochastic effects, spatial structures, and the activation
of proteins involved in calcium signaling. Recent studies have investigated the role of non-Gaussian
noise within ICO systems, emphasizing its impact on the stability of calcium signaling and
underscoring the need to examine the statistical properties of Ca?" concentration velocity [29].
Furthermore, the inclusion of time delays in both active and passive calcium transport processes has
been shown to be crucial for accurately modeling ICO dynamics, particularly in systems influenced
by additive Gaussian-colored noise. These time delays provide a more comprehensive understanding
of the transient dynamics of ICO [28].

Additionally, recent investigations have explored the effects of non-Gaussian noises on ICO,
specifically their capacity to induce synchronous or anti-synchronous oscillations. These oscillations
can have significant implications for calcium concentration and signaling, further emphasizing the
complex interplay between noise and intracellular calcium dynamics [30].

The manuscript will explore diverse calcium signaling pathways, examining their functions and
impact on general cellular regulation. It will particularly highlight the dynamics of these pathways in
relation to the proliferation of NSCs and the progression of GBM. This analysis will involve discussing
the range of regulators and signals influencing the proliferation of these cells, including conditions
under which the effects of different calcium modulations have been studied in NSCs or GBM.
Furthermore, the manuscript will explore potential avenues for future research and promising targets
worthy of investigation for future therapeutic interventions.

2. Regulation of calcium signaling in cellular function, dynamics, and neurodevelopment

The Ca*" ion plays a pivotal role as a secondary messenger in cellular signaling pathways,
orchestrating fundamental processes such as cell growth, migration, and programmed cell death (PCD)
[16]. A notable characteristic of cellular dormancy is the exceptionally low cytosolic concentration of
calcium, typically less than 100 nmol/L, which contrasts sharply with the much higher levels found
extracellularly, spanning a difference of several thousandfold. This marked discrepancy underscores
the importance of calcium dynamics in cellular regulation.

The influx of extracellular calcium is mediated by a diverse array of transmembrane proteins,
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predominantly calcium channels, which act as conduits for calcium entry in response to a range of
stimuli. These stimuli encompass membrane depolarization, extracellular signaling molecules,
intracellular messengers, mechanical tension, or the depletion of intracellular calcium stores [16].
Notably, different types of calcium channels operate through specialized mechanisms that are
finely tuned to respond to specific cellular signals and environmental cues. A comprehensive
understanding of these intricate mechanisms is imperative for elucidating the multifaceted role of
calcium in cellular physiology and pathology, a topic that will be explored in detail in this article.
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Figure 1. Calcium signaling pathways in the regulation of calcium flow and homeostasis
in cellular functions.

In the cytoplasm, calcium levels are typically low and maintained in a stable state, but they can
increase substantially within organelles such as the endoplasmic reticulum (ER), lysosomes, and
mitochondria, where concentrations may escalate to much higher levels [31]. The expulsion of calcium
from the cytoplasm happens against a steep gradient using ATP-dependent mechanisms, which involve
plasma membrane Ca?* ATPases (PMCAs) efflux pumps and, particularly in excitable cells, the
Na+/Ca?" exchanger (NCX) (Figure 1) [32,33]. Moreover, calcium ions are transported within cells
through a series of orchestrated mechanisms. First, ATP-dependent sarcoendoplasmic reticulum
calcium ATPase (SERCA) pumps actively move calcium ions into the ER. Concurrently, voltage-
dependent anion-selective channel 1 (VDAC1), located in the outer mitochondrial membrane, enables
the influx of calcium into the intermembrane space (Figure 1). Subsequently, within the inner
mitochondrial membrane, calcium is transferred via the mitochondrial calcium uniporter (MCU) and
its associated regulatory proteins, driven by the gradient of the mitochondrial membrane potential [34].

AIMS Biophysics Volumell, Issue 3, 296—328.



300

Moreover, calcium can be released from mitochondria through the NCLX (Slc8bl) Na+/Ca**
exchanger (Kostic & Sekler, 2019). Furthermore, within lysosomes and other acidic organelles, there
are two-pore channels (TPC) that release calcium in response to the second messenger nicotinic acid
adenine dinucleotide phosphate (NAADP) [35].

In animal cells, store-operated calcium entry (SOCE) is a critical pathway for the entry of calcium
ions. This process is mediated by store-operated channels (SOCs), which are activated upon depletion
of calcium stores within the ER. SOCs serve a dual function: they refill ER calcium levels and initiate
sustained calcium signals that are essential for various cellular functions, including gene expression,
secretion, and motility [36].

The activation of store-operated calcium (SOC) channels begins with the stimulation of G protein-
coupled receptors (GPCRs) or receptor tyrosine kinases (RTKs), which trigger the phospholipase C
(PLC)-IP3 signaling pathway. PLC hydrolyzes phosphatidylinositol-4,5-bisphosphate (PIP2) into
diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3) [37]. DAG activates protein kinase C
(PKC), leading to the opening of receptor-operated channels (ROCs), such as transient receptor
potential canonical 3/6 (TRPC3/6) [37]. These TRPC channels, also known as secondary messenger-
operated channels (SMOCs), facilitate the influx of positively charged ions, including calcium
(Figure 1) [38,39].

Moreover, the regulation of intracellular calcium ions profoundly impacts cellular dynamics,
primarily managed by the ER as the principal calcium reservoir. Calcium is released into the cytoplasm
via inositol 1,4,5-trisphosphate receptors (IP3Rs) and ryanodine receptors (RYRs) triggered by factors
like free calcium ions [40].

SOCE is initiated by IP3 signaling, which triggers the release of calcium into the cytoplasm. The
resulting decrease in ER calcium levels activates the ER calcium sensors STIM1 and STIM2. These
sensors then interact with plasma membrane calcium channels, including Orail, Orai2, and Orai3,
collectively referred to as calcium release-activated channels (CRAC) [36,41]. The activation of
CRAC channels permits the influx of calcium from the extracellular space, thereby amplifying the
calcium signal transiently and replenishing ER calcium stores (Figure 1) [42]. Additionally, the IP3
signaling pathway generates transient calcium releases that can lead to oscillatory calcium signals over
time [43].

The reduction in ER calcium levels prompts STIM1 to undergo oligomerization and
conformational changes, leading to the opening of SOC channels. This allows calcium to enter the
cytosol from the extracellular space. Through the action of the SERCA, calcium is then transported
back into the ER, replenishing its calcium stores and sustaining calcium influx (Figure 1) [37]. This
process activates calcium-dependent signaling molecules that are crucial for various cellular functions.

STIM1 and Orail have been identified in neurospheres derived from both embryonic and adult
mice, with reduced expression of these proteins being associated with decreased cell proliferation [5].
Furthermore, SOCE is crucial for maintaining ER calcium balance and regulating various cellular
functions. CRAC channels are involved in short-term processes such as calcium oscillations and
secretion, as well as long-term functions including gene expression pathways [44].

Ryanodine receptors (RyRs) serve as calcium-gated channels in the ER in neurons, skeletal
muscle, heart muscle, and smooth muscle cells [45]. In the brain, three distinct isoforms of ryanodine
receptors (RYRs)—RYR1, RYR2, and RYR3—encoded by different genes, exhibit unique expression
patterns [40,46]. The regulation of both IP3Rs and RyRs by calcium involves displaying either positive
feedback (calcium-induced calcium release) or negative feedback depending on local calcium
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concentrations [47].

A signaling lipid known as sphingosine 1-phosphate (S1P) modulates cellular functions by
activating G protein-coupled receptors (GPCRs) located on the plasma membrane (PM). These GPCRs,
designated as SIPR1-5, mediate calcium signaling [48]. Extensive studies have revealed that S1P
plays a multifaceted role in regulating cellular calcium signals, which are critical for numerous cellular
processes, including metabolism and cell growth.

When S1P binds to its receptors, it initiates a classical downstream signaling pathway involving
the activation of PLC. This activation of PLC catalyzes the hydrolysis of PIP2 into two secondary
messengers, IP3 and DAG [49,50]. IP3 then diffuses through the cytoplasm to bind its receptors on the
ER, which leads to the release of calcium from IP3-sensitive intracellular stores into the cytosol.

In addition to IP3-mediated calcium release, DAG plays a crucial role in calcium signaling by
remaining within the PM where it binds to and activates calcium-permeable ion channels (Figure 1).
This binding facilitates ROCE, allowing extracellular calcium to enter the cell [16]. The dual
mechanisms of calcium mobilization and entry mediated by S1P signaling ensure a sustained and
regulated increase in intracellular calcium levels. This precise regulation is essential for maintaining
various physiological processes.

The rhythmic release of calcium ions generates oscillatory calcium signals essential for genetic
programs during neural development, including proliferation, migration, and differentiation [22,51].
The entry and release of calcium through various channels increase cytosolic calcium concentration,
activating specific signaling pathways with distinct spatial and temporal characteristics [ 14]. Generally,
the influx of calcium into the cytoplasm from the extracellular space is triggered either by voltage-
gated channels, receptor-operated ionotropic channels, or store-operated calcium entry (SOCE) (Figure 1).
Calcium sensors detect local signals and relay them to targets beyond their immediate vicinity [52].
During neural growth, calcium signals are mediated by voltage-gated calcium channels (VGCCs), such
as L-type calcium channels, and store-operated CRAC channels [53]. These signals involve calcium-
binding proteins (CaBPs) such as calmodulin, calcineurin, PKC, S100 proteins, and parvalbumin.
CaBPs, including parvalbumin and S100, act to buffer free calcium, while others initiate specific
intracellular signaling cascades in response to calcium signals [54,55]. Approximately 200 calcium-
binding proteins have been identified, playing various roles, including buffering calcium to decrease
the concentration of free calcium [56].

The initiation of a calcium signal through a calcium channel triggers calcium sensors such as
calmodulin, which in turn activate distant signaling pathways (e.g., MAP kinase or calcineurin/NFAT),
ultimately leading to genetic activity within the nucleus [57]. Understanding the underlying
mechanisms of these diverse localized calcium-driven cellular reactions is crucial for nervous system
development and function. For example, calmodulin undergoes changes in its interaction with various
effectors upon binding calcium, thereby activating distinct signaling pathways such as MEK/ERK,
NFAT, or CAMK (Figure 1) [58].

Moreover, modulation of calcium oscillations influences cellular functions like gene transcription
by regulating the activity of calcium-binding proteins (CaBPs). For instance, NFkB, a transcription factor
involved in both neuronal survival and apoptosis, exhibits preferential activation in response to low-
frequency calcium transients. In contrast, the activation of the nuclear factor of activated T-cells (NFAT)
necessitates higher frequencies and sustained calcium signals [59,60].

A notable example of indirect pathway regulation involves the NFAT family of transcription
factors, where calcium ion mobilization plays a central role. Elevated calcium levels stimulate
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calcineurin, leading to NFAT dephosphorylation and its translocation to the nucleus to regulate gene
expression [58]. NFAT-mediated gene transcription is essential for regulating proteins critical to
neuronal activity responses [61,62]. Furthermore, the activity of NFAT is subject to modulation by
various sources of calcium entry. For instance, calcium influx through NMDA receptors has been
shown to regulate cortical neuronal survival via NFAT signaling pathways [63].

CRAC channels drive NFAT-dependent gene expression during neural stem/progenitor cell
development. Calcium signaling via CRAC channels activates NFAT for gene transcription [5]. The
physical association between calcineurin and CRAC channels is likely facilitated by A-kinase
anchoring protein 79 (AKAP79), directing calcineurin to calcium channels and enhancing NFAT
signaling [64,65]. This relationship is further elaborated in the following section.

The rhythmic fluctuations of calcium ions are proposed to result from a synchronized interplay
between calcium influx and release from internal calcium stores [66]. These periodic changes diminish
in the absence of calcium entry, highlighting the critical role of calcium influx in sustaining such
calcium signals [67]. Consequently, the key elements of the calcium signaling toolkit comprise G-
protein-coupled receptors (GPCRs) and receptor tyrosine kinases (RTKs), which detect external
signals, along with various calcium-permeable channels that either enable calcium entry across the cell
membrane or release calcium from internal stores [19,68]. Upon the elevation of intracellular calcium
levels, downstream processes are initiated involving various calcium-binding effector proteins such as
calmodulin, as previously described. Additionally, calcium-sensitive transcription factors, enzymes,
and ion channels play critical roles in executing these effector functions [19,69]. Subsequently, calcium
pumps and exchangers restore calcium stores or remove calcium from the cell, thereby regulating the
resting intracellular calcium concentration (Figure 1) [70,71]. The resulting temporal and spatial
characteristics of the calcium signal, controlled by these components, encode specific messages that
determine the types of cellular programs activated [19].

Voltage-gated calcium channels and neurotransmitter-activated receptors such as GABA and
glutamate receptors are among the molecules implicated in facilitating the crucial calcium influx
necessary for maintaining these fluctuations. During early brain development, when synaptic
connections are not yet established, glutamate and GABA act via NMDA and GABAA receptors in a
paracrine, nonsynaptic mode of communication between cells, resulting in increased intracellular
calcium levels [72,73].

Voltage-gated calcium channels (VGCCs) are essential for calcium ion influx following
membrane depolarization (Figure 1). These channels activate in response to an increase in membrane
potential, leading to the opening of the channel pore [74]. As key transducers of membrane potential
changes, VGCCs convert these changes into intracellular calcium transients, initiating numerous
physiological events. In mammals, there are ten members of the VGCC family, each fulfilling distinct
roles in cellular signal transduction [74].

Notably, VGCCs are also present in non-excitable cells, including various cancer cells [75]. The
development of new animal and cellular models, along with the emergence of large data sets and
unbiased genome screens, has enhanced our understanding of the unexpected roles VGCCs play in
these non-excitable cells [76]. Further details regarding the presence of these channels in NSCs and
GBM are provided in the following sections.

Another calcium channel with known voltage-gated properties is the transient receptor potential
vanilloid (TRPV) channel, part of the TRP family of channels (Figure 1) [77]. TRPVs are calcium-
permeable channels that respond to chemical ligands, heat, and mechanical stretching. Different TRPV
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channels play distinct roles in physiological processes, such as sensing mechanical and osmotic
changes. TRPV1-TRPV4 channels respond to heat and act as chemosensors, while TRPVS5 and TRPV6
are highly selective calcium channels. TRPV?2 is a cation channel regulated by growth factors that may
play a role in oncogenesis [78].

Ligand-gated ion channels (LGICs) are activated, or "gated", upon binding with neurotransmitters.
This activation induces a structural alteration that results in the opening of the channel, allowing ion
flow. LGICs include both inhibitory, anion-selective receptors such as GABAA and glycine receptors,
and excitatory, cation-selective receptors like nicotinic acetylcholine (nAchR), serotonin 5-HT3, and
ionotropic glutamate receptors [79].

LGICs significantly impact cellular calcium regulation. For instance, ligand-gated GABA
receptors induce depolarizing chloride currents, which can subsequently activate voltage-gated
calcium channels. In contrast, ligand-gated glutamate receptors facilitate the influx of sodium and
calcium ions [79]. Furthermore, ligand-gated transient receptor potential (TRP) channels [21],
metabotropic transmitter receptors [80], and mechanoreceptors [81] contribute to spontaneous calcium
fluctuations. These fluctuations play a crucial role in directing neural development and synaptic
plasticity.

3. Dynamic calcium signaling networks in neural stem cells orchestrating fate and function

NSCs possess a sophisticated ability to respond to a wide range of external signals, with each
signal exerting specific effects on NSC behavior and regulation. This intricate regulatory network was
highlighted by detailed transcriptomic analyses of purified adult NSCs, which revealed the
fundamental importance of calcium-dependent signaling pathways in these cells [82]. Moreover,
studies employing advanced calcium imaging techniques have unveiled the existence of intercellular
calcium waves in NSCs, propagating through gap junctions. These waves enable intricate
communication not only among NSCs themselves but also with neighboring niche astrocytes,
functioning in both normal physiological conditions and pathological states [83,84]. Additionally, live
cell calcium imaging has provided insights into spontaneous calcium oscillations observed in
NSC/progenitors within the V-SVZ [85].

Beyond facilitating cellular communication, calcium signaling plays a pivotal role in
orchestrating essential stages of the cell cycle, including phase transitions, immediate early gene
transcription, and the regulation of quiescence and cell division [86]. Within the proliferative niche of
the brain, three distinct cell types are identifiable: progenitor cells, which share similarities with stem
cells, transient amplifying cells (TAPs), and migrating neuroblasts. Progenitor cells undergo slow
division, giving rise to rapidly proliferating TAPs through asymmetric division. Subsequently, TAPs
differentiate into neuroblasts characterized by reduced proliferation and a migratory phenotype [87].
This dynamic cellular hierarchy underscores the intricate interplay of calcium signaling in coordinating
neurogenic processes within the brain, influencing fundamental aspects of cellular behavior and fate
determination in neural development and regeneration.

Studies have highlighted the crucial role of calcium signaling pathways in regulating fundamental
processes such as self-renewal and differentiation in stem cells [7]. Specifically, calcium ions have
emerged as pivotal factors in preserving pluripotency, which is the capability to differentiate into
various cell types of embryonic stem cells [88]. This highlights the significance of calcium in
orchestrating the delicate balance between maintaining stemness and allowing cells to specialize in
different lineages.
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In the context of cell cycle dynamics, calcium influx assumes a pivotal role in stirring stem cells
from a dormant state into an active phase [89,90]. This transition is critical for initiating cellular
activities necessary for growth and development. The orchestration of these calcium-driven processes
underscores the intricate regulatory mechanisms guiding stem cell fate decisions.

Numerous studies have emphasized the vital role of maintaining NSCs and their functionality
through precise regulation of intracellular calcium levels, particularly within the ER. For instance, the
propagation of calcium waves essential for NSC self-renewal post-injury relies on IP3 signaling [84].
Conversely, inducing calcium release from the ER via the pro-apoptotic protein Bax leads to increased
cell death, which can be significantly mitigated by siRNA-mediated inhibition of IP3R expression [91].
These findings underscore the pivotal role of maintaining precise calcium homeostasis in sustaining
the NSC population.

In non-excitable cells such as NSCs and GBM, IP3Rs are widely distributed and activated by
IP3 generated through plasma membrane receptors, including GPCRs and RTKs, which activate
PLC (Figure 2) [43,92]. Various extracellular signals initiate calcium responses by inducing calcium
release from intracellular stores and calcium influx from the extracellular environment, with SOCE
being the primary mode of calcium entry in stem cells [37]. SOCE involves the opening of calcium
channels in response to the depletion of intracellular calcium stores, a mechanism finely tuned to meet
the dynamic calcium demands during various stages of stem cell activity and differentiation.

calcineurin/

NFAT

mGluR vGCC

K+
NMDAR/AMPAR/KAR

Figure 2. Calcium signaling pathways involved in neural stem cell stemness and
proliferation processes.

SOCE mediated by STIM1 and Orail consistently occurs in NSCs across various developmental

stages, from embryonic to adult NSCs, indicating the conservation of this calcium entry mechanism
throughout development and into adulthood. Disruption of this mechanism, such as through the
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introduction of a non-functional Orail mutant (R93W Orail) or conditional knockouts of Orail in the
brain, significantly impairs NSC proliferation both in vitro and in vivo (Figure 2) [5]. These effects
are likely mediated through calcineurin/NFAT-regulated transcription of cell cycle proteins, as
inhibiting calcineurin/NFAT signaling results in a similar impairment of proliferation observed with
the loss of CRAC channel function, such as Orail (Figure 2) [5]. These discoveries establish CRAC
channels as a novel mechanism for regulating calcium signaling, gene expression, and proliferation in
NSCs. However, NSCs are derived from a non-excitable epithelial cell lineage, making them more
akin to non-neuronal cell types in terms of calcium influx [93], thus suggesting that CRAC channels
could function as a primary mechanism for calcium regulation in controlling NSC proliferation.

Calcium-associated proteins (CaAPs) play a crucial role in governing the functionality of neural
progenitor cells (NPCs). Notably, NFAT, particularly its NFATc1 and NFATc3 variants, exhibit activity
in cultured V-SVZ cells of neonatal rodents, responding specifically to localized calcium signals from
SOC activation [94]. The NFAT inhibitor VIVIT, which selectively and potently inhibits the
calcineurin/NFAT interaction, retards the cell cycle in NPCs and reduces their differentiation
potential (Figure 2) [88]. This highlights NFAT's role in preserving a multipotent stem cell phenotype.

In the V-SVZ, SOCE, triggered by extracellular cues such as EGF or SDF1, plays a critical role
in regulating NSC behavior toward GBM [5,85,95]. SOCs are primarily composed of Orail, which
mediates the calcium-release-activated calcium current (Icrac) and TRPC proteins. TRPC proteins
predominantly serve as calcium-permeable non-selective cation channels, with TRPC1 being notably
involved in interactions with Orail. Furthermore, STIMI1 is known to directly activate Orail and may
potentially interact with TRPC1 [37,96]. This calcium entry, mediated by Orail and transient receptor
potential canonical 1 (TRPC1), is essential for NSC self-renewal and division (Figure 2) [5]. These
intricate interactions highlight the complexity of calcium signaling networks and their crucial roles in
the cellular physiology of non-excitable cells.

Notably, the activation of SOCs with glutamate or muscarine has been shown to promote NSC
self-renewal [85,97]. Conversely, inhibiting SOCE shifts NSC division from symmetric proliferative
to asymmetric, highlighting the pivotal role of SOCs in maintaining or expanding the NSC
population [85]. However, the exact mechanism through which SOCs influence cell division remains
unclear, possibly involving the activation of specific calcium regulators via SOCE or the positioning
of STIM and Orai proteins at the cleavage furrow [98].

Studies have illuminated the critical role played by SOCs in NSCs, underscoring the significance
of SOCE in transmitting mechanical signals triggered by cerebrospinal fluid flow [99]. Specifically,
the epithelial sodium channel (ENaC) located in the primary cilium of NSCs functions as a
mechanosensor, necessitating subsequent SOCE to modulate cell proliferation within the V-SVZ in
response to cerebrospinal fluid flow. These findings highlight the indispensable role of SOCs in
integrating NSC behavior with extracellular cues, particularly in dynamic fluid environments within
the brain.

Furthermore, investigations in neurons suggest that following store depletion, STIM1 exhibits
inhibitory effects on the activity of voltage-gated calcium CaV 1.2 and CaV 3.1 VGCCs present in
quiescent NSCs, potentially contributing to the maintenance of a quiescent state (Figure 2) [100]. This
observation suggests a potential regulatory role of STIMI in controlling NSC activity through
modulation of calcium channel function, emphasizing the complexity of calcium signaling pathways
in NSCs and their involvement in regulating fundamental aspects of NSC physiology, such as
proliferation and quiescence.
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A study of neural circuits has revealed a critical link between cortical input and cholinergic
interneurons in the SVZ. This interaction directly influences the proliferative behavior of quiescent
neural stem cells (QNSCs) within the SVZ [101-103]. Specifically, cortical input activates
muscarinic 3 (M3) receptors on qNSCs, triggering the release of intracellular calcium from the ER [104].
This calcium release acts as a pivotal signaling mechanism that governs the activation and proliferation
of NSCs within the SVZ, highlighting the complex regulatory pathways orchestrating neural stem cell
dynamics in the adult brain.

Cells in the V-SVZ exhibit high responsiveness to extracellular nucleotides, which trigger calcium
mobilization. This response is particularly pronounced following brain injury due to the release of
nucleotides from damaged cells. The heightened sensitivity of V-SVZ cells to extracellular nucleotides
indicates a critical role for these molecules beyond their involvement in pathology; they are essential
in regulating the neurogenic niche [105].

Nucleoside triphosphate diphosphohydrolase-2 (NTDPase2) further underscores the fundamental
role of nucleotides in cellular dynamics. Knockout studies of NTDPase2 reveal an increase in
intermediate progenitors within the V-SVZ, emphasizing the importance of elevated nucleotide levels
in promoting cellular proliferation within this microenvironment [106].

Extracellular nucleotides exert their influence in the V-SVZ through metabotropic G-protein-
coupled purinergic P2Y receptors and ionotropic purinergic P2X receptors, which initiate calcium
transients [107,108]. Notably, the P2X7R subtype is present in ependymal (E) cells and TAPs,
functioning as a scavenger receptor involved in phagocytosis in the absence of ATP and inhibiting
neuroblast proliferation when activated by ATP [107,109,110]. This diversity of receptors underscores
the intricate and nuanced cellular responses to extracellular nucleotides, reflecting complex regulatory
mechanisms within the V-SVZ.

In neural development, the involvement of TRP channels in calcium signaling and neural
progenitor cell behavior reveals intriguing complexities. These TRP channels serve a dual function—
enabling calcium influx and governing the proliferation of neural progenitors [21]. Notably, while
VGGCs initially show limited impact during early neural stem cell (NSC) stages, their significance
becomes pronounced in later developmental phases [111,112].

During these advanced stages, a pivotal shift occurs as progenitors become responsive to
GABAergic signals, which at this juncture act as depolarizing stimuli—a departure from their typical
inhibitory role in mature neurons. This shift correlates with an upsurge in the expression of voltage-
gated calcium channels (Figure 2). The importance of this transition is underscored by studies showing
that the absence of either excitatory GABAergic transmission or voltage-gated calcium channels
results in diminished proliferation, emphasizing the critical role of this signaling cascade in regulating
progenitor cell activity [111,113].

Turning to the V-SVZ, TRPV1 channels are present in approximately 20% of NSCs, TAPs, and
neuroblasts during the early postnatal period [114]. However, as neurogenesis diminishes in one-
month-old mice, TRPV1 expression also declines [114,115]. The intriguing possibility emerges that
TRPV1 expression may be reinstated in adulthood under physiological conditions that foster
neurogenesis [114].

Furthermore, the impact of TRPV1 becomes evident upon its deletion in mice, leading to a notable
increase in proliferating cells but a decrease in the differentiation of these cells into neurons or glia
within the neurogenic niches of the postnatal brain. This finding suggests a pivotal role for TRPV1 in
modulating the delicate balance between proliferation and differentiation of neural precursors,
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providing valuable insights into the molecular mechanisms governing neural development and
regeneration (Figure 2) [114].

Neurotransmitters play a critical role in modulating NSC behavior by activating calcium-coupled
LGICs, which are key regulators of NSC function. Glutamate-responsive ionotropic receptors, including
NMDA, AMPA, and kainate subtypes, are expressed by NSCs and neuroblasts (Figure 2) [116,117].
Although the specific functions of glutamate receptors in NSCs are still under investigation, kainate
and AMPA receptors are known to induce calcium influx in neuroblasts. This activation regulates
migration speed along the lateral ventricles (LV) and promotes proliferation, particularly facilitating
brain repair after a stroke [117,118].

Signaling mediated by metabotropic glutamate receptors (mGluR) [119] and NMDA receptors
(NMDARs) is implicated in the proliferation of late-stage progenitors expressing doublecortin (DCX)
[120]. Notably, blocking NMDARSs or inhibiting L-type calcium channels impedes the proliferation
of hippocampal progenitors, underscoring the critical role of activity-dependent pathways in regulating
NSC proliferation [120].

Astrocyte-released glutamate significantly impacts neuroblast migration, influencing the
integration of adult-born neurons into neural circuits [121]. Additionally, NMDARSs contribute to
oligodendrocyte differentiation within the V-SVZ [122]. AMPA receptors are present in
oligodendrocyte precursor cells (OPCs) during the repair of corpus callosum demyelination [123].
OPCs are crucial progenitors responsible for generating new oligodendrocytes and are equipped with
various neurotransmitter receptors and calcium-permeable ion channels, enabling them to establish
direct synaptic connections with neurons and act as postsynaptic targets [124—127].

Within these synaptic interactions, OPCs undergo transient activation of ionotropic glutamate or
GABAA receptors in their processes. This activation impacts OPC proliferation, differentiation, and
injury response, thereby linking neural activity to the regulation of OPC behavior [128—132].

Studies in larval zebrafish have revealed periodic increases in intracellular calcium levels among
OPCs in the developing spinal cord, with variations depending on cell body location and heightened
activity in less myelinated areas [133]. Additionally, activation of olfactory neurons by odorants
triggers calcium surges within OPCs located in activated glomeruli in the olfactory bulb, independent
of myelination [134]. These observations suggest distinct physiological states among OPCs and
underscore regional differences in their responsiveness to neuronal activity. Activation of locus
coeruleus (LC) neurons during state transitions induces similar increases in calcium activity in OPCs
transitioning from quiescence to activity [135]. Behavioral interventions, such as intensive motor
learning, can stimulate OPCs to differentiate and produce additional myelin—a phenomenon termed
“adaptive myelination” [136]. This underscores the remarkable adaptability of OPCs in response to
environmental stimuli and behavioral changes, contributing significantly to nervous system plasticity.
The regulation of OPC behavior as progenitors for generating oligodendrocytes, particularly through
intracellular calcium dynamics, exemplifies a sophisticated mechanism whereby OPCs integrate
signals from the surrounding neural environment to modulate myelination and support neural function
and adaptation under both normal physiological conditions and in disease states.

Studies have demonstrated the presence of VGCCs L-type CaV1.2 and T-type CaV3.1 channels
in V-SVZ cell cultures, which consist of NSCs and their progeny (Figure 2) [137]. Furthermore, a
thorough analysis of purified NSCs using flow cytometry has revealed that quiescent NSCs exhibit
elevated expression levels of both L- and T-type VGCCs [116]. Electrophysiological investigations,
coupled with pharmacological studies, have further characterized the functional activity of L- and T-
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type currents in NSCs, demonstrating their activation by GABA under physiological conditions [138].

The continuous synthesis of GABA by neuroblasts within the germinal niche activates GABAA
receptors expressed on NSCs, maintaining these cells in a dormant state (Figure 2) [116,139,140]. The
depolarization induced by GABA triggers the opening of CaV channels, leading to calcium influx, a
process that can be effectively blocked by specific antagonists such as nifedipine for L-type channels
or mibefradil for T-type channels [138].

The presence of acetylcholine (ACh) in the brain, even before synaptogenesis and
neurotransmission, suggests its role in unconventional neurotransmitter signaling, critical for neuronal
cell proliferation via cholinergic receptor pathways [141]. Neuronal progenitor cells express both
muscarinic (mAChRs) and nicotinic (nAChRs) acetylcholine receptors [142,143], and stimulating
these receptors has been shown to promote proliferation and neurogenesis [144].

NSCs possess muscarinic receptors responsive to acetylcholine, leading to brief calcium signals
through store-operated channels [5,85], along with ionotropic nAChRs, including a3 and a4 subtypes
[145]. Furthermore, a7 nAChRs are present in the V-SVZ, where neuroblasts and TAPs express these
receptors (Figure 2) [146,147]. Acetylcholine exposure in the V-SVZ originates from a subset of
cholinergic neurons within the rodent V-SVZ [101,102,145]. Activation of local cholinergic neurons
or acute nicotine administration significantly enhances in vivo neurogenesis [145,148]. Specific
pharmacological and genetic studies have demonstrated that a7 nAChRs promote neuronal
differentiation but inhibit V-SVZ cell proliferation under normal conditions and in response to
ischemia, while the f2-nAChR subunit regulates the survival of newborn neurons [146,149].

Activation of AChRs induces calcium influx, which triggers mitogen-activated protein kinase
(MAPK) and ERK signaling pathways that regulate proliferation and DNA synthesis (Figure 2) [150,151].
Intracellular calcium levels can modulate the MAPK cascade through two mechanisms: calcium-
dependent tyrosine kinase (PYK2) or calmodulin, both converging on the Ras pathway to activate
MAPK [152].

Therefore, the presence and action of acetylcholine in the brain, particularly through its
interaction with cholinergic receptors and intracellular calcium influx, serve as critical modulators of
neuronal proliferation and differentiation. This highlights its significance in early brain development
and neurogenesis, specifically through the dynamic regulation of calcium signaling pathways.

These findings highlight the intricate control of NSC activity through neurotransmitter signaling
and calcium voltage-gated ion channels. They suggest potential approaches to manipulate NSC
behavior for neural repair and regeneration, presenting novel opportunities for therapeutic
interventions that promote neurogenesis and tissue recovery.

4. The role of calcium signaling pathways in glioblastoma stem cell maintenance and
glioblastoma initiation and progression

Exploring a system with potential insights into the initiation and advancement of brain tumors,
particularly GBM, the most lethal form of adult brain cancer, presents an intriguing path for
investigation [153,154]. GBM tumors, akin to neurospheres, comprise a heterogeneous mix of cells,
indicating significant diversity [154]. Evidence suggests that cells initiating glioblastoma share
resemblances with NSCs [153]. Additionally, a critical role of calcium is governing various aspects of
GBM tumor development, including cellular quiescence, proliferation, and migration [155].
Investigating the molecular, cellular, and calcium signaling characteristics of distinct cell types within
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neurospheres cultured in vitro is imperative for gaining insights into the etiology and progression of
GBM and related neurodegenerative disorders. The establishment and comprehensive characterization
of primary brain cancer cell cultures derived from patients are fundamental steps in identifying the
impact of various calcium regulation and modulation on GBM progression, thereby aiming to identify
novel therapeutic targets for these pathological conditions [156].

The manipulation of GSC characteristics, particularly the development of a dormant state crucial
for evading current anti-cancer therapies, seems to involve intracellular calcium reservoirs within
organelles such as the ER and mitochondria. The role of IP3R in this mechanism was elucidated
through the discovery of bisacodyl, a selective cytotoxic molecule that specifically targets GSCs
cultured under conditions inducing quiescence [157]. Further investigations unveiled that bisacodyl
acts on IP3R to hinder calcium release from the ER [158], suggesting a pivotal role for ER-mediated
calcium regulation in sustaining GSC dormancy and resistance to chemotherapy.

nAChR

CaMKil NFAT

Mitochondrion

Figure 3. Calcium signaling pathways involved in glioma stem cell activation and
progression.

In addition to the ER, the regulation of calcium by mitochondria may also play a role in governing
the stem cell properties of GSCs. Transcriptomic analysis of the calcium machinery highlighted an
upsurge in the expression of the mitochondrial calcium transporter MCU and the solute carrier
family 8 (Ca®"/Na* exchanger), member 3 (SLC8A3) in GSCs (Figure 3) [159]. The actively dividing
cells display more prolonged calcium signals compared to dormant GSCs, and changes in calcium
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responses are associated with alterations in mitochondrial structure [160].

The regulation of GSCs by SOC channels is still poorly understood. One possible explanation is
that SOC channels may impact the division mode of GSCs [161]. GSCs have the capability to undergo
two distinct types of division: symmetric proliferative expansion, which yields two GSCs and
amplifies the GSC pool within the tumor, or asymmetric division, producing one GSC and one non-
GSC progeny, thereby sustaining the GSC population [162]. SOC inhibitors diminish symmetric cell
division in subventricular NSCs, which are potential progenitors for GBM [85]. This diminishes self-
renewal and leads to a reduction in the stem cell population, mirroring the effects observed in GSCs
treated with BMP4 [163].

Examination of the transcriptome of GSCs has unveiled a heightened presence of calcium
channels and associated signaling pathways. These pathways play pivotal roles in coordinating crucial
cellular responses to external cues, distinguishing them from their more differentiated non-stem
counterparts in GBM, which demonstrate elevated levels of calcium buffers [164]. The disruption of
calcium homeostasis and signaling dynamics may potentially enhance tumorigenic processes.
Accordingly, observations have shown that epigenetic medications, which augment the stemness of
GSCs, can influence the calcium signaling pathway [165].

The analysis of genes involved in calcium signaling revealed significant changes in genes
associated with SOCE. Particularly, Orail showed increased expression levels in both GBM tissues
and GSCs [159]. The increased expression of Orail and/or SOC channels in GSCs may play a role in
sustaining or expanding the GSC population, thereby promoting the invasive characteristics of
glioblastoma cells [166]. Blocking SOC channels with SKF-96365 reduces the growth of GSCs and
triggers a gene expression pattern linked to cellular quiescence in these cells [160]. Moreover, the
analysis comparing transcriptomic profiles between stem-like and non-stem-like GBM cells
demonstrated a notable increase in genes associated with calcium signaling pathways within the stem-
like cell population [164].

The involvement of SOCE in GSCs underscores the significance of calcium in maintaining
stemness, suggesting that SOCE functions as a critical calcium regulatory mechanism implicated in
preserving stem cell characteristics in both normal and cancerous contexts [85,167—169]. SOC-
mediated calcium influx activates Ca?*/calmodulin-dependent protein kinase II (CaMKII) and NFAT
signaling pathways (Figure 3) [58,170—172]. Notably, inhibition of either CaMKII or NFAT
diminishes stemness in GBM cell cultures, suggesting that calcium signaling plays a crucial role in
maintaining or expanding the subset of tumor-initiating cells responsible for GBM recurrence [173—175].

While calcium channels are recognized as essential constituents in various cancer stem cells, the
specific functions of SOC channels remain to be fully elucidated [176,177]. This central involvement
of calcium signaling is not confined to stem cells but also extends to overall tumor progression, leading
to propositions that calcium dyshomeostasis is a hallmark of cancer [178,179]. Therefore, it would be
beneficial to plan future studies focused on investigating how calcium dyshomeostasis impacts GSC
activities and to thoroughly examine the calcium toolkit involved in GBM initiation, progression, and
recurrence [166,180].

Calcium-dependent signaling pathways significantly influence the stemness and function of
GSCs, as evidenced by differential NFAT1 expression between GSCs and differentiated cells.
Silencing NFAT1 reduced GSC viability, self-renewal, and migration in vitro, while also impairing
tumorigenesis in vivo. Conversely, NFAT1 overexpression promoted glioma growth through
interaction with neurodevelopment protein 1-like 1 (NDELT), collectively sustaining a primitive stem
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cell state in GSCs [173]. Furthermore, NFAT2 was identified as a critical regulator of GSCs, especially
within the mesenchymal subtype of glioblastoma, where it enhances invasion, clonogenicity, and
tumor growth by modulating HDAC1 (Figure 3) [175].

The analysis of brain tumor tissue from GBM patients revealed an overexpression of SOC,
specifically TRPCI1 and Orail, along with their ER activator, STIM1 [180,181]. Studies on conventional
GBM cell lines have demonstrated that SOC overexpression promotes proliferation and invasion
(Figure 3) [166,182,183], although there has been some controversy regarding this finding [184].
However, the precise role of SOC in GSC, the subset of cells responsible for tumor initiation, growth,
and relapse, remains unclear [185]. Notably, SOCs are implicated in regulating the self-renewal of
adult neural stem cells in the SVZ, which are considered potential cells of origin for GSC [8,85].

A transcriptomic analysis underscores the significant involvement of calcium signaling in GSCs.
Specifically, the entry of calcium through SOC channels plays a critical role in sustaining GSC
stemness, thereby contributing to the aggressive characteristics of GBM [161,164]. SOC channels
facilitate prolonged calcium influx triggered by various extracellular signals like HGF or S1P, both
recognized drivers of glioma progression and stemness promotion in GBM cells (Figure 3) [186—189].
Importantly, GSCs derived from patient tumor samples exhibit expression of Orail, TRPCI, and
STIM1, mirroring the expression in adult neural stem cells, which are considered as a source of origin
for GSCs, at least in part [8,85,185,190,191].

A study has shown that specific SOC inhibitors can effectively reduce S1P-induced calcium entry.
This finding supports the idea that GSCs express functional SOC channels capable of responding to
signals from the tumor microenvironment [ 187]. The ability of SOC inhibitors to reduce calcium entry
highlights the significance of these channels in cellular signaling processes within GSCs. Therefore,
SOC-mediated calcium influx may play a pivotal role in enabling GSCs to transduce and integrate
information from their surrounding tumor microenvironment, potentially influencing tumor growth
and progression. Understanding this mechanism could open new avenues for modulating SOC
channels to disrupt critical signaling pathways in glioblastoma.

Studies have demonstrated that T-type CaV3.2 channels are markedly elevated in GSCs compared
to non-GSC tumor cells and normal tissue (Figure 3) [164,192]. This elevation suggests that CaV3.2
channels play a critical role in the unique physiological properties and aggressive behavior of GSCs.
Hypoxia, a well-established driver of resistance to anticancer therapies, further enhances the presence
of CaV3.2 in GSCs. Conversely, treatment with mibefradil, an FDA-approved CaV3.2 inhibitor
commonly used for hypertension, significantly reduces the GSC population by inducing their
differentiation and diminishing their viability [192,193].

Research indicates that GSCs exhibit higher levels of AMPA receptors compared to fully
differentiated non-stem tumor cells (Figure 3) [164,194]. Research has shown that AMPA receptors
expressed by human glioma cells, cultured under conditions resembling stem cells, facilitate
interactions between tumor cells and nearby neurons via neuron-glioma glutamatergic synapses. These
investigations have clarified that neuronal activity-induced release of glutamate promotes glioma
progression by stimulating glioma proliferation and invasion through calcium-dependent pathways
involving AMPA receptors [195,196].

Researchers discovered that atracurium besylate, functioning as a nAChR antagonist, is a potent
compound capable of significantly inhibiting the clonogenic potential and inducing astroglial
differentiation in GSCs isolated from glioblastoma patients. Conversely, the administration of a
nAChR agonist counteracted the inhibitory effect of atracurium besylate on GSC self-renewal.
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Additionally, this study demonstrated that mice transplanted with GSCs pre-treated with atracurium
besylate exhibited significantly improved survival rates, suggesting that blockade of nAChRs could
diminish GSC stemness and/or cell proliferation (Figure 3) [197]. Future research should investigate
how calcium regulation associated with nAChR activity in GSCs influences stemness and cell
proliferation. This could uncover molecular mechanisms that may serve as potential therapeutic targets
to control GSC activity.

The presence of extracellular nucleotides in the microenvironment has a profound impact on the
behavior of GSCs. Research suggests that GSCs exhibit a significantly higher release of extracellular
adenosine, estimated to be approximately ten times more compared to their differentiated tumor cell
counterparts [198]. This surplus of adenosine can act as either an autocrine or paracrine signaling
molecule, activating G-protein-coupled purinergic P2Y 1R receptors to stimulate GSC proliferation or
ionotropic purinergic P2X7 receptors to inhibit it [199]. The elevated adenosine release by GSCs may
contribute to altered signaling pathways and regulatory mechanisms within the tumor
microenvironment, potentially influencing tumor progression, immune evasion, and therapeutic
responses.

Studies have demonstrated elevated expression levels of TRPV1 and TRPV2 in glioblastoma
compared to normal tissue (Figure 3) [180]. Functional investigations have revealed distinct roles for
these receptors in the progression of glioblastoma. Activation of TRPV1 induces tumor cell death, a
process enhanced by the release of endovanilloids (natural compounds acting as internal ligands and
triggers for TRPV1 channels) from migrating NSCs into the tumor mass. This phenomenon
significantly reinforces the tumor-suppressive effect exerted by NSCs [114]. Conversely, TRPV2
works to diminish the stemness of GSCs. Increased expression of TRPV2 reduces GSC proliferation
and promotes their differentiation into glial cells, as demonstrated by studies in mice implanted with
TRPV2-overexpressing GSCs [200].

CaBPs also play a significant role in influencing GSC stemness. Notably, increased expression of
S100A4 has been associated with a poorer prognosis in glioma patients, particularly those with
glioblastoma of the mesenchymal molecular subgroup [201]. Furthermore, cells expressing S100A4
are enriched with GSCs and play a crucial role in GSC self-renewal and survival. Targeted elimination
of S100A4-expressing cells in genetically modified mice prone to spontaneous gliomas effectively
inhibited tumor expansion [201].

Understanding calcium dynamics and its multifaceted roles in cancer cell concentration is crucial.
This involves exploring each step and their collective impact on calcium levels within cancer cells.
Future research should prioritize investigating calcium's specific roles in GBM using sophisticated
methodologies. These studies should encompass diverse approaches, including various human cell
cultures and mouse models—both implanted and natural. The goal is to identify optimal techniques
for studying calcium's influence on GBM at cellular and molecular levels.

Moreover, studying calcium signaling and its role in regulating NSCs within the SVZ and
analyzing the behavior of different cell populations could greatly enhance our understanding of GBM.
Through comparisons and identification of key differences, we can elucidate the factors and signals
that contribute to uncontrolled cell proliferation in GBM.
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5. Conclusions: Exploring calcium signaling networks in brain stem cells and glioblastoma
for therapeutic strategies

Recent research emphasizes the crucial role of calcium in the adult brain, particularly within
NSCs and GSCs [161,202]. Understanding how the calcium toolkit regulates essential functions in
adult brain stem cells, both in health and disease, is vital. This understanding holds significant promise
for identifying clinical targets [177,202] and advancing therapeutic strategies by manipulating calcium
signaling pathways to enhance stem cell function, particularly in addressing brain cancer.

The progressive decline in stem cell capacity for self-renewal and differentiation with age is a
key contributor to age-related human diseases, underscoring the complexity of aging, which affects
cells, tissues, organs, and organisms through interconnected changes [203,204]. Stem cell functionality
is intricately regulated by epigenetic modifications, metabolic pathways, and levels of reactive oxygen
species (ROS), all of which contribute to the decline in stem cell function observed with aging [205,206].
Central to these age-related changes are alterations in gene expression patterns, influenced by precise
calcium regulation, resulting in reduced stem cell populations and slower proliferation rates [207].
Calcium signaling, in particular, plays a critical role in modulating multiple processes, coordinating
the overall impact of diverse mechanisms on aging [208,209].

However, as individuals age, the capacity of stem cells for self-renewal and differentiation
becomes increasingly limited, accompanied by a decrease in the overall number of stem cells [204,210].
Gaining a deeper understanding of the cellular processes that contribute to aging will provide insights
into the role of calcium in these processes and its significant impact on cell function over time. This
area of research remains relatively underexplored and warrants further investigation to elucidate why
humans age at certain rates and why these rates differ compared to other organisms.

The capacity of second messengers to manage extensive information and coordinate diverse
cellular processes is a phenomenon that is partly understood through the inherent characteristics of
cells, allowing for tailored responses to calcium signals [211]. Importantly, only cells equipped with a
contractile apparatus exhibit shortening in response to calcium transients, a reaction exclusive to cells
expressing essential calcium channels [22].

In this intricate process, spatiotemporal decoding is essential for connecting a calcium signal to
specific cellular responses. Different manifestations of cytoplasmic calcium elevations—sustained,
transient, or oscillatory—affect organelles accordingly [212]. The biological basis of calcium oscillations
involves complex feedback loops among cytoplasmic calcium levels, intracellular calcium reservoirs, and
the regulatory mechanisms governing calcium transport across the plasma membrane [213].

Understanding the periodic fluctuations of calcium involves examining their frequency, duration,
and amplitude, which directly influence different calcium mechanisms [214]. Several studies indicate
that various factors such as spike width, amplitude, sustainability, and baseline calcium levels work
together to produce distinct functional outcomes [213].

Understanding all these parameters of calcium regulation in cells is essential for comprehending
calcium's roles and functions, as well as how it can be better utilized for therapeutic interventions
related to brain repair, aging, or GBS.

Furthermore, regulation of cellular processes heavily depends on the kinetics of calcium binding
to specific effectors and their subsequent enzymatic impact on cellular targets. Key effectors in this
context include calmodulin (CaM) and Ca?*/calmodulin-dependent protein kinases (CaMKs) [27].
Furthermore, cytoplasmic calcium levels are not uniform; they can create localized calcium
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microdomains near CRAC channels, ryanodine receptors, and IP3Rs, located at the endoplasmic
reticulum—plasma membrane junction [215].

The significance of these microdomains is illustrated by the MCU, which acts as a universal
regulator of intracellular calcium signaling across mammalian cell types [216]. The MCU's affinity for
calcium is insufficient for activation at typical cytosolic calcium levels. However, it becomes effective
near mitochondria-endoplasmic reticulum contacts (MAMs), where calcium concentrations increase
during ER calcium release [215,217]. Understanding this mechanism of intracellular calcium
regulation may provide valuable insights into the progression of GSCs and their role in local GBM
growth. This knowledge has the potential to pave the way for future research and the identification of
novel therapeutic targets.

Moreover, nuclear calcium dynamics, which directly regulate cellular functions within the
nucleus, are influenced by calcium influx from stores within the nuclear envelope and the
nucleoplasmic reticulum, both of which are continuous with the ER. The distinct roles and independent
regulation of nuclear versus cytoplasmic calcium are mediated by NFAT isoforms [218]. Specifically,
NFATT1 is preferentially activated in microdomains near CRAC channels, indicating a localized and
specific calcium signaling response. Conversely, NFAT4 activation necessitates elevated levels of both
cytoplasmic and nuclear calcium, illustrating the complex interplay between these cellular
compartments [219]. The intricate regulation of nuclear calcium signaling underscores the
sophisticated mechanisms that cells employ to precisely modulate their functions, ensuring appropriate
responses to varying physiological conditions. Gaining a deeper understanding of all facets of calcium
regulation will enhance our knowledge of calcium's role in cellular processes and aid in the discovery
of new therapeutic options.

The microenvironments where NSCs, GSCs, and other cells reside play a crucial role in shaping
their responses to physiological or pathological conditions [185,220]. In these specialized niches,
various signals trigger transient increases in calcium concentrations, occurring either locally within
cellular microdomains or spanning the entire cell [16]. The spatio-temporal dynamics of these calcium
signals are pivotal for determining cellular reactions to external stimuli [212], emphasizing the critical
need for precise regulation of calcium levels to maintain optimal cellular functions.

To achieve calcium regulation, a complex network of molecules is involved. Calcium permeable
channels facilitate the influx of calcium from the extracellular space into the cell across the plasma
membrane, while intracellular calcium is released from reservoirs such as the ER and mitochondria.
Moreover, calcium pumps and exchangers work to restore calcium balance within cellular stores or
remove excess calcium from the cytosol. Additionally, CaBPs function as buffers to regulate cytosolic
calcium concentrations or act as effectors in downstream signaling pathways [221,222]. While this
knowledge has been known for some time, future experiments should focus on understanding how
calcium regulation dynamics occur within microdomains and in the cellular niche. It is crucial to
investigate how changes in calcium concentration within different compartments are affected by
various factors and how they can be controlled, leading to specific outcomes. This knowledge is pivotal
for comprehending calcium signaling and its dynamic regulatory processes, such as those involved in
cellular proliferation and the progression of glioblastoma multiforme (GBM) growth over time.
Understanding these mechanisms can also shed light on aging processes and diseases related to
calcium regulation, ultimately facilitating the discovery of future therapeutic targets for treating
associated disorders.
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