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Abstract: Exposure to general anesthetics during critical periods of brain development is associated with altered neurogenesis and
long-term neurobehavioral abnormalities in preclinical models, although clinical evidence remains inconclusive. Dysregulation of
intracellular calcium signaling has emerged as an important convergent mechanism underlying anesthetic-induced developmental
neurotoxicity (AIDN). Calcium serves as a pivotal second messenger regulating neural stem cell (NSC) quiescence, proliferation, fate
specification, neuronal maturation; its precise spatiotemporal dynamics are essential for normal brain development. Common
anesthetics including propofol, ketamine, sevoflurane, isoflurane, and midazolam act primarily as GABA, receptor agonists and/or
NMDA receptor antagonists, thereby disrupting calcium homeostasis by altering calcium influx, increasing intracellular release from
the endoplasmic reticulum and mitochondria, or disrupting calcium oscillations. These alterations involve key molecular pathways,
including inositol-1,4,5-trisphosphate receptors (InsP;Rs) and ryanodine receptors (RyR) mediated calcium release, mitochondrial
calcium overload, and activation of calcium-dependent signaling cascades such as CaMK, CREB, and calcineurin/NFAT pathways.
Sustained cytosolic calcium elevation triggers mitochondrial dysfunction, oxidative stress, apoptosis, autophagy, and neurogenesis.
This review summarizes evidence linking anesthetic exposure to calcium dysregulation, with an emphasis on neurogenesis and NSC
biology. Importantly, it highlights calcium signaling as a potential mechanistic bridge between anesthetic exposure and neurodevelop-
mental outcomes. Despite substantial preclinical evidence, the translation of these findings to clinical pediatric anesthesia remains
limited, underscoring a critical knowledge gap. A better understanding of calcium-dependent mechanisms may inform the develop-
ment of targeted neuroprotective strategies and improve the safety of anesthetic exposure during early life.

Plain Language Summary: General anesthesia is often used when young children need surgery. There are concerns about whether
these medicines could affect how the brain develops. Calcium is an important signal inside brain cells and helps cells grow, develop,
and communicate. For the brain to develop normally, calcium levels need to stay well balanced and follow regular patterns. Some
anesthetic drugs may disturb these signals. They can cause calcium levels to become too high or disrupt normal patterns. This may
affect how brain cells grow and mature. The most current evidence comes from laboratory and animal studies. Studies in children have
not shown clear long-term harm after a single, short exposure, but questions remain about repeated or longer exposures. Better
understanding of these changes may help guide safer use of anesthesia in early life.

Keywords: developmental neurotoxicity, anesthetic, calcium homeostasis, neural stem cell, NSC, neurogenesis

Introduction

General anesthesia (GA) is widely used in pediatric clinical practice, with millions of infants and young children exposed
each year during surgical and diagnostic procedures. In the United States, approximately 2—3 million children under 36 months
and 1.5 million infants under 12 months undergo GA annually.! While anesthetic agents are essential for ensuring procedural
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safety and comfort, growing preclinical evidence has raised concerns regarding the potential impact of anesthetic exposure on
the developing brain.>” Repeated or prolonged exposure to anesthetics during critical developmental periods has been
associated with long-term alterations in cognition, behavior, and neurodevelopmental outcomes.*®

Anesthetic-induced developmental neurotoxicity (AIDN) encompasses a spectrum of structural and functional changes in
the immature brain following exposure to anesthetic agents. These changes include increased neuronal apoptosis, impaired
neurogenesis, disrupted synaptic development, and long-term neurobehavioral abnormalities.> Although large-scale clinical
studies suggest limited harm from single exposures, risks associated with multiple or prolonged exposures remain debated,
underscoring the need for a mechanistic framework linking anesthetic exposure to developmental outcomes.>”

Among the various mechanisms proposed to underlie AIDN,'®'* dysregulation of intracellular calcium (Ca”") signaling has
emerged as a convergent pathway.'®'*'> Calcium is a critical second messenger that regulates diverse cellular aspects of
neurodevelopment, including neural stem cell (NSC) proliferation, differentiation, migration, and synaptic maturation.'®!'” NSCs
are self-renewing multipotent cells that generate neurons and glia during brain development, while neurogenesis encompasses the
coordinated processes of NSC activation, fate determination, neuronal maturation, and circuit integration.'® ' Precise spatio-
temporal control of calcium dynamics, particularly calcium oscillation is essential for coordinating gene expression and cellular
behavior during brain development.**** Disruption of the finely tuned calcium signaling processes therefore has profound
consequences for neurodevelopmental integrity.*

General anesthetics, including y-aminobutyric acid type A (GABA ») receptor agonists and N-methyl-D-aspartate receptor
(NMDAR) antagonists, perturb calcium homeostasis by altering both calcium influx and intracellular calcium release, leading
to sustained cytosolic calcium elevation, disruption of calcium oscillations, and activation of downstream signaling pathways
regulating cell survival and neurogenesis.”> Anesthetic-induced calcium dysregulation further interfaces with mitochondrial

function,26 oxidative stress,27’28

and transcriptional regulation,” positioning it as a mechanistic bridge linking anesthetic
exposure to diverse neurodevelopmental outcomes. This review provides a structured mechanistic synthesis of current
evidence, with emphasis on how calcium dynamics alterations affect NSC and neurogenesis, and discusses translational

implications for improving pediatric anesthetic safety.

Anesthetic-Induced Developmental Neurotoxicity

Extensive evidence from rodents and non-human primates suggest that repeated or prolonged postnatal GA exposure
impairs neurogenesis and produces cognitive deficits.” ***~! Commonly used anesthetics, including propofol, ketamine,
sevoflurane, isoflurane, midazolam, and etomidate exert their pharmacological effects through modulation of GABA 5
receptors and NMDARs.?’ Critically, GABAergic signaling is depolarizing in immature neurons,*> and NMDAR activity
is essential for normal brain development.®® Because these receptor systems play fundamentally different roles in the
developing versus the mature brain, anesthetic disruption of their activity may exert disproportionate and long-lasting
consequences during early developmental stages.

The vulnerability to AIDN is developmentally restricted to the brain growth spurt (BGS), a period characterized by rapid
neurogenesis, synaptogenesis, and circuit formation extending from late gestation to approximately age three in humans.**
During this window, NSCs and neural progenitor cells (NPCs) actively proliferate and differentiate, rendering them
particularly sensitive to intracellular signaling perturbations. The convergence of rapid cellular proliferation and immature
homeostatic mechanisms underlies the heightened vulnerability of the developing brain to anesthetic insult.>> >’

Clinical evidence regarding neurodevelopmental consequences of early anesthetic exposure remains inconsistent and
difficult to interpret. Observational studies associate even single GA exposures with subtle alterations in specific neurodeve-
lopmental domains, though confounding cannot be excluded.®*° In contrast, large-scale Pediatric Anesthesia
Neurodevelopmental Assessment (PANDA) and General Anesthesia compared to Spinal anesthesia (GAS) trials found that
a single, short GA exposure does not significantly impair general cognitive function.”*' Subsequent studies, however, indicate
that multiple or prolonged exposures (>2 exposures or >120 minutes) before age four are associated with elevated risks of
learning disabilities (LDs),* attention-deficit/hyperactivity disorder (ADHD),** and behavioral abnormalities.** All available
clinical studies are subject to confounding by pre-existing medical conditions, surgical stress, and socioeconomic variables,
leaving the precise contribution of anesthetic exposure per se unresolved.
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At the mechanistic level, AIDN has been linked to mitochondrial dysfunction, oxidative stress, neuroinflammation,
and epigenetic dysregulation.” Given that calcium homeostasis is intimately linked to mitochondrial function, transcrip-
tional regulation, and cell fate determination, its disruption can simultaneously engage multiple pathogenic pathways.
Dysregulation of intracellular calcium signaling is increasingly recognized as an important convergent upstream event

45,46

that coordinates and amplifies these downstream injury cascades and developmental outcomes., providing a unifying

mechanistic framework for diverse neurodevelopmental consequences of anesthetic exposure.

Calcium Signaling in Neural Development

Molecular Basis of Calcium Signaling

Intracellular Ca** homeostasis is maintained through coordinated regulation of plasma membrane influx, intracellular store
release, inter-organelle transfer, and active clearance, particularly the endoplasmic reticulum (ER) and mitochondria.*’**
Calcium influx across the plasma membrane is mediated by voltage-dependent calcium channels (VDCCs) and ionotropic
glutamate receptors (NMDARs and AMPARs), and the transient receptor potential channels (TRPCs).'® Intracellular calcium
release is predominantly controlled by the ER through inositol 1,4,5-trisphosphate receptors (InsP;Rs) and ryanodine receptors
(RyRs), which are central to shaping cytosolic calcium signals during development. Calcium signaling is further coupled to
mitochondrial function via mitochondria-associated membranes (MAMs): Controlled ER-to-mitochondria calcium transfer
supports ATP production and metabolic homeostasis, whereas excessive transfer precipitates mitochondrial overload and cell
death.**! Cytosolic calcium clearance is accomplished by plasma membrane Ca®" ATPases (PMCA) and sarco/endoplasmic
reticulum Ca®" ATPases (SERCA) pumps, which restore basal calcium levels and enable cyclical signaling'® (Figure 1).

Calcium Dynamics and Signal Decoding

The functional specificity of calcium signaling also critically depends on its spatiotemporal dynamics.’* In developing neural
systems, calcium signals characteristically occur as oscillations, recurring transients varying in frequency, amplitude, and
duration, rather than sustained elevations, and these patterns encode distinct biological information that is selectively decoded

**/calmodulin-dependent

by downstream effector molecules.’” High-frequency calcium oscillations preferentially activate Ca
protein kinases (CaMKs),> leading to phosphorylation of cAMP response element-binding protein (CREB) and induction of
pro-neuronal gene expression. In contrast, sustained or low-frequency calcium signals tend to activate calcineurin, a calcium-
dependent phosphatase that promotes dephosphorylation and nuclear translocation of nuclear factor of activated T-cells
(NFAT), thereby regulating alternative transcriptional programs governing cell fate and progenitor maintenance.”* This
frequency-dependent decoding mechanism has important implications for understanding calcium dysregulation in the context
of anesthetic exposure. Subtle alterations in calcium oscillatory dynamics can redirect downstream transcriptional programs

and thereby alter neural cell fate outcomes, even without overt calcium toxicity.

Role of Calcium Signaling in Neural Development
Calcium signaling regulates virtually most stages of neural development, encompassing NSC quiescence and activation,
proliferation, differentiation, neuronal migration, axonal growth, dendritic elaboration, and synaptic maturation.'®!”
(Figure 2) NSCs transition between quiescent and activated states is tightly regulated by intracellular calcium
dynamics.”” In the adult mouse subventricular zone (SVZ), quiescent NSCs (qNSCs) show higher Ca”* oscillation
frequency and amplitude but lower basal cytoplasmic Ca®" levels compared with activated NSCs (aNSCs).>> Epidermal
growth factor (EGF) promotes qNSC activation by decreasing oscillation frequency while elevating basal cytoplasmic
Ca”", whereas melatonin exerts opposing effects, reinforcing quiescence.”> ER Ca®" release and store-operated Ca®"
entry (SOCE) are also key regulators of NSC state transitions.*®

Calcium regulates NSC proliferation through modulation of cell-cycle progression.”” Transient Ca** elevations activate
the CaMK-CREB pathway and support G,/S transition, whereas sustained or excessive signals may engage calcineurin-
dependent pathways that arrest the cell cycle.”’ InsP3R- or RyR-mediated calcium oscillations are required for NPC cell-cycle
progression; InsP5R activation promotes proliferation by reducing p27-mediated inhibition.*® *° The maintenance of precisely
controlled calcium dynamics is important to sustain normal progenitor expansion during development.
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Figure | Schematic diagram of the intracellular calcium signaling pathway. Plasma membrane calcium channels include Voltage-dependent calcium channel (VDCC),
lonotropic glutamate receptors (NMDAR and AMPAR), Transient receptor punctuated channel (TRPC), Ca®" release-activated Ca®* (CRAC) channel, NCX (Na*/Ca®*
exchanger) and PMCA (plasma membrane Ca®* ATPase). Organelle membrane calcium channels include: Inositol-1,4,5-triphosphate receptors (InsP3R), Ryanodine receptors
(RyRs), Sarcoplasmic/endoplasmic reticulum Ca** ATPases (SERCAs), Na*/Ca?* exchange (NCLX), Mitochondrial Ca®" uniporter (MCU) complex. Stromal interaction
molecule 1(STIMI) senses endoplasmic reticulum (ER) calcium levels. Cytoplasmic calcium-binding proteins (Calcineurin, Calmodulin (CaM), Parvalbumins) activate
downstream transcription factors including ERK1/2, CREB, NFAT.

Physiologically patterned calcium signals promote neuronal differentiation through CREB and NeuroD activation.

GABA-induced depolarization of NPCs in the adult dentate gyrus elevates Ca’" and increases NeuroD expression,

61,62

promoting neuronal commitment, and L-type VDCC activation similarly drives NSC-to-neuron differentiation.®*

Notably, oscillation frequency influences neuronal subtype specification: high-frequency oscillations favor GABAergic
differentiation, whereas lower frequencies favor glutamatergic identity.®> Sustained Ca”* elevation or disrupted oscilla-

tory patterns bias lineage commitment toward glial fates, mediated by the relative balance between CaMK-CREB and

calcineurin-NFAT transcriptional activity.®* ¢

At later developmental stages, calcium signaling regulates neuronal migration,®” "

71,72

axonal growth, dendritic elaboration,
and synapse formation through calcium-dependent cytoskeletal remodeling and activity-dependent gene expression.
Calcium transients also determine the direction of synaptic plasticity: larger postsynaptic Ca®" rises favor long-term
potentiation, while more moderate rises tend to induce long-term depression, acting through postsynaptic receptor trafficking
and calcium-dependent kinases such as CaMKII and calcineurin.”*’* Both excessive Ca®>" elevation and pathological
oscillation suppression impair maturation, indicating that normal neuronal development requires precisely tuned calcium
homeostasis. Calcium signaling coordinates neurodevelopment across every stage from NSC quiescence through synaptic

maturation, with both signal magnitude and temporal patterning serving as essential determinants of cellular outcomes. Even
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Figure 2 Role of calcium in general anesthetic-associated cell activities. General anesthetics affect nerve cell survival, NSCs proliferation and fate selection, newborn
neuronal migration, axonal development, and dendritic growth through disruption of intracellular calcium homeostasis.
Abbreviation: NSCs, neural stem cells.

subtle anesthetic-induced perturbations of calcium signaling therefore can carry the potential to disrupt neurodevelopmental
programs at multiple levels simultaneously.

Anesthetic-Induced Calcium Dysregulation

Upstream Mechanism-Receptor Modulation and Calcium Influx

GABAergic anesthetics including propofol, isoflurane, sevoflurane, and midazolam promote membrane depolarization
and secondary calcium influx through VDCCs.*? Propofol elicits dose-dependent increases in cytosolic Ca*" in NSCs and
developing neurons, attenuated by VDCC blockers, confirming depolarization-coupled calcium entry.'"”* Isoflurane and
sevoflurane similarly trigger VDCC-mediated Ca®" influx via GABA, receptor activation, initiating downstream signal-
ing disturbances.”®””

NMDAR antagonists such as ketamine reduce baseline calcium influx by blocking glutamate-gated calcium entry.
However, sustained NMDAR blockade triggers compensatory receptor upregulation and subunit composition changes.
Upon discontinuation of exposure, this receptor upregulation renders neurons transiently hyperexcitable, producing
a rebound calcium overload that can paradoxically exceed the initial suppression in magnitude and cellular impact.”®
This withdrawal-associated calcium surge represents a clinically relevant mechanism of delayed neurotoxicity following

ketamine exposure.
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Intracellular Calcium Release
A consistent finding across multiple anesthetic agents is their capacity to mobilize calcium from ER stores, independent
of or in addition to plasma membrane entry. Propofol activates InsP;R-mediated ER calcium release in a concentration-
dependent manner, contributing to cytosolic Ca®" accumulation even at concentrations producing minimal membrane
depolarization.'" Ketamine also sensitizes RyRs and enhances ER calcium release.”’ Isoflurane activates RyR-mediated
calcium release in developing neurons, directly linked to mitochondrial overload and apoptotic signaling.®

ER calcium release is functionally coupled to mitochondrial calcium uptake at MAMs.”' Excessive ER-to-
mitochondria calcium flux causes mitochondrial membrane potential dissipation, impaired ATP synthesis, and mPTP
(mitochondrial permeability transition pore) opening, activating caspase-dependent apoptosis.**>° This ER-mitochondria
calcium transfer axis directly links early anesthetic-induced calcium dysregulation to the mitochondrial dysfunction
characteristic of AIDN. Anesthetic exposure also reduces SERCA pump activity, impairing ER calcium refilling and
prolonging cytosolic Ca*" elevation, while compromised PMCA activity further delays restoration of basal calcium
levels.'® The resulting impairment of calcium clearance extends the duration of cytosolic calcium elevation beyond that
generated by initial release events, compounding the dysregulatory effect.

Disruption of Calcium Dynamics and Signal Encoding

Anesthetic exposure disrupts physiological calcium oscillatory patterns through two mechanistically distinct routes. First,
ER calcium release and VDCC-mediated influx induced by GABAergic anesthetics can convert oscillatory signals into
pathological sustained Ca”" elevation, profoundly altering downstream pathway activation. Propofol suppresses oscilla-
tion frequency while elevating basal cytosolic Ca®" in NSCs through InsP;R-mediated ER release; isoflurane exerts
similar effects via InsP3;R- and RyR-dependent pathways; sevoflurane predominantly activates RyR-mediated release
with evidence directly linking this to mitochondrial overload and apoptosis.®'*** Although both volatile agents converge
on ER calcium mobilization, differences in relative InsP3R vs. RyR reliance may produce quantitatively distinct
dysregulation profiles warranting systematic comparative investigation.

Second, ketamine exposure reduces calcium influx and attenuate oscillation amplitude, suppressing the physiological
calcium transients required for CaMK-CREB pathway activation.”” Although mechanistically distinct from GABAergic
anesthetics, oscillation suppression ultimately converges on impaired pro-neuronal transcription through a distinct route.
These dual perturbations (oscillation-to-tonic conversion and oscillation suppression) may occur sequentially or con-
currently depending on agent, concentration, duration, and developmental stage, and both result in fundamental disrup-
tion of calcium signal encoding.””

Downstream Signaling-Imbalance Between CaMK-CREB and Calcineurin-NFAT
Pathways

Calcium dynamics disruptions converge on two major calcium-sensitive transcriptional axes: the CaMK-CREB pathway and the
calcineurin-NFAT pathway. Under physiological conditions, high-frequency oscillatory calcium signals activate CaMKII and
CaMKIV, phosphorylating CREB at Ser'** and inducing pro-survival and pro-differentiation genes (BDNF, Bcl-2, c-fos).**™
Sustained or low-frequency signals instead preferentially activate calcineurin, promoting NFAT nuclear translocation and
alternative gene expression programs including stress responses and, in some contexts, pro-apoptotic signaling.®*%°
Anesthetic-induced calcium dysregulation disrupts the physiological balance between these two pathways in both agent-
specific and context-dependent ways. Ketamine-induced oscillation suppression reduces CaMKII/IV activation and CREB
phosphorylation, impairing pro-neuronal gene expression, synaptic development, and neuronal maturation.””** Sustained Ca>*
elevation from propofol or volatile anesthetics enhances calcineurin activity, promotes aberrant NFAT-driven transcription,®*¢
and may shift NSC fate decisions away from neuronal commitment. Calcineurin-mediated activation of pro-apoptotic NFAT
targets combined with reduced CREB-driven Bcl-2 expression lowers the apoptotic threshold in developing neurons.®” The
relative dominance of each pathway is highly context-dependent, explaining why experimental studies using different agents or
paradigms report divergent outcomes ranging from apoptosis to proliferation arrest to altered differentiation, all of which can be

mechanistically unified by CaMK-CREB vs. calcineurin-NFAT imbalance.
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The evidence supports a multilevel model of anesthetic-induced calcium dysregulation: anesthetics alter calcium entry
and intracellular release at the receptor and organelle level, disrupt oscillatory encoding of developmental signals, and
destabilize the transcriptional balance between pro-neuronal and alternative programs. These perturbations form an
interconnected cascade in which upstream calcium disturbances propagate through ER-mitochondria coupling and signal
decoding mechanisms to reshape the transcriptional landscape of developing neural cells.

Effects of Anesthetic-Induced Calcium Dysregulation on Neural Stem Cells
and Developing Neurons

Effects on NSC Proliferation
Cell-cycle progression is regulated by the coordinated activity of cyclins, cyclin-dependent kinases (CDKs), and CDK
inhibitors (CKIs). Cyclin-CDK complexes drive the cell cycle through retinoblastoma protein (pRb) phosphorylation and
E2F activation, while CKIs such as p21 and p27 constrain proliferative activity.*® Calcium signaling is intimately
integrated with cell-cycle regulation at multiple checkpoints (Figure 3): transient Ca® elevations facilitate Go/G,
transition, G/S progression, and G,/M entry through calmodulin (CaM), calcineurin, and CaMKs that regulate cyclin/
CDK activity.”#%%°

Ketamine suppresses NSC proliferation in a dose- and time-dependent manner via the Ca*-PKCa-ERK1/2 signaling
pathway.”'*”> However, many in vitro studies have employed ketamine concentrations (>200 uM) substantially exceeding
clinically relevant plasma levels; at lower concentrations (20—50 uM), proliferative effects are minimal or absent, indicating
a threshold-dependent rather than linear dose-response.’® Current evidence supports an inhibitory effect of suprathreshold
ketamine on NSC proliferation via calcium-dependent signaling, but translational significance remains uncertain (Table 1).

Propofol exhibits concentration-dependent biphasic effects on NSC proliferation. At clinically relevant concentrations
(~10 uM), propofol promotes proliferation of human neural progenitor cells (1NPCs) and adult rat NSCs through Ca®'-
dependent CREB phosphorylation.''”* At higher concentrations (>100-200 pM), it inhibits NSC proliferation through
ER calcium release via InsP;Rs and Ca®"-PKCa-ERK1/2 pathway activation.”> ®” These opposing effects reflect the
differential magnitude of ER calcium release: moderate mobilization activates pro-proliferative CaMK-CREB signaling,
whereas excessive release engages inhibitory cascades (Table 2).
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Figure 3 Anesthetic exposure leads to calcium homeostasis dysregulation in NSCs. General anesthetic exposure disrupts calcium homeostasis, interfering with cell-cycle
progression and differentiation-related gene expression, thereby affecting NSC proliferation and fate selection.
Abbreviations: NSCs, neural stem cells; CDKs, cyclin-dependent kinases; pRb, retinoblastoma protein.
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Table | Calcium Homeostasis Dysregulation Mechanisms of Ketamine and Midazolam Induced Developmental Neurotoxicity

Anesthetic | Animal and Cell Sources Mechanisms of Calcium Cell Survival/ References
Homeostatic Dysregulation Proliferation and Differentiation
of NSCs or NPCs/
Neuronal Migration/Axonal and
Dendritic Development
Ketamine EDI6 Elevates calcium concentration in Promotes neural stem cell-derived [93]
SD rat differentiated neurons neuronal apoptosis/
cortical neural stem cells /
/
Ketamine EDI19 Increases cytoplasmic calcium Promotes neuronal apoptosis/ [12]
Wistar rat hippocampal neurons | concentration, decreases amplitude /
and frequency of calcium oscillations, | /
downregulates CaMKII, reduces Affects dendritic and synaptic
synapsin, and increases caspase-3 development
Ketamine PND3 Inhibits of Ca?*-PKCa-ERK /2 / [92]
SD rat hippocampal neural stem signaling by suppressing of L-type Inhibits proliferation/
cells VDCC /
Midazolam PNDI Mediates calcium inward flow / [15]
SD rat through GABA, receptor-dependent. | Inhibits proliferation/
hippocampal neural stem cells /

Abbreviations: SD, Sprague-Dawley; PND, postnatal day; ED, embryonic day; NSCs, neural stem cells; NPCs, neural progenitor cells; CaMKII, Ca>*/calmodulin-dependent
kinase II; L-type VDCC, L-type voltage dependent Ca>* channel; PKCa, protein kinase C-o; ERK, extracellular signal-regulated kinase; GABA4 receptor, y-aminobutyric acid
type A receptor.

Table 2 Calcium Homeostasis Dysregulation Mechanisms of Propofol Induced Developmental Neurotoxicity

Anesthetic | Animal and Cell Sources Mechanisms of Calcium Homeostatic Cell Survival/ References
Dysregulation Proliferation and Differentiation
of NSCs or NPCs/
Neuronal Migration/Axonal and
DENDRITIC Development
Propofol Rat adult stem cells Increased cytoplasmic calcium concentration and increased | / [94]
P-CREB Promote proliferation/
/
Propofol hNPC Increases cytoplasmic calcium concentration and activates Autophagy induces cell death/ [
autophagy via InsP3R and RyR. Activates autophagy in Excessive autophagy activation inhibits
a concentration dependent manner proliferation and promotes glial cell
differentiation/
/
Propofol Neurons Increases cytoplasmic calcium concentration and activates Physiological autophagy protects [98]
SY5Y cells autophagy via InsP3R and RyR. Inhibits the mTOR- neurons from damage/
dependent pathway, impairs autophagic flux, disrupts /
mitochondrial structure, decrease ATP levels, and increases | /
caspase-3 activation in a concentration dependent manner
Propofol PNDI SD rat hippocampal Reduces cytoplasmic calcium concentration Promote apoptosis/ [96]
neural stem cells Inhibits proliferation and reduces the
ratio of neurons to glial cells/
/
(Continued)
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Table 2 (Continued).

Anesthetic | Animal and Cell Sources Mechanisms of Calcium Homeostatic Cell Survival/ References
Dysregulation Proliferation and Differentiation
of NSCs or NPCs/
Neuronal Migration/Axonal and
DENDRITIC Development
Propofol PND3 SD rat hippocampal Inhibits Ca*-PKCa-ERK1/2 signaling pathway by / [95]
neural stem cells suppressing L-type VDCC Inhibits proliferation/
/
Propofol ED15.5 Mouse hippocampal Inhibits CaMKII/pS485/AMPK/ATF5 signaling pathway / [97]
neural stem cells Inhibits proliferation and
differentiation/
Inhibits migration/

Abbreviations: SD, Sprague-Dawley; PND, postnatal day; ED, embryonic day; NSCs, neural stem cells; NPCs, neural progenitor cells; hNPC, human neural progenitor cells;
InsP3R, inositol-1,4,5-triphosphate receptors; RyR, ryanodine receptor; CREB, cAMP response element-binding protein; mTOR, mammalian target of rapamycin; ATP,
adenosine triphosphate; L-type VDCC, L-type voltage dependent Ca®* channel; PKCa, protein kinase C-a; ERK, extracellular signal-regulated kinase; pS485, phosphorylation
of serine at amino acid position 485; AMPK, 5’ adenosine monophosphate-activated protein kinase; ATF5, activating transcription factor 5.

Isoflurane similarly exhibits concentration- and duration-dependent biphasic effects, promoting proliferation at low

concentrations while suppressing it at higher or prolonged exposures through InsP;R- and RyR-dependent ER Ca®*

release.”” Midazolam at clinical concentrations inhibits neonatal rat hippocampal NSC proliferation by increasing

calcium influx through GABA  receptor-mediated depolarization'® (Tables 1 and 3).

Table 3 Calcium Homeostasis Dysregulation Mechanisms of Inhalational Anesthetic Induced Developmental Neurotoxicity

Anesthetics | Animal and Cell Sources Mechanisms of Calcium Homeostatic Cell Survival/ References
Dysregulation Proliferation and Differentiation
of NSCs or NPCs/
Neuronal Migration/Axonal and
Dendritic Development
Sevoflurane Hippocampal neurons HT22 cell Increases cytoplasmic calcium concentration and Promotes apoptosis/ [14]
activates the WNK I/NKCCI/Ca®*/Drp-1 /
signaling /
Isoflurane E16-17 Mouse cortical hippocampal Releases calcium from the ER via InsP3R, Promotes apoptosis/ [99]
neuron promotes extracellular calcium influx and /
mitochondrial calcium overload, and activates /
caspase-3 and BACE
Sevoflurane PND8 Mouse hippocampal neurons Activates GABA receptors and L-type VDCC, Promotes apoptosis/ [76]
Increases cytoplasmic calcium concentration. Inhibits proliferation/
Induces neuroinflammation via IL- 1§, IL-6. /
Inhibits the growth of dendritic spines
Isoflurane PCI2 cells Activation of InsP3R induces the release of Promotes apoptosis/ [1on]
calcium from the ER, leading to an increase in /
cytoplasmic and mitochondrial calcium /
concentrations
Sevoflurane PNDI Elevates cytoplasmic calcium via L-type VDCC Promotes apoptosis/ [77]
SD rat hippocampal neurons inducing mitochondrial damage, increases /
expression of ROS and caspase-3, Cyt c release, | /
and Bax/Bcl-2 ratio
Isoflurane ED16-18 Rat cortical neurons Releases calcium from the ER via InsP3R, inducing | Promote apoptosis/ [102]
a rapid increase in cytoplasmic calcium /
concentration /
(Continued)
Drug Design, Development and Therapy 2026:20 htps: 9
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Table 3 (Continued).

Anesthetics | Animal and Cell Sources Mechanisms of Calcium Homeostatic Cell Survival/ References
Dysregulation Proliferation and Differentiation
of NSCs or NPCs/

Neuronal Migration/Axonal and
Dendritic Development

Isoflurane EDI5 Mouse cortical neurons Causes ER stress via RyR, and activates CHOP, Promote apoptosis/ [80]

caspase-12 and caspase-3 /
/

Isoflurane EDI5 Mouse cortical neurons Induces calcium release from the ER, increases Promotes apoptosis/ [103]
ROS and Bax, decreases Bcl-2, and activates /
caspase9/3 /

Isoflurane hNPC Increases cytoplasmic calcium concentration via Excessive increased calcium promotes | [99]
InsP3R and RyR apoptosis/

Excessive increased calcium elevation
inhibits proliferation, suppresses
neuronal differentiation/

/

Isoflurane EDI8 SD rat hippocampal neurons Increases cytoplasmic calcium via InsP3R via PLC- | Promotes neuronal death/ [104]
v and induces an increase in HIF-1a /
/

Abbreviations: SD, Sprague-Dawley; PND, postnatal day; ED, embryonic day; NSCs, neural stem cells; NPCs, neural progenitor cells; hNPC, human neural progenitor cells;
InsP3R, inositol-1,4,5-triphosphate receptors; RyR, ryanodine receptor; WNKI, lysine deficient protein kinase 1; NKCCI, Na*-K*-Cl~ cotransporter |; Drpl,dynamin-
related proteinl; BACE, B-site amyloid  precursor protein-cleaving enzyme; ER, endoplasmic reticulum; L-type VDCC, L-type voltage dependent Ca?" channel; IL-1p,
interleukine- | B; IL-6, interleukine-6; ROS, reactive oxygen species; Cyt ¢, cytochrome c; Bax, Bcl-2 associated X protein; Bcl-2, B-cell lymphoma 2; GABA,, y-aminobutyric
acid type A; ROS, reactive oxygen species; CHOP, C/EBP homologous protein; PLC-y, phosphoinositide phospholipase C; HIF-1a, hypoxia inducible factor-1a protein.

Observed inconsistencies likely reflect genuine biological variability: NSCs from different brain regions, species, or
developmental stages exhibit distinct intrinsic calcium properties and may respond differentially to the same anesthetic
stimulus. At the transcriptional level, anesthetic-induced calcium dysregulation disrupts NSC proliferation primarily
through CaMK-CREB and calcineurin-NFAT imbalance.'' Oscillation suppression by NMDAR antagonists impairs
CREB-driven proliferative gene expression, while sustained Ca®* elevation by GABAergic agents activates calcineurin-

dependent upregulation of CKIs and cell-cycle arrest.'!!*?

Effects on NSC Differentiation and Fate Determination
NSC differentiation is a process in which asymmetric divisions progressively give rise to NPCs committing to neuronal,
astrocytic, or oligodendrocytic lineages, regulated by intracellular signals and epigenetic modifications.'®'® Anesthetic-
induced calcium dysregulation can divert NSC fate in a concentration- and duration-dependent manner. Propofol
exemplifies this dose-dependence: exposure of hNPCs to 10 uM for 24 hours increased Tujl(B-tubulin III)-positive
neurons while reducing glial fibrillary acidic protein (GFAP)-positive glia, indicating pro-neuronal differentiation;
conversely, 200 uM propofol produced the opposite-reduced neuronal commitment and increased glial differentiation-
through InsP;R-mediated ER calcium release and autophagy activation.'' (Table 2) Concentrations required to alter
lineage specification in vitro (eg., 200 uM propofol) substantially exceed clinically relevant plasma levels; hNPCs versus
rodent NSCs introduce biological variability; and differentiation outcomes are assessed by lineage marker immunostain-
ing at single time points, which may not capture full complexity or reversibility. Isoflurane similarly disrupts NSC fate in
a duration-dependent manner: prolonged exposure (24 hours at 2.4%) inhibited neuronal differentiation and promoted
glial commitment in hNPCs, whereas short exposure (1 hour) had no significant effect on lineage choice-both associated
with InsP;R- and RyR-mediated ER calcium release” (Table 3).

Mechanistically, fate-altering effects arise from disruption of calcium-dependent transcriptional programs. (Figure 3)
Physiologically patterned signals activate CREB-driven NeuroD expression and neuronal commitment; their disruption
through excessive Ca®" or oscillation suppression impairs CREB-dependent neuronal gene expression and may redirect
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cells toward glial fates through enhanced calcineurin-NFAT signaling. Oscillation frequency further specifies neuronal
subtype: high-frequency oscillations favor GABAergic and lower frequencies favor glutamatergic identity. Anesthetic
agents that alter oscillation frequency may therefore perturb neuronal subtype specification with consequences for circuit
assembly.

Effects on NSC and Neuronal Survival
Anesthetic-induced calcium dysregulation exerts direct cytotoxic effects on post-mitotic neurons and NSCs, primarily
through apoptotic and autophagic pathways. Although both apoptosis and autophagy serve essential roles in normal

34107 pathological calcium overload disrupts this balance: sustained cytosolic Ca®" elevation triggers

neurodevelopment,
mitochondrial calcium uptake, impairs ATP synthesis, generates ROS, induces cytochrome c release, and activates
caspase-3-dependent apoptosis.'?!!?%1%%:19 Elevated Ca®" also activates autophagy through Ca**/calmodulin-dependent
signaling, and excessive autophagic flux can transition from cytoprotective to cytodestructive.''’

Sevoflurane induced GABA, receptor-mediated neuron depolarization, VDCC activation, elevated Ca2+, and
apoptosis.'*’*7"1%2 In neonatal non-human primates, prolonged ketamine induced apoptosis and necrosis through
NMDAR upregulation and subsequent excitotoxic calcium overload upon withdrawal.'"' Propofol produces dose-
dependent cell death in hNPCs: clinically relevant concentrations exert minimal cytotoxicity, whereas high concentra-
tions trigger excessive ER Ca”' release via InsP;Rs or RyRs, leading to pathological autophagy and cell death.
(Tables 1 and 2) Both GABA, receptor agonists and NMDAR antagonists converge on shared downstream calcium
entry pathways via L-type VDCCs, InsP;R, and RyRs to elevate cytosolic Ca®" and initiate cell death
cascades.'"7*39%1% 1n immature neurons and NSCs, GABA-induced depolarization directly activates VDCCs,*”
while NMDAR blockade produces delayed overload through compensatory receptor upregulation upon
withdrawal.”®%* The convergence of mechanistically distinct anesthetics on shared calcium-dependent death pathways

underscores the centrality of calcium dysregulation in AIDN.

Effects on Neuronal Maturation

Calcium signaling regulates structural and functional maturation of post-mitotic neurons including axonal growth,
dendritic elaboration, synapse formation, and synaptic protein expression (Figure 2), with CaMKII playing
a particularly prominent role in transducing calcium oscillations into structural neuronal changes.®>''? Exposure to
25 uM S(+)-ketamine for 24 hours significantly reduced synaptic protein expression in immature neurons, associated
with decreased Ca®* oscillation amplitude and frequency and reduced CaMKII expression.'> Midazolam similarly
impaired synaptic integrity: prolonged exposure (100 and 300 nM, 24 hours) reduced synaptic protein expression and
disrupted synaptic architecture through GABA, receptor-mediated suppression of calcium oscillation amplitude and
frequency.'” (Table 1) As both excessive elevation and suppression of calcium signaling impair neuronal maturation,

. . . . . .. 1.72
normal neuronal architecture requires a precisely tuned range of calcium oscillatory activity.®”-*%"1-7

Mechanistic Integration
Anesthetic-induced calcium dysregulation propagates through ER-mitochondria coupling, oxidative stress amplification,
and calcium-dependent transcriptional imbalance to produce both structural and functional neurodevelopmental abnorm-
alities. Excessive ER calcium release via InsP;Rs and RyRs drives mitochondrial calcium overload, leading to membrane
potential dissipation, impaired ATP synthesis, cytochrome c release, and caspase-dependent apoptosis (Figure 4).

Anesthetic-induced perturbation of calcium dynamics disrupts the physiological CaMK-CREB vs. calcineurin-NFAT
transcriptional balance, shifting cellular responses from adaptive toward maladaptive programs. This transcriptional
imbalance is further compounded: sustained ROS elevation and prolonged calcium overload progressively suppress
CaMKII/IV-mediated CREB phosphorylation while enhancing calcineurin activity, simultaneously removing pro-survival
transcriptional support and activating pro-apoptotic and fate-altering programs.

Furthermore, calcium dysregulation impairs synaptic development in neurons that survive the anesthetic insult.
CaMKII-mediated phosphorylation of synaptic proteins and CREB-dependent transcription are essential for dendritic
elaboration and synapse formation; anesthetic-induced oscillation suppression reduces both, leading to diminished
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Figure 4 Mechanistic framework of anesthetic-induced developmental neurotoxicity mediated by calcium dysregulation. Anesthetics including ketamine, isoflurane/
sevoflurane, propofol, and midazolam act primarily as GABA, receptor agonists or NMDA receptor antagonist. Anesthetic exposures induce calcium dysregulation by
both calcium load and oscillatory calcium dynamics. Intracellular calcium load can be dysregulated by receptor modulation, ER calcium release, VDCC-mediated calcium
influx, and mitochondrial calcium overload in an amplitude-dependent manner. Calcium Oscillations are disturbed via changing oscillation frequency and amplitude alteration
by anesthetic exposures. Calcium dysregulation activates the calcineurin-NFAT pathway, promoting mitochondrial dysfunction, ROS generation, apoptosis, and autophagy. In
contrast, disturbance of physiological calcium load and oscillations also impairs CaMK-CREB signaling, reducing synaptic gene expression and cytoskeletal remodeling.
Together, these mechanisms contribute to abnormal proliferation, altered neuronal-glial differentiation, impaired neuronal maturation and synaptogenesis, and reduced cell
survival. The final outcome is influenced by anesthetic dose, exposure duration, and developmental stage.

Abbreviations: NMDA, N-methyl-D-aspartate; GABA,, y-aminobutyric acid-type A; InsP3R, inositol-1,4,5-trisphosphate receptor; RyR, ryanodine receptor; NFAT, nuclear
factor of activated T-cells; ROS, reactive oxygen species; CaMKIl, Ca“/calmoduIin-dependent protein kinase Il; CaMKIV, CaZ+/caImoduIin-dependent protein kinase IV;
CREB, cAMP response element-binding protein; CDK, cyclin-dependent kinase; VDCC, voltage-dependent calcium channel.

synaptic protein expression and compromised connectivity independently of cytotoxicity. This dissociation between cell
death and functional impairment suggests that surviving neurons may carry lasting deficits in connectivity and circuit
function, meaning the neurodevelopmental consequences of early anesthetic exposure may be substantially broader than
apoptotic endpoints alone.

Translational Implications

Translation of preclinical calcium dysregulation findings to clinical practice remains substantially limited by
a fundamental gap between experimental models and clinical reality. The majority of mechanistic evidence derives
from in vitro systems and rodent models employing supraclinical concentrations, raising concerns about physiological
relevance and species transferability. This gap is reflected in inconsistent clinical findings and ongoing regulatory debate.
In 2016, the FDA issued a Drug Safety Communication warning that repeated or prolonged GA in children under three
may affect brain development, while acknowledging an incomplete evidence base.® This precautionary posture, informed
primarily by preclinical rather than definitive clinical evidence, underscores the urgency of mechanistically grounded
translational research.

From a mechanistic standpoint, the calcium signaling cascade offers several potentially tractable therapeutic targets.
Pharmacological agents with indirect calcium-modulatory properties including antioxidants, mitochondrial stabilizers,
and neurotrophic factor modulators such as BDNF pathway activators, have demonstrated neuroprotective potential in
preclinical models, though safety profiles, target specificity, and developmental stage-dependent efficacy remain incom-
pletely characterized, and none has been evaluated in controlled pediatric clinical trials.
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A complementary consideration is optimization of anesthetic exposure parameters. Given that anesthetic-induced
calcium dysregulation is sensitive to dose, duration, and developmental timing, minimizing unnecessary exposure and
avoiding repeated anesthetics during critical neurodevelopmental windows may meaningfully reduce risk without
pharmacological intervention. A precision-based approach to anesthetic protocol design, informed by understanding of
developmental calcium vulnerability windows, represents a practical near-term strategy.

Conclusions and Perspectives

Current evidence supports calcium signaling dysregulation as an important convergent mechanism linking anesthetic
exposure to neurodevelopmental alterations across multiple stages of development. General anesthetics, GABA 4 receptor
agonists and NMDAR antagonists, disrupt intracellular Ca>" homeostasis through complementary upstream mechanisms,
impairing NSC proliferation, differentiation, survival, and neuronal maturation. At the molecular level, these effects are
mediated through excessive cytosolic Ca*" elevation, pathological ER-mitochondria calcium transfer, and CaMK-CREB
vs. calcineurin-NFAT imbalance, collectively driving mitochondrial dysfunction, oxidative stress, apoptosis, impaired
neurogenesis, and neuronal maturation (Figure 4).

Several important knowledge gaps nonetheless remain. The precise role of calcium oscillation dynamics, frequency-
and amplitude-dependent encoding, in mediating anesthetic neurotoxicity in vivo is incompletely characterized. The
relative contributions of different calcium sources, anesthetic agents, and exposure paradigms to specific neurodevelop-
mental outcomes require more systematic evaluation. Whether transcriptional and structural deficits observed preclini-
cally are reversible, and under what conditions, remains an open question with direct clinical relevance.

Addressing these gaps requires new experimental approaches. Physiologically relevant in vivo calcium imaging will be
essential for directly characterizing spatiotemporal calcium dysregulation in living neural tissue under anesthetic conditions.
Human induced pluripotent stem cell (iPSC)-derived NSC models offer a means of bridging the species gap and recapitulating
human-specific neurodevelopmental calcium signaling. Clinically relevant dose-response and exposure-duration studies are
needed to distinguish adaptive from pathological calcium responses and define genuine neurotoxic thresholds. Targeting
calcium signaling at the level of ER calcium release, mitochondrial homeostasis, or downstream transcriptional effectors may
ultimately yield neuroprotective strategies that improve the safety of anesthetic agents in early life.

Abbreviations

ADHD, attention-deficit/hyperactivity disorder; AIDN, anesthetic-induced developmental neurotoxicity; AMPARs, a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors; aNSCs, activated neural stem cells; ATP, adenosine
triphosphate; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein; BDNF, brain-derived neurotrophic factor;
BGS, brain growth spurt; Ca*", calcium ion; CaM, calmodulin; CaMKs, Ca2+/calm0dulin-dependent protein kinases;
CaMKII, Ca®"/calmodulin-dependent protein kinase II; CDKs, cyclin-dependent kinases; CKIs, cyclin-dependent kinase
inhibitors; CREB, cAMP response element-binding protein; CRAC, calcium release-activated calcium; Cyt ¢, cyto-
chrome c; EGF, epidermal growth factor; ER, endoplasmic reticulum; ERK1/2, extracellular signal-regulated kinase 1/2;
GA, general anesthesia; GABA, y-aminobutyric acid; GABA 4 receptor, y-aminobutyric acid type A receptor; GFAP, glial
fibrillary acidic protein, hNPCs, human neural progenitor cells; IL-1B, interleukin-1 beta; IL-6, interleukin-6; InsP3,
inositol-1,4,5-trisphosphate; InsP3Rs, inositol-1,4,5-trisphosphate receptors; 1Q, intelligence quotient; LDs, learning
disabilities; MAMs, mitochondria-associated membranes; MCU, mitochondrial calcium uniporter; mPTP, mitochondrial
permeability transition pore; mTOR, mechanistic target of rapamycin; NCX, Na+/Ca>" exchanger; NCLX, mitochondrial
Na+/Ca®" exchanger; NFAT, nuclear factor of activated T-cells; NMDARs, N-methyl-D-aspartate receptors; NPCs,
neural progenitor cells; NSCs, neural stem cells; pRb, retinoblastoma protein; PKCa, protein kinase C alpha; PMCA,
plasma membrane Ca>" ATPase; PND, postnatal day; qNSCs, quiescent neural stem cells; ROS, reactive oxygen species;
RyRs, ryanodine receptors; SERCA, sarco/endoplasmic reticulum Ca®" ATPase; SGZ, subgranular zone; SOCE, store-
operated Ca®* entry; STIMI1, stromal interaction molecule 1; SVZ, subventricular zone; TRPCs, transient receptor
potential canonical channels; Tujl, neuron-specific class III B-tubulin; VDCCs, voltage-dependent calcium channels;
VEGFR2, vascular endothelial growth factor receptor 2; WNKI1, with-no-lysine kinase 1.

Drug Design, Development and Therapy 2026:20 https: 13



Dong et al

Funding

This work was supported by the National Natural Science Foundation of China (No. 81503167); Science and Technology
Projects in Guangzhou (No. 2023A03J0619); Foreign Expert Project of the Ministry of Science and Technology of China (No.
DL2023199003L); National Innovation and Entrepreneurial Training Program for Undergraduate Students (No. 202310559035).

Disclosure
The authors declare that the research was conducted in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.

References

1.

2.

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

Sun L. Early childhood general anaesthesia exposure and neurocognitive development. Brit J Anaesth. 2010;105:161-168. doi:10.1093/bja/
aeq302

Borzage MT, Peterson BS. A scoping review of the mechanisms underlying developmental anesthetic neurotoxicity. Anesth Analg. 2025;140
(2):409-426. doi:10.1213/ANE.0000000000006897

. Chaudhary F, Agrawal DK. Anesthesia-induced developmental neurotoxicity in pediatric population. J Surg Res. 2024;7(4):490-500.

doi:10.26502/jsr.10020400

. Orser BA, Suresh S, Evers AS. SmartTots update regarding anesthetic neurotoxicity in the developing brain. Anesth Analg. 2018;126

(4):1393-1396. doi:10.1213/ANE.0000000000002833

. Fehr T, Janssen WGM, Park J, Baxter MG. Neonatal exposures to sevoflurane in rhesus monkeys alter synaptic ultrastructure in later life.

iScience. 2022;25(12):105685. doi:10.1016/j.is¢i.2022.105685

. Jevtovic-Todorovic V, Hartman RE, Izumi Y, et al. Early exposure to common anesthetic agents causes widespread neurodegeneration in the

developing rat brain and persistent learning deficits. J Neurosci. 2003;23(3):876-882. doi:10.1523/INEUROSCI.23-03-00876.2003

. Paule MG, Li M, Allen RR, et al. Ketamine anesthesia during the first week of life can cause long-lasting cognitive deficits in rhesus monkeys.

Neurotoxicol Teratol. 2011;33(2):220-230. doi:10.1016/j.ntt.2011.01.001

. Song S-Y, Meng X-W, Xia Z, et al. Cognitive impairment and transcriptomic profile in hippocampus of young mice after multiple neonatal

exposures to sevoflurane. Aging. 2019;11(19):8386—8417. doi:10.18632/aging.102326

. McCann ME, de Graaff JC, Dorris L, et al. Neurodevelopmental outcome at 5 years of age after general anaesthesia or awake-regional

anaesthesia in infancy (GAS): an international, multicentre, randomised, controlled equivalence trial. Lancet. 2019;393(10172):664—677.
doi:10.1016/S0140-6736(18)32485-1

Liu F, Patterson TA, Sadovova N, et al. Ketamine-induced neuronal damage and altered N-methyl-D-aspartate receptor function in rat primary
forebrain culture. Toxicol Sci. 2013;131(2):548-557. doi:10.1093/toxsci/kfs296

. Qiao H, Li Y, Xu Z, et al. Propofol affects neurodegeneration and neurogenesis by regulation of autophagy via effects on intracellular calcium

homeostasis. Anesthesiology. 2017;127(3):490-501. doi:10.1097/ALN.0000000000001730

Sinner B, Friedrich O, Zink W, Zausig Y, Graf BM. The toxic effects of s(+)-ketamine on differentiating neurons in vitro as a consequence of
suppressed neuronal Ca2+ oscillations. Anesth Analg. 2011;113(5):1161-1169. doi:10.1213/ANE.0b013e31822747df

Zhang Q, Li Y, Wang X, et al. Sevoflurane exposure causes neuronal apoptosis and cognitive dysfunction by inducing ER stress via activation
of the inositol 1, 4, 5-trisphosphate receptor. Front Aging Neurosci. 2022;14:990679. doi:10.3389/fnagi.2022.990679

Bai X, Yan Y, Canfield S, et al. Ketamine enhances human neural stem cell proliferation and induces neuronal apoptosis via reactive oxygen
species—mediated mitochondrial pathway. Anesth Analg. 2013;116(4):869-880. doi:10.1213/ANE.0b013e3182860fc9

Sinner B, Friedrich O, Zausig Y, Bein T, Graf BM. Toxic effects of midazolam on differentiating neurons in vitro as a consequence of
suppressed neuronal Ca2+-oscillations. Toxicology. 2011;290(1):96-101. doi:10.1016/j.tox.2011.08.022

Brini M, Cali T, Ottolini D, Carafoli E. Neuronal calcium signaling: function and dysfunction. Cell Mol Life Sci. 2014;71(15):2787-2814.
doi:10.1007/s00018-013-1550-7

Toth AB, Shum AK, Prakriya M. Regulation of neurogenesis by calcium signaling. Cell Calcium. 2016;59(2-3):124—-134. doi:10.1016/].
ceca.2016.02.011

Lim DA, Alvarez-Buylla A. The adult ventricular—subventricular zone (V-SVZ) and olfactory bulb (OB) neurogenesis. Cold Spring Harb
Perspect Biol. 2016;8(5):a018820. doi:10.1101/cshperspect.a018820

Kawaguchi A. Neuronal delamination and outer radial glia generation in neocortical development. Front Cell Dev Biol. 2021;8:623573.
doi:10.3389/fcell.2020.623573

Bonthius DJ. Lymphocytic choriomeningitis virus: an underrecognized cause of neurologic disease in the fetus, child, and adult. Semin Pediatr
Neurol. 2012;19(3):89-95. doi:10.1016/j.spen.2012.02.002

Jiang M, Jang SE, Zeng L. The effects of extrinsic and intrinsic factors on neurogenesis. Cells. 2023;12(9):1285. doi:10.3390/cells12091285
Greer PL, Greenberg ME. From synapse to nucleus: calcium-dependent gene transcription in the control of synapse development and function.
Neuron. 2008;59(6):846—860. doi:10.1016/j.neuron.2008.09.002

Arjun McKinney A, Petrova R, Panagiotakos G. Calcium and activity-dependent signaling in the developing cerebral cortex. Development.
2022;149(17). doi:10.1242/dev.198853

Dolmetsch RE, Xu K, Lewis RS. Calcium oscillations increase the efficiency and specificity of gene expression. Nature. 1998;392
(6679):933-936. doi:10.1038/31960

Hemmings HC, Akabas MH, Goldstein PA, Trudell JR, Orser BA, Harrison NL. Emerging molecular mechanisms of general anesthetic action.
Trends Pharmacol Sci. 2005;26(10):503-510. doi:10.1016/j.tips.2005.08.006

Pivovarova NB, Andrews SB. Calcium-dependent mitochondrial function and dysfunction in neurons. FEBS J. 2010;277(18):3622-3636.
doi:10.1111/.1742-4658.2010.07754.x

14

https: Drug Design, Development and Therapy 2026:20


https://doi.org/10.1093/bja/aeq302
https://doi.org/10.1093/bja/aeq302
https://doi.org/10.1213/ANE.0000000000006897
https://doi.org/10.26502/jsr.10020400
https://doi.org/10.1213/ANE.0000000000002833
https://doi.org/10.1016/j.isci.2022.105685
https://doi.org/10.1523/JNEUROSCI.23-03-00876.2003
https://doi.org/10.1016/j.ntt.2011.01.001
https://doi.org/10.18632/aging.102326
https://doi.org/10.1016/S0140-6736(18)32485-1
https://doi.org/10.1093/toxsci/kfs296
https://doi.org/10.1097/ALN.0000000000001730
https://doi.org/10.1213/ANE.0b013e31822747df
https://doi.org/10.3389/fnagi.2022.990679
https://doi.org/10.1213/ANE.0b013e3182860fc9
https://doi.org/10.1016/j.tox.2011.08.022
https://doi.org/10.1007/s00018-013-1550-7
https://doi.org/10.1016/j.ceca.2016.02.011
https://doi.org/10.1016/j.ceca.2016.02.011
https://doi.org/10.1101/cshperspect.a018820
https://doi.org/10.3389/fcell.2020.623573
https://doi.org/10.1016/j.spen.2012.02.002
https://doi.org/10.3390/cells12091285
https://doi.org/10.1016/j.neuron.2008.09.002
https://doi.org/10.1242/dev.198853
https://doi.org/10.1038/31960
https://doi.org/10.1016/j.tips.2005.08.006
https://doi.org/10.1111/j.1742-4658.2010.07754.x

Dong et al

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.
56.

57.

58.

59.

60.

Peng T-1, Jou M-J. Oxidative stress caused by mitochondrial calcium overload. Ann N Y Acad Sci. 2010;1201(1):183-188. doi:10.1111/j.1749-
6632.2010.05634.x

Ermak G, Davies KJA. Calcium and oxidative stress: from cell signaling to cell death. Mol Immunol. 2002;38(10):713-721. doi:10.1016/S0161-
5890(01)00108-0

Redmond L, Kashani AH, Ghosh A. Calcium regulation of dendritic growth via CaM kinase IV and CREB-mediated transcription. Neuron.
2002;34(6):999-1010. doi:10.1016/S0896-6273(02)00737-7

El-Mezayen MY, Farouk M, Farouk B, El-Mezayen M, Eissa S. Dexmedetomidine and propofol-induced neurotoxicity: promise, but caution
warranted. Hum Exp Toxicol. 2025;44:9603271251387257. doi:10.1177/09603271251387257

Parvizi D, Kandikattu S, Ayzenberg G, Aavula M, Khaleefa M, Agrawal DK. Anesthetic-induced developmental neurotoxicity: cognitive
sequelae of early exposure. Anesthesia Critical Care. 2026;8(1):45-53. doi:10.26502/acc.100

Young SZ, Platel J-C, Nielsen JV, Jensen NA, Bordey A. GABA(A) increases calcium in subventricular zone astrocyte-like cells through L- and
T-type voltage-gated calcium channels. Front Cell Neurosci. 2010;4:8. doi:10.3389/fncel.2010.00008

Wang X-Y, Li Y-L, Wang H-Y, et al. Propofol inhibits invasion and proliferation of C6 glioma cells by regulating the Ca 2+ permeable AMPA
receptor-system x ¢ — pathway. Toxicol In Vitro. 2017;44:57-65. doi:10.1016/].tiv.2017.06.026

Green DR, Llambi F. Cell Death Signaling. Cold Spring Harb Perspect Biol. 2015;7(12):a006080. doi:10.1101/cshperspect.a006080

Dong C, Rovnaghi CR, Anand KJS. Ketamine affects the neurogenesis of rat fetal neural stem progenitor cells via the PI3K/Akt-p27 signaling
pathway. Birth Defects Res B Dev Reprod Toxicol. 2014;101(5):355-363. doi:10.1002/bdrb.21119

Ing C, Warner DO, Sun LS, et al. Anesthesia and developing brains: unanswered questions and proposed paths forward. Anesthesiology.
2022;136(3):500-512. doi:10.1097/ALN.0000000000004116

Kang E, Berg DA, Furmanski O, et al. Neurogenesis and developmental anesthetic neurotoxicity. Neurotoxicol Teratol. 2017;60:33-39.
doi:10.1016/j.ntt.2016.10.001

Glatz P, Sandin RH, Pedersen NL, Bonamy A-K, Eriksson LI, Granath F. Association of anesthesia and surgery during childhood with
long-term academic performance. JAMA Pediatr. 2017;171(1):e163470. doi:10.1001/jamapediatrics.2016.3470

Graham MR, Brownell M, Chateau DG, Dragan RD, Burchill C, Fransoo RR. Neurodevelopmental assessment in kindergarten in children
exposed to general anesthesia before the age of 4 years. Anesthesiology. 2016;125(4):667-677. doi:10.1097/ALN.0000000000001245

Chen S, Hache M, Patel S, Ing C. Update on clinical research in anesthetic neurotoxicity. J Neurosurg Anesthesiol. 2025;37(1):95-97.
doi:10.1097/ANA.0000000000001002

Sun LS, Li G, Miller TLK, et al. Association between a single general anesthesia exposure before age 36 months and neurocognitive outcomes
in later childhood. JAMA. 2016;315(21):2312-2320. doi:10.1001/jama.2016.6967

Wilder RT, Flick RP, Sprung J, et al. Early exposure to anesthesia and learning disabilities in a population-based birth cohort. Anesthesiology.
2009;110(4):796-804. doi:10.1097/01.anes.0000344728.34332.5d

Zhou H, Sun W, Ning L, Kang J, Jin Y, Dong C. Early exposure to general anesthesia may contribute to later attention-deficit/hyperactivity
disorder (ADHD): a systematic review and meta-analysis of cohort studies. J Clin Anesth. 2024;98:111585. doi:10.1016/j.jclinane.2024.111585
Ing C, Jackson WM, Zaccariello MJ, et al. Prospectively assessed neurodevelopmental outcomes in studies of anaesthetic neurotoxicity in
children: a systematic review and meta-analysis. Br J Anaesth. 2021;126(2):433-444. doi:10.1016/j.bja.2020.10.022

Berridge MJ. The inositol trisphosphate/calcium signaling pathway in health and disease. Physiol Rev. 2016;96(4):1261-1296. doi:10.1152/
physrev.00006.2016

Orrenius S, Zhivotovsky B, Nicotera P. Regulation of cell death: the calcium—apoptosis link. Nat Rev Mol Cell Biol. 2003;4(7):552-565.
doi:10.1038/nrm1150

Berridge MJ, Lipp P, Bootman MD. The versatility and universality of calcium signalling. Nat Rev Mol Cell Bio. 2000;1(1):11-21. doi:10.1038/
35036035

Patergnani S, Danese A, Bouhamida E, et al. Various aspects of calcium signaling in the regulation of apoptosis, autophagy, cell proliferation,
and cancer. Int J Mol Sci. 2020;21(21):8323. doi:10.3390/ijms21218323

Raffaello A, Mammucari C, Gherardi G, Rizzuto R. Calcium at the center of cell signaling: interplay between endoplasmic reticulum,
mitochondria, and lysosomes. Trends Biochem Sci. 2016;41(12):1035-1049. doi:10.1016/].tibs.2016.09.001

Rizzuto R, De Stefani D, Raffaello A, Mammucari C. Mitochondria as sensors and regulators of calcium signalling. Nat Rev Mol Cell Bio.
2012;13(9):566-578. doi:10.1038/nrm3412

Giorgi C, Marchi S, Pinton P. The machineries, regulation and cellular functions of mitochondrial calcium. Nat Rev Mol Cell Biol. 2018;19
(11):713-730. doi:10.1038/s41580-018-0052-8

Gengatharan A, Malvaut S, Marymonchyk A, et al. Adult neural stem cell activation in mice is regulated by the day/night cycle and intracellular
calcium dynamics. Cell. 2021;184(3):709-722¢713. doi:10.1016/j.cell.2020.12.026

Schulman H, Hanson PI, Meyer T. Decoding calcium signals by multifunctional CaM kinase. Cell Calcium. 1992;13(6-7):401-411.
doi:10.1016/0143-4160(92)90053-U

Smedler E, Uhlen P. Frequency decoding of calcium oscillations. Biochim Biophys Acta. 2014;1840(3):964-969. doi:10.1016/j.
bbagen.2013.11.015

Urban N, Cheung TH. Stem cell quiescence: the challenging path to activation. Development. 2021;148(3). doi:10.1242/dev.165084

Cao Y, Wu H-N, Cao X-L, et al. Transmembrane protein Ttyhl maintains the quiescence of neural stem cells through Ca2+/NFATc3 signaling.
Front Cell Dev Biol. 2021;9:779373. doi:10.3389/fcell.2021.779373

Diaz-Pifia DA, Rivera-Ramirez N, Garcia-Lopez G, Diaz NF, Molina-Hernandez A. Calcium and neural stem cell proliferation. Int J Mol Sci.
2024;25(7):4073. doi:10.3390/ijms25074073

Resende RR, Adhikari A, da Costa JL, et al. Influence of spontaneous calcium events on cell-cycle progression in embryonal carcinoma and
adult stem cells. Bba-Mol Cell Res. 2010;1803(2):246-260.

Seidman RA, Khattab H, Polanco JJ, Broome JE, Sim FJ. Oscillatory calcium release and sustained store-operated oscillatory calcium signaling
prevents differentiation of human oligodendrocyte progenitor cells. Sci Rep. 2022;12(1):6160. doi:10.1038/s41598-022-10095-1

Wong C-K, So W-Y, Law S-K, et al. Estrogen controls embryonic stem cell proliferation via store-operated calcium entry and the nuclear factor
of activated T-cells (NFAT). J Cell Physiol. 2012;227(6):2519-2530. doi:10.1002/jcp.22990

Drug Design, Development and Therapy 2026:20 https: 15


https://doi.org/10.1111/j.1749-6632.2010.05634.x
https://doi.org/10.1111/j.1749-6632.2010.05634.x
https://doi.org/10.1016/S0161-5890(01)00108-0
https://doi.org/10.1016/S0161-5890(01)00108-0
https://doi.org/10.1016/S0896-6273(02)00737-7
https://doi.org/10.1177/09603271251387257
https://doi.org/10.26502/acc.100
https://doi.org/10.3389/fncel.2010.00008
https://doi.org/10.1016/j.tiv.2017.06.026
https://doi.org/10.1101/cshperspect.a006080
https://doi.org/10.1002/bdrb.21119
https://doi.org/10.1097/ALN.0000000000004116
https://doi.org/10.1016/j.ntt.2016.10.001
https://doi.org/10.1001/jamapediatrics.2016.3470
https://doi.org/10.1097/ALN.0000000000001245
https://doi.org/10.1097/ANA.0000000000001002
https://doi.org/10.1001/jama.2016.6967
https://doi.org/10.1097/01.anes.0000344728.34332.5d
https://doi.org/10.1016/j.jclinane.2024.111585
https://doi.org/10.1016/j.bja.2020.10.022
https://doi.org/10.1152/physrev.00006.2016
https://doi.org/10.1152/physrev.00006.2016
https://doi.org/10.1038/nrm1150
https://doi.org/10.1038/35036035
https://doi.org/10.1038/35036035
https://doi.org/10.3390/ijms21218323
https://doi.org/10.1016/j.tibs.2016.09.001
https://doi.org/10.1038/nrm3412
https://doi.org/10.1038/s41580-018-0052-8
https://doi.org/10.1016/j.cell.2020.12.026
https://doi.org/10.1016/0143-4160(92)90053-U
https://doi.org/10.1016/j.bbagen.2013.11.015
https://doi.org/10.1016/j.bbagen.2013.11.015
https://doi.org/10.1242/dev.165084
https://doi.org/10.3389/fcell.2021.779373
https://doi.org/10.3390/ijms25074073
https://doi.org/10.1038/s41598-022-10095-1
https://doi.org/10.1002/jcp.22990

Dong

et al

61

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.
88.

89.
90.

91.

92.

93.

. Tozuka Y, Fukuda S, Namba T, Seki T, Hisatsune T. GABAergic excitation promotes neuronal differentiation in adult hippocampal progenitor
cells. Neuron. 2005;47(6):803—815. doi:10.1016/j.neuron.2005.08.023

D’Ascenzo M, Piacentini R, Casalbore P, et al. Role of L-type Ca 2+ channels in neural stem/progenitor cell differentiation. Eur J Neurosci.
2006;23(4):935-944. doi:10.1111/j.1460-9568.2006.04628.x

Borodinsky LN, Root CM, Cronin JA, Sann SB, Gu X, Spitzer NC. Activity-dependent homeostatic specification of transmitter expression in
embryonic neurons. Nature. 2004;429(6991):6523-6930.

Moreno M, Fernandez V, Monllau JM, Borrell V, Lerin C, de la Iglesia N. Transcriptional profiling of hypoxic neural stem cells identifies
calcineurin-NFATc4 signaling as a major regulator of neural stem cell biology. Stem Cell Reports. 2015;5(2):157-165. doi:10.1016/j.
stemcr.2015.06.008

Weider M, Starost LJ, Groll K, et al. Nfat/calcineurin signaling promotes oligodendrocyte differentiation and myelination by transcription factor
network tuning. Nat Commun. 2018;9(1):899. doi:10.1038/s41467-018-03336-3

Huang CT-L, Tao Y, Lu J, et al. Time-course gene expression profiling reveals a novel role of non-canonical WNT signaling during neural
induction. Sci Rep. 2016;6(1):32600. doi:10.1038/srep32600

Bando Y, Irie K, Shimomura T, et al. Control of spontaneous Ca 2+ transients is critical for neuronal maturation in the developing neocortex.
Cereb Cortex. 2016;26(1):106—117. doi:10.1093/cercor/bhul80

Bortone D, Polleux F. KCC2 expression promotes the termination of cortical interneuron migration in a voltage-sensitive calcium-dependent
manner. Neuron. 2009;62(1):53-71. doi:10.1016/j.neuron.2009.01.034

Horigane S-I, Ozawa Y, Yamada H, Takemoto-Kimura S. Calcium signalling: a key regulator of neuronal migration. J Biochem. 2019;165
(5):401-409. doi:10.1093/jb/mvz012

Kamijo S, Ishii Y, Horigane S-1, et al. A critical neurodevelopmental role for L-type voltage-gated calcium channels in neurite extension and
radial migration. J Neurosci. 2018;38(24):5551-5566. doi:10.1523/JNEUROSCI.2357-17.2018

Rajan I, Cline HT. Glutamate receptor activity is required for normal development of tectal cell dendrites in vivo. J Neurosci. 1998;18
(19):7836-7846. doi:10.1523/INEUROSCI.18-19-07836.1998

Zhao Q, Lu D, Wang J, et al. Calcium dysregulation mediates mitochondrial and neurite outgrowth abnormalities in SOD2 deficient embryonic
cerebral cortical neurons. Cell Death Differ. 2019;26(9):1600-1614. doi:10.1038/s41418-018-0230-4

Sjostrom PJ. Spike timing, calcium signals and synaptic plasticity. Curr Opin Neurobiol. 2002;12(3):305-314. doi:10.1016/S0959-4388(02)
00325-2

Ismailov I, Kalikulov D, Inoue T, Friedlander MJ. The kinetic profile of intracellular calcium predicts long-term potentiation and long-term
depression. J Neurosci. 2004;24(44):9847-9861. doi:10.1523/JNEUROSCI.0738-04.2004

de Ruijter W, Stienen GJ, van Klarenbosch J, et al. Negative and positive inotropic effects of propofol via L-type calcium channels and the
sodium-calcium exchanger in rat cardiac trabeculae. Anesthesiology. 2002;97(5):1146—-1155. doi:10.1097/00000542-200211000-00019

Zeng S, Zhu R, Wang Y, et al. Role of GABAA receptor depolarization-mediated VGCC activation in sevoflurane-induced cognitive
impairment in neonatal mice. Front Cell Neurosci. 2022;16:964227. doi:10.3389/fncel.2022.964227

Zhu X, Yao Y, Guo M, et al. Sevoflurane increases intracellular calcium to induce mitochondrial injury and neuroapoptosis. Toxicol Lett.
2021;336:11-20. doi:10.1016/j.toxlet.2020.11.002

Wang C, Liu F, Patterson TA, Paule MG, Slikker W Jr. Relationship between ketamine-induced developmental neurotoxicity and NMDA
receptor-mediated calcium influx in neural stem cell-derived neurons. Neurotoxicology. 2017;60:254-259. doi:10.1016/j.neuro.2016.04.015
Lisek M, Zylinska L, Boczek T. Ketamine and calcium signaling-a crosstalk for neuronal physiology and pathology. Int J Mol Sci. 2020;21
(21):8410. doi:10.3390/ijms21218410

Wang H, Dong Y, Zhang J, et al. Isoflurane induces endoplasmic reticulum stress and caspase activation through ryanodine receptors. Br
J Anaesth. 2014;113(4):695-707. doi:10.1093/bja/acu053

Zhou H, Zhou H, Tan X, Jin Y, Choi TY, Dong C. High-dose propofol induces cytotoxicity by elevating intracellular Ca2* via GABAA receptor
and IP3R in HT22 cells. Drug Des Devel Ther. 2026;20:566272. do0i:10.2147/DDDT.S566272

Shu Y, Bai L, Yu S, Li Y. Deciphering sevoflurane-induced neurotoxicity: from isolated targets to intricate regulatory networks. Front Neurosci.
2025;19:1646246. doi:10.3389/fnins.2025.1646246

Kornhauser JM, Cowan CW, Shaywitz AJ, et al. CREB transcriptional activity in neurons is regulated by multiple, calcium-specific
phosphorylation events. Neuron. 2002;34(2):221-233. doi:10.1016/S0896-6273(02)00655-4

Adam E, Kowalski M, Akeju O, et al. Ketamine can produce oscillatory dynamics by engaging mechanisms dependent on the kinetics of
NMDA receptors. Proc Natl Acad Sci U S A. 2024;121(22):¢2402732121. doi:10.1073/pnas.2402732121

Khalilimeybodi A, Daneshmehr A, Sharif Kashani B. Ca2+-dependent calcineurin/NFAT signaling in B-adrenergic-induced cardiac hypertrophy.
Gen Physiol Biophys. 2018;37(1):41-56. doi:10.4149/gpb_2017022

Sompol P, Norris CM. Ca2+, astrocyte activation and Calcineurin/NFAT signaling in age-related neurodegenerative diseases. Front Aging
Neurosci. 2018;10:199. doi:10.3389/fnagi.2018.00199

Chen L, Song M, Yao C. Calcineurin in development and disease. Genes Dis. 2022;9(4):915-927. doi:10.1016/j.gendis.2021.03.002

Kahl CR, Means AR. Regulation of cell cycle progression by calcium/calmodulin-dependent pathways. Endocr Rev. 2003;24(6):719-736.
doi:10.1210/er.2003-0008

Capiod T. Cell proliferation, calcium influx and calcium channels. Biochimie. 2011;93(12):2075-2079. doi:10.1016/j.biochi.2011.07.015
Humeau J, Bravo-San Pedro JM, Vitale I, et al. Calcium signaling and cell cycle: progression or death. Cell Calcium. 2018;70:3-15.
doi:10.1016/j.ceca.2017.07.006

Dong CX, Rovnaghi CR, Anand KJS. Ketamine alters the neurogenesis of rat cortical neural stem progenitor cells. Crit Care Med. 2012;40
(8):2407-2416. doi:10.1097/CCM.0b013e318253563¢

Wu Y-Q, Liang T, Huang H, et al. Ketamine inhibits proliferation of neural stem cell from neonatal rat hippocampusin vitro. Cell Physiol
Biochem. 2014;34(5):1792-1801. doi:10.1159/000366379

Slikker W Jr, Liu F, Rainosek SW, et al. Ketamine-induced toxicity in neurons differentiated from neural stem cells. Mol Neurobiol. 2015;52
(2):959-969. doi:10.1007/s12035-015-9248-5

16

https: Drug Design, Development and Therapy 2026:20


https://doi.org/10.1016/j.neuron.2005.08.023
https://doi.org/10.1111/j.1460-9568.2006.04628.x
https://doi.org/10.1016/j.stemcr.2015.06.008
https://doi.org/10.1016/j.stemcr.2015.06.008
https://doi.org/10.1038/s41467-018-03336-3
https://doi.org/10.1038/srep32600
https://doi.org/10.1093/cercor/bhu180
https://doi.org/10.1016/j.neuron.2009.01.034
https://doi.org/10.1093/jb/mvz012
https://doi.org/10.1523/JNEUROSCI.2357-17.2018
https://doi.org/10.1523/JNEUROSCI.18-19-07836.1998
https://doi.org/10.1038/s41418-018-0230-4
https://doi.org/10.1016/S0959-4388(02)00325-2
https://doi.org/10.1016/S0959-4388(02)00325-2
https://doi.org/10.1523/JNEUROSCI.0738-04.2004
https://doi.org/10.1097/00000542-200211000-00019
https://doi.org/10.3389/fncel.2022.964227
https://doi.org/10.1016/j.toxlet.2020.11.002
https://doi.org/10.1016/j.neuro.2016.04.015
https://doi.org/10.3390/ijms21218410
https://doi.org/10.1093/bja/aeu053
https://doi.org/10.2147/DDDT.S566272
https://doi.org/10.3389/fnins.2025.1646246
https://doi.org/10.1016/S0896-6273(02)00655-4
https://doi.org/10.1073/pnas.2402732121
https://doi.org/10.4149/gpb_2017022
https://doi.org/10.3389/fnagi.2018.00199
https://doi.org/10.1016/j.gendis.2021.03.002
https://doi.org/10.1210/er.2003-0008
https://doi.org/10.1016/j.biochi.2011.07.015
https://doi.org/10.1016/j.ceca.2017.07.006
https://doi.org/10.1097/CCM.0b013e318253563c
https://doi.org/10.1159/000366379
https://doi.org/10.1007/s12035-015-9248-5

Dong et al

94.
95.
96.
97.
98.
99.
100.
101.
102.
103.
104.
105.
106.
107.
108.

109.
110.

111.

112.

Drug Design, Development and Therapy

Tao T, Zhao Z, Hao L, Gu M, Chen L, Tang J. Propofol promotes proliferation of cultured adult rat hippocampal neural stem cells. J Neurosurg
Anesthesiol. 2013;25(3):299-305. doi:10.1097/ANA.0b013e31828baa93

Hu Q, Huang L, Zhao C, et al. Ca2+-PKCo-ERK1/2 signaling pathway is involved in the suppressive effect of propofol on proliferation of
neural stem cells from the neonatal rat hippocampus. Brain Res Bull. 2019;149:148—-155. doi:10.1016/j.brainresbull.2019.04.005

Lu J, Yao X-Q, Luo X, et al. Monosialoganglioside 1 may alleviate neurotoxicity induced by propofol combined with remifentanil in neural
stem cells. Neural Regen Res. 2017;12(6):945-952. doi:10.4103/1673-5374.208589

Liang C, Du F, Wang J, Cang J, Xue Z. Propofol regulates neural stem cell proliferation and differentiation via calmodulin-dependent protein
kinase II/AMPK/ATFS signaling axis. Anesth Analg. 2019;129(2):608-617. doi:10.1213/ANE.0000000000003844

Ren G, Zhou Y, Liang G, et al. General anesthetics regulate autophagy via modulating the inositol 1,4,5-trisphosphate receptor: implications for
dual effects of cytoprotection and cytotoxicity. Sci Rep. 2017;7(1):12378. doi:10.1038/s41598-017-11607-0

Zhao XL, Yang ZY, Liang G, et al. Dual effects of isoflurane on proliferation, differentiation, and survival in human neuroprogenitor cells.
Anesthesiology. 2013;118(3):537-549. doi:10.1097/ALN.0b013e3182833fae

Zhao S, Zhu Y, Xue R, Li Y, Lu H, Mi W. Effect of midazolam on the proliferation of neural stem cells isolated from rat hippocampus. Neural
Regen Res. 2012;7(19):1475-1482. doi:10.3969/j.issn.1673-5374.2012.19.005

Wei H, Liang G, Yang H, et al. The common inhalational anesthetic isoflurane induces apoptosis via activation of inositol 1,4,5-trisphosphate
receptors. Anesthesiology. 2008;108(2):251-260. doi:10.1097/01.anes.0000299435.59242.0e

Wang Q-J, Li K-Z, Yao S-L, Li Z-H, Liu -S-S. Different effects of isoflurane and sevoflurane on cytotoxicity in primary cortical neurons of rats.
Chin Med J. 2008;121(4):341-346. doi:10.1097/00029330-200802020-00012

Zhang Y, Dong Y, Wu X, et al. The mitochondrial pathway of anesthetic isoflurane-induced apoptosis. J Biol Chem. 2010;285(6):4025-4037.
doi:10.1074/jbc.M109.065664

Chai D, Jiang H, Li Q. Isoflurane neurotoxicity involves activation of hypoxia inducible factor-1a via intracellular calcium in neonatal rodents.
Brain Res. 2016;1653:39-50. doi:10.1016/j.brainres.2016.10.014

Zou M, Wang H, Zeng X, Zhang X. Gene expression regulation by Ca2+ signaling: an updated systematic review. Cell Mol Biol Lett. 2026;31
(1). doi:10.1186/s11658-026-00872-5

Vieira MS, Santos AK, Vasconcellos R, et al. Neural stem cell differentiation into mature neurons: mechanisms of regulation and biotechno-
logical applications. Biotechnol Adv. 2018;36(7):1946—1970. doi:10.1016/j.biotechadv.2018.08.002

Cecconi F, Piacentini M, Fimia GM. The involvement of cell death and survival in neural tube defects: a distinct role for apoptosis and
autophagy? Cell Death Differ. 2008;15(7):1170-1177. doi:10.1038/cdd.2008.64

Parone PA, James D, Martinou JC. Mitochondria: regulating the inevitable. Biochimie. 2002;84(2-3):105-111. doi:10.1016/S0300-9084(02)
01380-9

Liu SZ, Yao SJ, Yang H, Liu SJ, Wang YJ. Autophagy: regulator of cell death. Cell Death Dis. 2023;14(10). doi:10.1038/s41419-023-06154-8
Hoyer-Hansen M, Bastholm L, Szyniarowski P, et al. Control of macroautophagy by calcium, calmodulin-dependent kinase kinase-3, and Bcel-2.
Mol Cell. 2007;25(2):193-205. doi:10.1016/j.molcel.2006.12.009

Slikker W, Zou XJ, Hotchkiss CE, et al. Ketamine-induced neuronal cell death in the perinatal rhesus monkey. Toxicol Sci. 2007;98(1):145-158.
doi:10.1093/toxsci/kfm084

Takemoto-Kimura S, Suzuki K, Kamijo S, et al. Differential roles for CaM kinases in mediating excitation—morphogenesis coupling during
formation and maturation of neuronal circuits. Eur J Neurosci. 2010;32(2):224-230. doi:10.1111/j.1460-9568.2010.07353.x

Dovepress

Taylor & Francis Group

Publish your work in this journal

Drug Design, Development and Therapy is an international, peer-reviewed open-access journal that spans the spectrum of drug design and development
through to clinical applications. Clinical outcomes, patient safety, and programs for the development and effective, safe, and sustained use of medicines
are a feature of the journal, which has also been accepted for indexing on PubMed Central. The manuscript management system is completely online
and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www.dovepress.com/testimonials.php to read real quotes
from published authors.

Submit your manuscript here: https://www.dovepress.com/drug-design-development-and-therapy-journal

Drug Design, Development and Therapy 2026:20 EXin>O


https://doi.org/10.1097/ANA.0b013e31828baa93
https://doi.org/10.1016/j.brainresbull.2019.04.005
https://doi.org/10.4103/1673-5374.208589
https://doi.org/10.1213/ANE.0000000000003844
https://doi.org/10.1038/s41598-017-11607-0
https://doi.org/10.1097/ALN.0b013e3182833fae
https://doi.org/10.3969/j.issn.1673-5374.2012.19.005
https://doi.org/10.1097/01.anes.0000299435.59242.0e
https://doi.org/10.1097/00029330-200802020-00012
https://doi.org/10.1074/jbc.M109.065664
https://doi.org/10.1016/j.brainres.2016.10.014
https://doi.org/10.1186/s11658-026-00872-5
https://doi.org/10.1016/j.biotechadv.2018.08.002
https://doi.org/10.1038/cdd.2008.64
https://doi.org/10.1016/S0300-9084(02)01380-9
https://doi.org/10.1016/S0300-9084(02)01380-9
https://doi.org/10.1038/s41419-023-06154-8
https://doi.org/10.1016/j.molcel.2006.12.009
https://doi.org/10.1093/toxsci/kfm084
https://doi.org/10.1111/j.1460-9568.2010.07353.x
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Anesthetic-Induced Developmental Neurotoxicity
	Calcium Signaling in Neural Development
	Molecular Basis of Calcium Signaling
	Calcium Dynamics and Signal Decoding
	Role of Calcium Signaling in Neural Development

	Anesthetic-Induced Calcium Dysregulation
	Upstream Mechanism-Receptor Modulation and Calcium Influx
	Intracellular Calcium Release
	Disruption of Calcium Dynamics and Signal Encoding
	Downstream Signaling-Imbalance Between CaMK-CREB and Calcineurin-NFAT Pathways

	Effects of Anesthetic-Induced Calcium Dysregulation on Neural Stem Cells and Developing Neurons
	Effects on NSC Proliferation
	Effects on NSC Differentiation and Fate Determination
	Effects on NSC and Neuronal Survival
	Effects on Neuronal Maturation

	Mechanistic Integration
	Translational Implications
	Conclusions and Perspectives
	Abbreviations
	Funding
	Disclosure

