& frontiers

@ Check for updates

OPEN ACCESS

Yang Yu,
Tianjin Medical University General Hospital,
China

Mengrong Miao,

Henan Provincial People’s Hospital, China
Jeremy D. Marks,

The University of Chicago, United States

Jason T. Maynes
jason.maynes@sickkids.ca

04 March 2023
28 June 2023
18 July 2023

Hogarth K, Tarazi D and Maynes JT (2023) The
effects of general anesthetics on mitochondrial
structure and function in the developing brain.
Front. Neurol. 14:1179823.

doi: 10.3389/fneur.2023.1179823

© 2023 Hogarth, Tarazi and Maynes. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction
in other forums is permitted, provided the
original author(s) and the copyright owner(s)
are credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Neurology

Frontiers in Neurology

Review
18 July 2023
10.3389/fneur.2023.1179823

The effects of general anesthetics
on mitochondrial structure and
function in the developing brain

Kaley Hogarth'?, Doorsa Tarazi'® and Jason T. Maynes®?34*

'Program in Molecular Medicine, SickKids Research Institute, Toronto, ON, Canada, Department of
Anesthesia and Pain Medicine, Hospital for Sick Children, Toronto, ON, Canada, *Department of
Biochemistry, University of Toronto, Toronto, ON, Canada, “Department of Anesthesiology and Pain
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The use of general anesthetics in modern clinical practice is commonly regarded as
safe for healthy individuals, but exposures at the extreme ends of the age spectrum
have been linked to chronic cognitive impairments and persistent functional and
structural alterations to the nervous system. The accumulation of evidence at both
the epidemiological and experimental level prompted the addition of a warning label
to inhaled anesthetics by the Food and Drug Administration cautioning their use in
children under 3 years of age. Though the mechanism by which anesthetics may
induce these detrimental changes remains to be fully elucidated, increasing evidence
implicates mitochondria as a potential primary target of anesthetic damage, meditating
many of the associated neurotoxic effects. Along with their commonly cited role in
energy production via oxidative phosphorylation, mitochondria also play a central role
in other critical cellular processes including calcium buffering, cell death pathways,
and metabolite synthesis. In addition to meeting their immense energy demands,
neurons are particularly dependent on the proper function and spatial organization of
mitochondria to mediate specialized functions including neurotransmitter trafficking
and release. Mitochondrial dependence is further highlighted in the developing brain,
requiring spatiotemporally complex and metabolically expensive processes such as
neurogenesis, synaptogenesis, and synaptic pruning, making the consequence of
functional alterations potentially impactful. To this end, we explore and summarize
the current mechanistic understanding of the effects of anesthetic exposure on
mitochondria in the developing nervous system. We will specifically focus on the
impact of anesthetic agents on mitochondrial dynamics, apoptosis, bioenergetics,
stress pathways, and redox homeostasis. In addition, we will highlight critical
knowledge gaps, pertinent challenges, and potential therapeutic targets warranting
future exploration to guide mechanistic and outcomes research.

mitochondria, anesthesia, neurotoxicity, developing brain, mitochondrial dysfunction

Introduction

The introduction of general anesthetics (GAs) into clinical practice enabled significant
advancements in the completion and scope of complex diagnostic and surgical procedures.
While the effects of these agents were largely considered fully reversible in healthy patients, early
observations of lasting cognitive dysfunction, especially in patients at the extremes of the age
spectrum, prompted investigation into potential neurotoxicity (1-3). In animal models, ranging
from invertebrates to non-human primates (NHP), studies have demonstrated that GAs have
the capacity to inflict a range of temporary and permanent cognitive dysfunctions, as well as
lasting structural impairments including increased cell death, suppressed neurite growth, and
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altered synapse formation (4-14). In the pediatric population, these
phenomena, often termed pediatric anesthetic neurotoxicity (PAN),
have generated significant debate in the anesthesiology and lay
literature (15). Data from preclinical animal models illustrates adverse
molecular, cellular, and phenotypic changes, while human clinical data
shows causal links, but the mechanistic translation become necessarily
more challenging (16-18). Although single and short anesthetic
exposures in the very young pediatric population have been generally
found to have no/nominal effect, both prospective and retrospective
studies have identified significant increases in the rate of behavioral,
developmental, and learning disabilities following prolonged or
childhood GA (19-24).
heterogeneity exists among the reported results, commonly attributed

repeated exposures Considerable
to differences in underlying patient comorbidities, a lack of consistent
surgical stress, changes in anesthetic pharmacology, and different
outcome measures techniques, making strategies to minimize the risk
of PAN difficult to develop (25-30). Although important questions
remain, the accumulation of evidence at both the preclinical and
clinical levels prompted the addition of a warning label to inhaled
anesthetics by the Food and Drug Administration in 2016 cautioning
their use in children under 3years of age (31).

Despite their widespread use in clinical practice, the full spectrum
of potential on- and off-target effects of GAs remains to be fully
defined. The state of general anesthesia, characterized by
unconsciousness, amnesia, immobility and analgesia, is accepted to
be a result of suppressed synaptic transmission mediated through the
augmentation of inhibitory or the suppression of excitatory processes
(1, 32). While GAs are unified by their capacity to induce common
physiological end-points, there is a significant heterogeneity among
individual agents, in both their chemical composition and specific
molecular (off) targets (33). The most thoroughly researched targets
by which commonly used GAs bind to mediate their clinical effects
are the postsynaptic ligand gated neurotransmitter receptors for
y-aminobutyric acid (GABA) and N-methyl-D-aspartate (NMDA),
though other cellular loci have also been identified has potential GA
targets (34, 35). As the list of candidate sites continues to develop,
considerable efforts have gone toward distinguishing between which
targets are essential for the desired clinical effects of a general
anesthesia, and those that represent sources of unwanted and
potentially toxic outcomes (if indeed those truly represent different
sites of action).

Following reports demonstrating significant structural and
functional alterations following GA exposure, mitochondria have
generated considerable attention as a potential target for neurotoxicity
(15). Mitochondria are essential organelles, with complex and diverse
composition, morphology, and functions to meet the specialized
needs of individual cell types (32, 33). In addition to their commonly
cited role in energy production, mitochondria mediate numerous
cellular functions including fatty acid and amino acid metabolism,
hormone biosynthesis, apoptosis signaling, and ion homeostasis (36,
37). While essential in most cell types, neurons are particularly
dependent on mitochondria and their pleiotropic functions (38). With
an exceptionally high energy demand, and specialized functions such
as neurotransmission and action potential propagation, neurons are
extremely vulnerable to any alterations in mitochondrial function
(38). This sensitivity is evidenced by the scope of pathological
conditions related to mitochondrial injury and dysfunction, including
both neurodevelopmental and neurodegenerative diseases like
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Alzheimer’s disease, autism spectrum disorder and Leigh syndrome
(39). The neuronal reliance on mitochondrial function is emphasized
further in the developing brain, as neurodevelopment necessitates
energetically expensive and mitochondrially mediated processes
including neurogenesis, synaptogenesis, and cellular differentiation
(38, 40, 41).

With the enormous individual and societal implications,
GA-associated neurotoxicity remains one of the most intensively
researched areas within anesthesia (42). While human observational
studies remain unsettled on the long-term consequences of early life
GA exposure, no fundamental factor exempts humans from the effects
observed in animal models, indicating that these findings should
warrant sufficient attention and concern. To this end, we explore and
summarize the current mechanistic understanding of the effects of
general anesthetic exposure on mitochondria in models of the
developing nervous system. Our discussion will focus on the most
clinically relevant GAs used in pediatric care, volatile agents isoflurane
(ISO), and sevoflurane (SEV); and intravenous agents propofol (PPF)
and ketamine (KET) (33). In addition, we will highlight critical
knowledge gaps, pertinent challenges, and potential therapeutic
targets warranting future exploration to guide mechanistic and
outcomes research.

Relevant background
Mitochondria structure and function

Mitochondria owe many of their structural features to
proteobacteria, from which they evolved approximately 1.45 billion
years ago following an endosymbiotic event (43). Consistent with their
evolutionary past, mitochondria contain their own circular genome
and transcriptional machinery encoding for 12 essential proteins, with
the rest of the mitochondrial proteome contained within nuclear
encoded genes (36). At the gross structural level, mitochondria are
comprised of two membranes, separated by a small gap (the
intermembrane space, IMS), which delimits the innermost
mitochondrial compartment (the matrix) and the cytosolic
environment (Figure 1). These membranes have unique structural
properties which mediate distinct functional roles. The inner
mitochondrial membrane (IMM) separates the matrix and the IMS,
is impermeable without the aid of specific membrane transporters,
and is highly convoluted with pleotropic invaginations known as
cristae. In contrast, the outer mitochondrial membrane (OMM),
which delimits the IMS and the cytosol, has a relatively smooth and
homogenous structure, and is permeable to most ions and small
uncharged molecules (36).

Consistent with its customary epithet as the “powerhouse of the
cell,’ mitochondria play a pivotal role in cellular bioenergetics,
through the production of ATP via oxidative phosphorylation
(OXPHOS) (36, 44). This process is initiated by the transport of
pyruvate, the final product of the glycolysis pathway, from the cytosol
to the mitochondrial matrix. There, pyruvate enters the tricarboxylic
acid (TCA) cycle following its conversion to acetyl-CoA, generating
reducing equivalents FADH, and NADH (36, 44). These reducing
equivalents pass electrons to the proteins of the electron transport
chain (ETC), localized in the cristae regions of the IMM. The ETC
consists of four complexes: complex I (NADH uniquinone
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FIGURE 1

Overview of mitochondrial structural organization. Mitochondria are composed of two membranes, the outer mitochondrial membrane (OMM) and
inner mitochondrial membrane (IMM), separated by a small intermembrane space (IMS). The OMM separates the mitochondria from the cytosol, while
the IMM surrounds the inner most compartment (matrix). The IMM has many invaginations (cristae) and house the complexes of the ETC, which create
a proton gradient across the IMM (mitochondrial membrane potential, MMP) used by ATP synthase/complex V to produce ATP. Dynamic processes of
mitochondrial fission and fusion allow regulation of the size and shape of mitochondrial networks. Tricarboxylic acid cycle (TCA), Mitochondrial DNA
(mtDNA), NADH ubiquinone oxidoreductase/Complex | (1), Succinate dehydrogenase/Complex Il (Il) Coenzyme Q (QC), Cytochrome bcl/Complex IlI
(1), Cytochrome c (C), Cytochrome c oxidase/Complex IV (IV) ATP synthase/Complex V (V). Created with BioRender.com.
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oxidoreductase), complex II (succinate dehydrogenase), complex III
(ubiquinol cytochrome ¢ oxidoreductase) and complex IV
(cytochrome ¢ reductase) (36). By harnessing energy from the
reductive transport of electrons through the ETC to the terminal
acceptor (O,), these complexes transport protons against a
concentration gradient from the matrix to the IMS. Due to the highly
selective permeability of the IMM, this transport of protons creates an
electrochemical gradient, known as the mitochondrial membrane
potential (MMP) across the IMM (36, 44). This electrochemical
potential actuates ATP synthase (complex V), also on the IMM, which
generates ATP through secondary active transport (36, 44).

In addition to their well described role in energy production, it has
been increasingly appreciated that mitochondria also play major
functions in numerous cellular processes. Among the best characterized
of these non-energetic functions are the role of mitochondria in
mediating multiple regulated cell death pathways, including intrinsic
apoptosis, ferroptosis and parthanatos (45). These pathways involve the
communication between the cytosol and the mitochondrial
compartment, which allow for the coordinated removal of damaged or
unnecessary cells in response to a variety of cellular signals and stresses
including DNA damage, oxidative stress and excessive protein
misfolding (45). Additionally, the dual membrane structure of the
mitochondria enables effective separation and compartmentalization
from the cytosolic environment, making mitochondria an important
site for ion storage (46). Selective permeability and regulated transport
of calcium, iron, potassium, magnesium, and sodium to and from the
mitochondrial matrix allow for strict regulation of cellular ion levels,
vital for homeostatic regulation (46).
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The multifaceted functions within the cell are reflected in the wide
range of morphological variations exhibited by mitochondria. In
contrast to their common depiction as static elliptical structures,
mitochondria exist in highly dynamic and structurally complex
networks, which can vary both spatially and temporally within a cell
(47). This morphological variation is the product of the opposing
processes of fission and fusion. When pro-fusion processes dominate,
mitochondria appear in extended/elongated networks, associated with
higher mitochondrial membrane polarization and bioenergetic
efficiency (48). In contrast, increasing fission produces a fragmented
mitochondrial population, functionally correlated with depolarization,
reduced ATP production, and mitophagic elimination (47-49). The
balance between these opposing processes, collectively referred to as
mitochondrial dynamics, allows the mitochondria to efficiently adapt
to changes in the cellular environment and local energy requirement
(47, 50).

Modes of GA action

Despite considerable advancements in identifying the molecular
targets of GA, complete description of the mechanism of action of GA
remains to be settled. While early theories proposed that GA acted
through nonspecific mechanisms related to their lipid solubility,
current research focuses on specific interactions with neuronal
proteins including ion channels and receptors. Most GAs have been
shown to interact and modulate the activity of multiple neuronal
proteins, with pleotropic actions contributing to their agent specific
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clinical effects (32, 51). Though many targets have been identified, it
is largely accepted that all clinically used GAs act on either (or both)
GABA and NMDA receptors, ligand gated ion channels primarily
located in postsynaptic neuronal membranes. GABA receptors are the
primary inhibitory receptors in the human brain, when activated,
mediate an influx of Cl to the postsynaptic neuron, hyperpolarizing
the neuronal plasma membrane and inhibiting downstream action
potential propagation (32, 51). In contrast, NMDA receptors are
excitatory, which mediate an influx of Na* and Ca®* following
activation, augmenting depolarization and action potential
propagation of the postsynaptic neuron (32, 51). It is generally
accepted that through some combination of GABA receptor agonist,
or NMDA receptor antagonist activity, clinically used GAs reduce
neuronal activity, leading to their desired anesthetic effects (32, 51).

Mitochondrial targets of GA damage
Mitochondrial morphology and distribution

With highly complex morphology and functionally heterogenous
units, neurons require strict regulation of mitochondrial structure and
organization in order to adapt to specific regional requirements for the
numerous mitochondrial functions (38). This dependence is further
emphasized during neuronal development which require specific
spatiotemporal modifications to mitochondrial networks structure
and localization to mediate processes including synaptogenesis,
dendrite and axon development, and neuronal stem cell (NSC) fate
determination (38, 52). Consistent with this developmental necessity,
dysregulation of mitochondrial network organization has been cited
as a central pathological mechanism for many neurodevelopmental
and neurodegenerative diseases associated with cognitive impairments
including Charcot-Marie-Tooth (CMT) disease, amyotrophic lateral
sclerosis (ALS), Alzheimer’s disease (AD), autism spectrum disorder
(ASD), and Huntington’s disease (HD) (49, 53). The ability of GAs to
induce ultrastructural changes to the mitochondria are among the
earliest adverse mitochondrial effects described in the literature,
including the observation of swollen and structurally aberrant
mitochondria in rat subiculum following ISO exposure on postnatal
day 7 (P7) (14, 54, 55). Subsequent studies have continued to observe
morphological alterations following developmental GA exposures
across a variety of agents and exposure conditions (Figure 2).

Exposure to GA agents ISO (56), SEV (57), PPF (58) and KET
(59-61) have consistently been demonstrated to result in fragmented
mitochondrial phenotypes with in vitro exposures to neurons in
59, 61), rat (56),
Immunofluorescent (IF) staining reveals decreases in aspect ratio and

human (58, and mouse (57) models.
form factor, indicative of reduced mitochondrial length and branching
respectively, as well as ultrastructural abnormalities including
disordered cristae and irregular membranes with electron microscopy
(EM) analysis. Investigation into mitochondrial structure following in
vivo GA exposures have primarily focused on regions within the
hippocampal formation, as this region has demonstrated enhanced
sensitivity to PAN and plays an essential role in the cognitive processes
shown to be associated with GA exposure, such as learning and
memory (14, 54). Consistent with in vitro observations, investigations
of rodent hippocampal formation frequently note fragmented
mitochondrial phenotypes following both SEV (8, 12, 56, 62, 63) and
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ISO (5) when measured acutely (less than 24 h post exposure), with
EM visualized ultrastructural abnormalities including a disorganized
mitochondrial matrix (5) and disordered cristae (5, 54, 64). Though
the data is currently limited, rat cortical regions have also been
studied. Contrasting the hippocampal findings, investigations of the
cortical region describe mitochondrial enlargement in EM following
GA exposures with both KET (65) and SEV (66), potentially reflecting
a regional specificity to GA susceptibility.

While data collected at extended timepoints following early
postnatal GA exposure is currently sparce, there is some indication
that mitochondrial ultrastructural changes observed acutely can
persist later in development. Analysis 14days following P7 ISO
exposure revealed enlarged mitochondria in rat subiculum (a
component of hippocampal formation), along with disordered cristae
(14, 54, 55). In contrast, rat cortical tissue exhibited a significant shift
toward a fragmented mitochondrial phenotype, when analyzed
months following P7 SEV exposure (67). In a recently published
article involving NHP, subtle, but statistically significant changes in
mitochondrial morphology were observed only in the hippocampal
region 4years after early postnatal SEV treatment (7). The authors
suggested these findings were indicative of disruption in the fission-
fusion axis, although no molecular results substantiated this assertion
(7). Taken together, these results indicate that in vivo GA exposure can
induce a shift in mitochondrial morphology, which may differ both
regionally and temporally.

The primary driver proteins that participate in the remodeling of
mitochondrial membranes belong to the Dynamin-related GTPase
family of mechanoenzymes, which are tightly regulated and highly
evolutionarily conserved (48). In mammals, the primary fission
protein is dynamin related protein-1 (DRP1), a cytosolic protein that
is activated by phosphorylation (pDRP1) and recruited to the OMM
through various adaptor proteins, including mitochondrial fission
factor (MFF) (48). Following recruitment to the OMM, DRP1
oligomerizes into a ring like structure, constricting the membrane in
a GTP-dependent manner (48, 68). In contrast to fission, the primary
mediators of mitochondrial fusion are anchored on the mitochondrial
membranes, including optic atrophy protein-1 (OPA1) residing on the
inner membrane, and mitofusin-1 and -2 (MFN1/2) on the outer
mitochondrial membrane (69). During fusion, these proteins undergo
a precisely choreographed chain of events leading to tethering,
docking, and fusing of two mitochondrial double membranes via GTP
hydrolysis (48).

Consistent with the observed acute morphological abnormalities,
changes indicative of a pro-fission regulatory environment including an
increase in total DRP1 levels (12, 56, 63), an increase in active pDRP1
[pSer656 (8)- and pSer616 (62)], oligomerization (5), and localization to
the mitochondria (5, 8, 62) have been reported following SEV (8, 12, 52,
58, 59), PPE and ISO (5) exposure in rat hippocampi and human NSCs.
Changes to pro-fusion proteins such as MFN2 and OPALI are not
commonly observed, though some investigations have noted reduced
expression levels of these regulators in rodent models with ISO (5) and
SEV (12). Pro-fission shift in dynamic regulators have also been shown to
persist months following P7 SEV including pDRP1(S616) and MFE and
decreases in pro-fusion regulators MFN2 and OPA1, coherent with the
morphological findings (67).

While increasing evidence suggests that mitochondrial structure
and dynamic regulators are impacted by early postnatal GA exposure,
it remains unclear if these changes are a direct result of GA action, or
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FIGURE 2

GA exposure induce alterations to mitochondrial morphology and cellular distribution in the cortex of the developing brain. GA exposure induce
significant phenotypic shift toward smaller and fragmented mitochondrial population, as well as swollen and disorganized cristae. Markers of increased
fission including elevated expression of mitochondrial dynamic regulators including both total and phosphorylated (active) DRP1, DRP1 mitochondrial
localization, DRP1 oligomerization and MFF, concurrent with reduction in pro-fusion MFN2 and OPAL proteins, suggestive of a pro-fission regulatory
environment. Mechanistic investigations have demonstrated these morphological changes may be mediated through GA induced activation of
upstream DRP1 activators CDK1 and GSK3p, promoting mitochondrial fission, as well as GA induced opening of mPTP, resulting in ultrastructural
changes. Yellow arrows indicate experimentally observed changes, dotted red arrows and red boxes represent proposed targets GA neurotoxic action.
Cyclin dependent kinase 1 (CDK1), Glycogen synthase kinase 3 beta (GSK3R), Dynamin-related protein 1 (DRP1), Reactive oxygen species (ROS),
Phosphate (P), Mitochondrial fission factor (MFF), Mitofusion 2 (MFN2), OPAL mitochondrial dynamin like GTPase (OPAL), Isoflurane (Iso), Propofol (Ppf),
Sevoflurane (Sev), Ketamine (Ket), Mitochondrial permeability transition pore (mPTP), General anesthetic (GA). Created with BioRender.com.
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represent downstream responses to other GA-induced damages and
processes. Pre-treatment with the DRP1 inhibitor Mdivi-1 in vitro
abrogates adverse mitochondrial structural changes, neuronal synapse
loss, impaired neurite growth and loss of MMP in both mouse and
human NSC'’s following PPE, as well as in rat cortical neurons with
SEV exposures (57, 58, 70). Mdivi-1 pre-treatment in vivo was also
shown to prevent ISO-induced cognitive impairments and
mitochondrial fragmentation in P7 rats (8, 57, 70). These findings
suggest a significant role for DRP1 specifically among the
mitochondrial ~dynamic regulators mediating GA-induced
neurotoxicity (8, 57). Inhibition of upstream activators of DRP1 in
vitro, including glycogen synthase kinase-3p (GSK3p) and cyclin
dependent kinase 1(CDK1), have been shown to prevent
mitochondrial structural and functional aberrations following SEV
(62) and PPF (58) treatments respectively, indicating that these
regulatory pathways may modulate organelle morphological balance
following GA exposure.

Although the regulators of mitochondrial fusion and fission are
regarded as the primary determinants of mitochondrial ultrastructure,
other cellular processes can modify mitochondrial morphology. One
important mechanism that has been implicated in the context of GA
neurotoxicity is the mitochondrial permeability transition pore
(mPTP), a non-specific mega-channel located on the IMM (71). The

structure, function, and regulation of the mPTP is incompletely
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understood, but it is known that the opening of this pore leads to a
dramatic increase in permeability and sudden shift in ion and
molecule movement, often resulting in mitochondrial swelling (71).
Multiple groups have implicated the opening of this pore in
contributing to the enlarged mitochondrial phenotype seen after ISO
(14) and SEV (66) P7 exposure in rats, but mechanistic links between
these two events have yet to be experimentally substantiated.

While mitochondrial morphology is one important component,
organelle subcellular distribution and localization within neurons is
another vital element of mitochondrial dynamics. In neurons,
mitochondria are localized to the synapse to supply both ATP and
calcium ions required for neurotransmission (38). Multiple in vivo
reports have observed reduced mitochondrial density (number of
mitochondria per area) in the neural synapse, in both rat [with SEV
(56, 72) and ISO (55)] and NHP models [with SEV (7)], after GA
exposure. It is interesting to note that Amrock et al. observed that this
effect increased with a higher SEV exposure time, though there was
no difference when the total exposure was divided into multiple
smaller time intervals (single 6h exposure vs. two 3 h exposures) (72).
These findings suggest that total time, as opposed to the number of
exposures, may be more determinate in the adverse effect. These
density changes persisted for months to years following GA exposure
in both NHP (7) and rodent (72) models, indicating a mechanism for
long-term and persistent effects.
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Mitochondrial energetics

Neurons are especially dependent on mitochondrial energy
production to fuel various energetically expensive functions including
neurotransmission and membrane neurochemical gradient
maintenance, which consume a disproportionate fraction of the
resting body energy production (73). A commonly cited figure
illustrative of this fact is, despite accounting for only 2% of adult
human body weight, the brain consumes 20% of the total energy
expenditure (74). This energetic dependence is further stressed during
development, where the proportion of total energy expenditure of the
brain balloons to as high as 44% in infants and children, comprising
65% of their resting metabolic rate, driven primarily by neurogenesis,
dendrite pruning, and synaptogenesis (40, 41, 75). Inability to meet
these energetic demands can prove damaging, as evident by neuronal
energy deficiency being commonly observed in neurodevelopmental
conditions such as Leigh syndrome (LS) and ASD and
neurodegenerative diseases such as AD, PD, ALS, and HD (53, 73).
The capacity for GAs to modulate oxidative respiration was initially
investigated and described as a candidate mechanism for mediating
the clinically-desired anesthetic effect following observations that
mutations in ETC complex I increased sensitivity in C. elegans, which
has subsequently been observed human cell models (76-78). However,
individuals with mutations in OXPHOS proteins are especially
sensitive to the neurotoxic effects of GA, implicating disruption to the
organelles bioenergetic functions as a contributing mechanism in the
development of PAN (79-83).

As the driving force for OXPHOS-derived ATP, MMP is a
common indicator for global mitochondrial function and bioenergetic
capacity. Depolarization, or loss of MMP, has been ubiquitously
observed in rodent models, both in vitro (62, 84-89) and in vivo (13,
87, 88, 90-93), acutely following exposure to GA-agents including ISO
(13, 84, 86, 88), PPF (58, 85, 89), and SEV (62, 87, 90-93) (Figure 3).
These observations were also made in conjunction with the
measurement of other indicators of OXPHOS dysfunction, such as
lower cellular ATP levels [with ISO (84, 88), SEV (56, 91, 92, 94), PPF
(89) and KET (56)] and oxygen consumption rate [with SEV (87, 91)]
indicating reduced bioenergetic capacity of the mitochondria in
rodent models. Long-term energy deficiency has been observed in
P300 rats after P7 SEV exposure, as demonstrated by an increase in
neuronal ADP/ATP (67), suggesting that these functional deficits
observed acutely can persist. While limited evidence is available in
human cell types, in vitro treatment of NSCs with KET (60, 61) and
PPF (58) have both demonstrated similar trends to the rodent data,
with reduction in MMP, as well as reduced ATP levels (60) and
increased NADH/NAD+ (60).

Given the common observation of impaired OXPHOS output, the
activity of ETC are frequently measured when investigating GA
mediated neurotoxicity, which have been demonstrated to be altered
following ISO (55, 95-97) and SEV (98) following in vivo GA exposure
in rodent models. However, there is considerable variation among the
described results in both the specific ETC protein impacts, as well as
the direction this activity change occurs. This incongruity is
exemplified by complex I, which has been shown to increase (97, 98),
decrease (99, 100), and remain constant (95) following in vivo ISO
exposure in early postnatal mice. Isolated mitochondria from whole
mouse brain show a decrease in complex I activity, though there
appeared to be an agent-specific difference in the magnitude of this
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reduction, with ISO inducing the largest response (96, 101). Ju et al.
found that complex I activity and expression following SEV exposure
was significantly increased only in female mice, potentially indicating
a sex-specific effect (98). This finding is noteworthy as pre-clinical
investigations are often dominated by male study populations (98).
Experiments in vitro have demonstrated a more consistent effect of a
significant decrease in complex I activity, including human NSC
models, potentially indicating that in vivo factors complicate GA
effects on this complex (60, 101). Notwithstanding the variability in
findings, it does appear that GAs influence ETC complex I activity,
though these effects may be agent- and model-specific.

Despite the common observation that GAs reduce the output of
the mitochondrial ETC, the underlying mechanisms by which they
produce this effect remains to be fully defined. Direct interactions
between GAs and ETC protein complexes have been described,
primarily in the context of complex I, though these interactions have
not specifically been described using neurodevelopmental models (77,
101, 102). Several GAs can induce opening of mPTP, a non-specific
IMM mega-channel, which leads to a dramatic increase in ion flux and
dissipation of the MMP (71). Multiple groups have demonstrated a
coincident reduction in MMP and an increased opening of the mPTP
in early postnatal mice after GA-exposure with agents including ISO
(88), SEV (92, 93), and DES (88). Inhibition of cyclophilin D, a key
component of the mPTP, by either chemical (cyclosporine A) or
genetic means, has been shown to preserve the MMP, mitigate ATP
depletion and abrogate cognitive deficits following exposure to ISO
(88) and SEV (92, 93) in P6 mice. Multiple groups have suggested that
decreased output of the ETC is a consequence of GA-induced reactive
oxygen species (ROS) elevation, resulting in oxidative damage to the
ETC complexes (60, 61). This hypothesis is supported by the
mitigation of KET and ISO-induced ATP reduction and ETC
functional impairments by mitochondrial-targeted antioxidants in
both human NSCs and P7 mice (60, 61, 90). However, as the main
producers of cellular ROS, understanding the relationship between
ETC ROS production and damage is difficult to decern.

In addition to direct effects on mitochondria, there is accumulating
in vitro evidence that the modulation of energy production may
be mediated by changes outside of the mitochondrial compartment.
Manjeri et al. found that isolated mouse neuronal mitochondria had
total ATP production increased following ISO exposure (96). These
results suggest that the reduced ATP levels seen in whole cell/tissue
models may be the result of GAs modulating mitochondrial function
at least partially from outside the organelle. These mechanisms may
include changes to mitochondrial substrate availability (96). Similarly,
Xiao et al. found PPF exposure in primary rat neurons decreased
activation of AMP-activated protein kinase (AMPK), an important
cellular signal to promote mitochondrial energy production (89).
Metabolic analysis of isolated rat hippocampal tissue sections indicated
that SEV or ISO exposure induces a substantial reduction in metabolic
demand proportional to the reduction in neuronal activity, but without
any alterations to intrinsic mitochondrial complex activity (103). These
results suggest that reduced bioenergetic signaling and decreased ETC
activity may be proportional responses to a GA-induced reduction in
neuronal activity. Co-treatment with agents that promote
mitochondrial energy production, such as Coenzyme Q10 (CoQ10),
have demonstrated beneficial effects in reducing neurotoxic lesions in
primary rat neurons, highlighting ATP production as a potential
mitigating target (85).
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FIGURE 3
GA exposure results in derangements in mitochondrial energy production in the developing brain. Impaired activity of the mitochondrial ETC including
altered complex activity, reduced OCR, decrease of TCA intermediates, loss of MMP, and reduced ATP levels have all been observed following GA exposure.
Mechanistic investigations have demonstrated that this reduced mitochondrial productive capacity may be mediated through direct interaction and
inhibition of complex | of the ETC, as well as opening of the mPTP, resulting in the dissipation of MMP and loss of electrochemical gradient required for
complex V ATP production. Yellow arrows indicate experimentally observed changes, dotted red arrows and red boxes represent proposed mechanisms of
GA neurotoxic action. Mitochondrial permeability transition pore (mPTP), Mitochondrial membrane potential (MMP), NADH ubiquinone oxidoreductase/
Complex | (1), Succinate dehydrogenase/Complex Il (Il), Coenzyme Q (QC), Cytochrome bcl/Complex Il (Ill), Cytochrome ¢ (C), Cytochrome c oxidase/
Complex IV (IV) ATP synthase/Complex V (V), Tricarboxylic acid cycle (TCA), Electron transport chain (ETC), Isoflurane (Iso), Propofol (Ppf), Sevoflurane (Sev),
Ketamine (Ket), Oxygen consumption rate (OCR), AMP-activating protein kinase (AMPK), Intermembrane space (IMS). Created with BioRender.com.

While neurons are often the primary subject of investigation, other
brain cell types are likely to be affected by developmental GA exposure.
In mitochondria isolated from mouse neuronal cells, Manjeri et al.
observed significantly elevated ATP levels following ISO exposure, but
when the mitochondria were isolated from whole brain tissue, Fedorov
et al. found ATP levels reduced with ISO treatment (96, 101). This
dichotomy may be explained by contributions from cell types other than
neurons (96, 101). Furthermore, a glial cell-specific complex I knock-out
mouse was found to have significantly reduced anesthetic emergence
EC50, while induction EC50 remained unchanged with ISO exposure,
suggesting GA exposure impairs glial energy production (104). However,
the mice in these studies represent late adolescence age, making them
more mature than many developmental models studied (105).

Energy production by the ETC is contingent on other
mitochondrial metabolic processes that can potentially mediate
impaired bioenergetics following GA exposure. Lui et al. demonstrated
a significant reduction in the metabolic intermediates lactate and
succinic acid following SEV exposure in P7 rats (66). Additionally,
Kajimoto et al. observed a substantial shift toward glycolysis following
PPF treatment in early postnatal piglets, as indicated by a reduction
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in pyruvate/lactate ratio and significant perturbations in TCA cycle
intermediates (increase in succinate and fumerate, and decrease in
citrate and a-ketogluterate) (106). These findings point toward GAs
having the capability to alter multiple metabolic pathways that are
anapleurotic and affect mitochondrial energy production.

Mitochondrial ROS equilibrium

Reactive oxygen species (ROS) are a category of highly reactive
oxygen, including superoxide anion (O,-), hydrogen peroxide (H,0,),
and hydroxyradicals (OHe) (107). ROS can inflict a range of cellular
lesions including DNA oxidation and breaks, lipid peroxidation, and
protein damage, but they also act as important signaling molecules for
the initiation of cell pathways including proliferation, differentiation,
and metabolic adaption (108). This functional duality necessitates
strict control of ROS levels, both spatially and temporally, through
balancing generation and scavenging processes. Cells of the nervous
system have a high abundance of polyunsaturated fats in the plasma
membrane, which are especially susceptible to oxidation, as well as
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reduced expression of antioxidant enzymes, making them susceptible
to sustained/unrepaired oxidative damage (109). Spatiotemporally
specific ROS signaling is essential for cell fate determination during
neuronal maturation, making tight regulation essential for proper
neuronal development (110). The major source of cellular ROS are the
mitochondria, which produce these species as a by-product of electron
leak from the ETC, though there are other contributing sources
including by-products of glycerol-3-phosphate dehydrogenase,
monoamine oxidase, and cytochrome b5 reductase activity (111). ROS
levels are maintained in a normal physiological range by the expression
of antioxidant enzymes superoxide dimutases, catalases, and
peroxidases, in both the cytosol and mitochondria (108). ROS are
known to be involved in the pathogenic mechanism of neuronal
diseases involving cognitive decline, including AD and PD (53).
Furthermore, co-treatment with mitochondrially specific antioxidants
including MitoQ, Trolox and Mito-Tempo have been demonstrated to
abrogate GA-induced cognitive impairments in mice, potentially
linking excessive mitochondrial ROS to PAN (13, 14, 70, 112).
Elevated cellular and mitochondrial ROS accumulations were
observed in both in vivo and in vitro developmental rodent models with
ISO (5, 13, 14, 64, 86, 88), SEV (56, 66, 87, 90, 93, 113), PPF (70, 85, 89,
114) and KET (56) (Figure 4). Common surrogate markers used to
measure sustained elevated intracellular oxidative environments in vivo
are increased after GA exposure, including depletion of the mitochondrial
phospholipid cardiolipin [SEV (66)], increased transcription of oxidative
stress-related genes [SEV (67)], the presence of oxidative DNA damage
[SEV (115)], and increased lipid peroxidation markers malondioaldehyde
(MDA) [SEV (9, 56,87),1SO (13, 116), and KET (56)], 8-isoprostane [ISO
(14)] and 4-hydroxynonenal (4HNE) [SEV (67, 117)]. Multiple in vivo
rodent studies have also observed a paradoxical reduction of total cellular
levels or activity of antioxidant enzymes such as SOD [ISO (5, 13, 64, 116),
SEV (9, 56), and KET (56)] and CAT [ISO (5, 116)], as well as
non-enzymatic antioxidants such as dehydroascorbic acid (DHA) [SEV
(66)] and glutathione (GSH) [ISO (5, 64, 116), SEV (56, 87), and KET
(56)]. The combination of increased ROS and lower antioxidant capability
in rodent in vivo models suggests a profound dysregulation of the ROS
equilibrium, which has been observed months after initial GA exposure
(67). Data from human NSCs models have exhibited similar trends to
those observed in rodents, with elevated ROS levels, as well as an increase
in transcription of genes related to oxidative stress responses (60, 61, 118).
Considerable uncertainty remains in linking GA exposure and
dysregulated mitochondrial ROS homeostasis, especially since the
mitochondria is both a target and producer of chemically reactive
species. Pre-treatment with mitochondrial-targeted antioxidant
agents in vitro and in vivo, including SS-31 (13, 87), Trolox (60,
118), EUK-134 (14), and MitoQ (13, 70) were found to abrogate
many GA-induced neurotoxic injuries including reduced
apoptosis, decreased adverse ultrastructural alterations, and
improved energy production. Multiple groups have offered
potential mechanisms to link GA exposure and elevated
mitochondrial ROS. Boscolo et al. proposed that ROS elevation
may be at least in part due to a GA-induced pro-fission shift in
mitochondrial dynamics as fragmented mitochondria are
associated with higher ROS production (5, 119). Mdivi-1, an
inhibitor of the pro-fission DRP1, reduced PRO-induced
mitochondrial ROS production (70), but antioxidant pretreatment
was equivalently shown to prevent ISO-induced detrimental shifts

in mitochondrial dynamics (14), clouding the temporal
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relationship between these two events. Another proposed
mechanism is through direct damage to ETC complexes. Under
physiologic conditions, complexes I and III represent the major
contributors of endogenous ROS, due to electron leak (108). Zhang
et al. showed that SEV-induced changes in ROS levels were
significantly reduced when mouse primary neurons were
pre-treated with ETC complex inhibitors, implicating these
proteins in GA-induced ROS production (87) (Figure 5).

Mitochondrial quality control pathways

Neurons, at maturity and during development, are exquisitely
reliant on mitochondrial function due to their pleotropic roles,
including mediating neurotransmission, synaptogenesis, and neural
stem cell fate determination (36, 120). This dependency necessitates
maintaining the health and function of their mitochondrial
population, making mitochondrial quality control pathways critically
important in neurons. Furthermore, as post-mitotic cell types,
inability to clear damaged mitochondria or mitochondrial proteins
has the potential of accumulating and persisting in the neuronal
population, a pathophysiological mechanism linked to multiple
neurodevelopmental and neurodegenerative diseases (121). Stress
response pathways often overlap and intersect, but can be conceptually
divided into two general categories: those that mitigate proteotoxicity
(mtUPR) and those that mediate the selective removal of entire
damaged mitochondria or mitochondrial sections (mitophagy) (116).

mtUPR

While GA agents have shown the capacity to modulate cellular
proteotoxic quality control pathways, including those in the
endoplasmic reticulum, attention to mitochondrially-specific
pathways arose following observations of mismatch between
elevated ROS production and decreased mitochondrial antioxidant
response in rodent models (14, 122). This incongruent response
suggested that these endogenous protective systems may also be a
target of GAs and contributing to PAN (5). mtUPR has multiple
axes, with distinct molecular outcomes which include the
upregulation of proteins involved in protein folding (chaperonins),
antioxidant enzymes [superoxide dismutase 2 (SOD2), catalase
(CAT)] and those involved with protein quality control. The second
category of mitochondrial quality control pathways are those
involved in the selective removal of entire mitochondria or
mitochondrial sections, termed mitophagy, to eliminate
dysfunctional mitochondria prior to cytotoxicity (123).

As a primary chaperonin involved in the mtUPR, heat shock protein
60 (HSP60) is a common indicator of mtUPR activation in response to
proteotoxic stress (124). Increases in HSP60 abundance have been
described acutely following in vivo SEV exposure in P7 mouse (97) and
rats (125), as well as its upstream nuclear transcriptional regulator
activating transcription factor 5 (ATF5). Interestingly, Lee et al. found that
SEV exposure in P17 mice induced a more robust mtUPR activation,
including increased expression of chaperones HSP60, heat shock protein
70 (HSP70), and the ATF5 transcription factor (97). In contrast, P7
exposure only increased HSP60 levels (97). While this finding further
highlights age-specific effects of GA exposure, it is unclear if these
differences are simply explained by discrepant mitochondrial stress levels,

or if they represent true deviations in the cellular response. In contrast to

frontiersin.org


https://doi.org/10.3389/fneur.2023.1179823
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Hogarth et al. 10.3389/fneur.2023.1179823

oeseeeset et TT000000000q,
“0'“......... 00000000 000000 ...."Co.onoo

oot ...o’o' .........0.00“ 'E“Oo... EO. 0..0.0....

o L Y | 0ee, 0,
.’......m 4 1 ETC i T_j'*:.."-. / 7990,
o Function ; ....."o‘
Cytosol {M‘%}

g 4HNE 8P oA @
7 ;
@ Oxidized :
; lipids :
\/
4 ..........

Oxidized
proteins Oxidized

DNA

@\

Oxidative
Stress Genes

FIGURE 4

GA-induced increase in mitochondrial reactive oxygen species generation and oxidative damage in the developing brain. GAs have been shown to induce
increase in both total cellular, and mitochondrial specific ROS levels following exposure as indicated by raised levels of oxidative damage markers including
increased levels of oxidated lipids (4HNE, 8-IP, MDA, cardiolipin), oxidated DNA, and oxidative stress gene expression. This ROS elevation is contrasted by
reduction in antioxidant capacity, both enzymatic (SOD2 and ClpP) and non-enzymatic (GSH and DHA), indicative of severe disruption in ROS regulation.
Mechanistic investigations have demonstrated that this GA induced increase in mitochondrial ROS may be mediated by ETC dysfunction, leading to
excessive ROS production. Additionally, GA may promote fission, resulting in a shift toward fragmented mitochondria which are associated with excessive
ROS production. Yellow arrows indicate experimentally observed changes, dotted red arrows and red boxes represent proposed mechanisms of GA
neurotoxic action. PTEN-induced kinase 1, Ubiquitin, Microtubule-associated proteins 1A/1B light chain 3B, Sequesterome 1 (p62), Activating transcription
factor 5, Sirtuin 3, Reactive oxygen species (ROS), Superoxide dismutase 2 (SOD2), Heat shock protein 60, Heat shock protein 70, malondialdehyde (MDA),
8-isoprostane (8-1P), 4-hydroxynonenal (4HNE), catalase (CAT), glutathione (GSH), Isoflurane (Iso), Propofol (Ppf), Sevoflurane (Sev), Ketamine (Ket). Created
with BioRender.com. NADH ubiquinone oxidoreductase/Complex | (I), Succinate dehydrogenase/Complex Il (1), Cytochrome bcl/Complex Il (111),
Cytochrome c (C), Cytochrome c oxidase/Complex IV (IV) ATP synthase/Complex V (V), Electron transport chain (ETC).

acute analysis, rats analyzed 300 days following P7 SEV exposure showed
persistent increases in many mtUPR transcription factors but reduced
protein levels of HSP60 and ClpP, potentially indicating a chronic
dysregulation of the proteotoxic signaling communication between the
mitochondrial and nuclear compartments (67).

Another important facet of the mtUPR is the upregulation of protein
chaperones and antioxidant enzymes in response to elevated
mitochondria oxidative stress. Following GA exposure, many groups have
observed either no change, or even decreased, expression and activity of
the primary mitochondrial antioxidant enzyme SOD2 with exposures to
ISO (5, 64, 84), KET (56), SEV (9, 13, 67), and PPF (9, 64, 116). This trend
has been consistently observed in rodent models, both following in vivo
(5,9, 64, 67, 116) and in vitro (84, 116) treatments, with a range GA
regimens and analysis timepoints. This response is problematic in light of
the ostensible data suggesting elevated ROS generation and oxidative
damage accumulation following GA exposures, which could logically
result in an accumulation of ROS and subsequent oxidative damage to the
mitochondrial compartment. Overall, these findings suggest a profound
dysregulation of ROS generation and antioxidant response, which likely
represent a serious threat to developing neurons.
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Mitophagy

When repair mechanisms fail to adequately clear or compensate the
underlying damage, mitochondria undergo a selective autophagic event
termed mitophagy, wherein dysfunctional mitochondria are eliminated
prior to cytotoxicity (123). The pathways by which mitophagy is mediated
are still being mechanistically elucidated, but the most well described and
studied is the PTEN-induced putative kinase 1 (PINK1)/Parkin mediated
pathway. In this pathway, PINK1 accumulates on the mitochondrial outer
membrane of the dysfunctional mitochondria, following pathway
activation, triggered by events such as mitochondrial depolarization
(123). Once on the OMM, PINKI1 recruits Parkin, which in turn leads to
the recruitment and ubiquitination of other OMM proteins, signaling
autophagy sequestrome-1 (p62/SQSTM1) to target the mitochondrial for
degradation (123).

Indicators of elevated mitophagy including coincident increases in
Parkin, PINK1 and LC3B II/I and decrease p62 have been observed in in
vivo rodent models following P7 (11, 13, 126) and gestational day 20 (63)
SEV exposure. Sanchez et al. observed an elevated number of ‘autophagic
profiles containing cannibalized mitochondria” in TEM of ISO exposed
rats, strongly suggestive of increased mitophagy, though no molecular
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GAs alter mitochondrial quality control pathways in the developing brain. GAs have been shown to increase abundance of prominent regulators in
proteostatic mtUPR pathways responsible for mitigating both protein misfolding and oxidative stress including HSP60, ATF5 and HSP70. Despite
evidence of increased oxidative stress and mitochondrial ROS, reduced expression of antioxidant enzyme SOD2 has been commonly observed.
Indicators of increased mitophgy activation including elevated levels of PINK, Parkin, LC3, and reduced p62, indicating increased removal of damaged
mitochondria following GA exposure. Yellow arrows indicate experimentally observed changes, dotted red arrows and red boxes represent proposed
mechanisms of GA neurotoxic action. Reactive oxygen species (ROS), Superoxide dismutase 2 (SOD2), Caseinolytic mitochondrial matrix peptidase
proteolytic subunit (ClpP), Isoflurane (Iso), Propofol (Ppf), Sevoflurane (Sev), Ketamine (Ket), Mitochondrial unfolded protein response (mtUPR), Heat
shock protein 60 (HSP60), Heat shock protein 70 (HSP70), Activating transcription factor 5 (ATF5), PTEN-induced kinase-1(PINK), Microtubule-
associated protein 1A/1B-light chain 3 (LC3), Ubiquitin (Ub), Sequesterome (p62), Sirtuin 3 (SIRT3). Created with BioRender.com.
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data was presented (55). While the observation of increased mitophagy
appears consistent, the interpretation of the finding is not, with both
protective and damaging effects of this activation argued. Wang et al.
demonstrated that inhibition of mitophagy with 3-methyladenine (3-MA)
prevented SEV induced cognitive impairments in P7 mice, posed by the
authors to indicate mitophagy as a potentially neurotoxic mechanism
(11). In contrast, Suo et al. found that activation of mitophagy with
rapamycin (RAP) in P7 SEV exposed rats attenuated GA induced learning
and memory impairments, which was propounded to be protective in
alleviating neurotoxicity (125). However, in both of these studies, the
agents used (3-MA and RAP) have been shown to induce multiple cellular
effects, making the effect on mitophagy specifically difficult to interpret
(11,125).

Mitochondrial dynamics

While often not specifically defined as a quality control
mechanism, it warrants consideration that dynamics are also regarded
to be a mechanism utilized by mitochondria to promote repair. In the
context of mitochondrial quality control, mitochondrial fusion allows
for the exchange of components such as proteins, mtDNA, and lipids,
to promote the functional restoration of damaged mitochondrial units
(127). The observation of an increase in mitochondrial fusion in the
hippocampus of rodent models following both in vitro and in vivo GA
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exposures, despite evidence of excessive cell damage, suggests a
maladaptive and non-reparative shift in mitochondrial dynamics
following ISO (5, 8), SEV (62), and PPF exposures (70). In studies of
rodent cortical regions, enlarged mitochondria were observed, though
these studies did not investigate dynamic regulators (65, 66, 70, 128).
Other cellular processes, including necrosis and apoptosis, are also
characterized by mitochondrial swelling, which is phenotypically
similar but mechanistically distinct from mitochondrial fusion.

Mitochondrially mediated regulated cell
death pathways

Regulated cell death (RCD) pathways are highly evolutionarily
conserved and play an essential role in maintaining organismal
homeostasis through the removal of damaged or superfluous cells in
a highly regulated fashion. Classified as a post-mitotic cell, neurons
cannot simply be replaced through cell division. Hence, cell death is
especially guarded and regulated (45). These pathways play an
especially important role during neurodevelopment, where as many
as 50-70% of neural cells are eliminated in a spatiotemporal specific
manner (129, 130). This high rate of RCD may serve a few biological
functions including brain tissue morphogenesis, synaptic connection
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optimization, cell number regulation, and elimination of
developmentally obsolete structures (130, 131). Furthermore, the
developing brain is highly sensitive to cell death signaling due to the
increased expression of pro-cell death proteins and down regulation
of anti-cell death regulators, making the brain hypersensitive to
damaging stimuli during this phase (132). RCD is one of the first
identified pathways to be involved in GA-induced neurotoxicity. Early
findings which demonstrated that inhibition of NMDA receptors
could induce widespread activation of neuronal apoptosis in P7 rats
brought attention to the effects of GA on the developing brain (133).
Initial observations in both rodent [with ISO (4, 134)] and NHP [with
ISO (135) and KET (136, 137)] models demonstrated dramatic
elevations of both activated caspase-3 and cell death markers following
GA exposure, which was found to be as much as 13-fold higher than
control animals. The observation of widespread RCD in the brain of
pre-clinical in vivo developmental models prompted further
investigations to find the causative underlying pathways which

precede the activation (Figure 6).

Intrinsic apoptosis

The intrinsic apoptotic pathway, also called the mitochondrial
pathway of apoptosis, is the best described and the primary mode of
RCD in both neuronal development and homeostasis (132). Intrinsic
apoptosis is primarily regulated by proteins in the B cell lymphoma 2
(Bcl-2) family, which are divided into proapoptotic and anti-apoptotic
categories (132). The anti-apoptotic Bcl-2 family members are critical
regulators that promote cell survival. The proapoptotic Bcl-2 members
can be further divided into two classes: (1) apoptosis effector proteins
such as BCL-2-associated X protein (BAX), and (2) apoptosis
activating proteins include BH3-interacting domain death agonist
(BID) and p53 up-regulated modulator of apoptosis (PUMA) (132).
When apoptosis effectors such as BAX are activated, they oligomerize
and form macropores in the outer mitochondrial membrane causing
mitochondrial outer membrane permeabilization (MOMP) (132).
Following the induction of MOMBP, proteins from the mitochondrial
intermembrane space are released into the cytosol, including
cytochrome c (132). The release of apoptogenic proteins results in the
activation of caspase 9 (initiator caspase), which in turn activates the
executioner caspases 3, 6, and 7, resulting in the disassembly of the
cell (132).

Subsequent studies have consistently supported the finding of
widespread RCD, activated via the intrinsic apoptotic pathway, which
includes concurrent elevation of capsase-9, cytochrome C, BAX, and
a decrease in anti-apoptotic BCL2, in rat (8, 12, 63, 85, 89, 114, 116,
125, 134, 138-142), mouse (62, 113, 117, 143) and NHP (137, 144—
147) models, with both in vitro (62, 85,113, 114, 116, 139, 140) and in
vivo (8, 12, 62, 63, 116, 117, 125, 134, 138, 141-143) experimental
protocols. These studies include the use of ISO (8, 116, 134, 135, 138,
139, 143, 144), PPF (85, 89, 114, 140), SEV (12, 62, 63, 113, 117, 125,
139, 141-143) and KET (136, 137, 148), with varied exposure doses
and durations. Activation of apoptosis has also been consistently
observed in immature human neurons (58, 59, 61), though only KET
has been investigated mechanistically to specifically implicate the
mitochondrial mediated pathway (60).

While ubiquitously observed, it is not yet clear what activates
intrinsic apoptosis following GA exposure, though multiple cellular
signaling pathways have been implicated. It has been demonstrated
that in vitro inhibition of GSK3p (62) and AKT (84) in mouse primary
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neurons, as well as CDK1 (58) in human NSCs, significantly reduced
or completely abrogated activation of intrinsic apoptosis following
SEV, PPF and ISO, respectively. It is interesting to note that DRP1 is a
downstream target of all these aforementioned pathways and DRP1
inhibition has also been shown to prevent intrinsic apoptosis induced
by in vitro PPF exposure in both mouse (85) and human (58) NSCs,
as well as in vivo ISO treatments in rats (8), signifying that
mitochondrial fission may be a vital component in GA-induced
apoptosis pathway. There is also evidence to suggest that damaged
mitochondria themselves are the source of intrinsic apoptosis
activation. Pre-treatment with mitochondrially-targeted antioxidants,
Trolox and MitoQ, have been shown to abrogate GA-induced
activation of intrinsic apoptosis in both human [with KET (59, 61)]
and mouse [with PPF (70)] in vitro models. Stimulating the removal
of dysfunctional mitochondria by activation of mitophagy pathways
can also provide apoptotic protection in rats following SEV exposure
during both embryonic (63) and early postnatal stages (125).

Ferroptosis

While intrinsic apoptosis represents the best characterized
mitochondrially mediated mechanism of RCD, new pathways
continue to be identified to contribute to both neuronal development
and maintenance. One such pathway, termed ferroptosis, is
characterized by iron-dependent production of excessive lipid
peroxidation and subsequent membrane damage and cell death (149,
150). Owing to its ability to exist in different oxidation states, iron is
an essential micro-element, necessitating a tightly controlled
regulatory network for iron transport, metabolism, and cellular
distribution (151). When these pathways are disrupted such that total
cellular iron levels rise, the pro-oxidant environment induces excessive
lipid peroxidation, most notably of the fatty acyl moieties on
phospholipids of poly unsaturated fats, resulting plasma membrane
permeabilization and lytic cell death (150). As key regulators of
cellular iron homeostasis, mitochondria are regarded as central players
in ferroptotic mediation and induction. While incompletely
understood, ferroptotic activation is categorized into intrinsic and
extrinsic pathways (152). Extrinsic activation involved the
dysregulation of transporter proteins, including transferrin (Tfrnl)
and cystine-glutamate antiporter (Xc-) on the plasma membrane, and
mitoferrin (Mfrn) on the IMM (152). The intrinsic pathway on the
other hand involves the down regulation of enzymes involved in
promoting cellular redox balance, including glutathione peroxidase 4
(GPX4) and glutathione (GSH) (152).

Activation of ferroptosis has been demonstrated both in in vitro
and in vivo rodent models following ISO (86, 95), KET (56) and SEV
(56, 153) exposure. Accepted indictors of pathway activation including
elevated irons levels [both mitochondrial (56, 87) and cytosolic (56,
87, 153)], decrease expression of GPX4 (86, 87, 153) and GSH (56, 87,
153), altered expression of iron transporters Tfrnl (56), Xc- (56, 95)
and Mfrn (56), and increase in ferroptotic gene marker Ptgs2 (95),
have been shown in rodent models. These indicators were also
observed in conjunction with prototypical phenotypic features of
ferroptotic cells including elevated cellular and mitochondrial ROS
(56, 87, 153), excessive lipid peroxidation markers MDA (56, 87) and
4HNE (87), and altered mitochondrial ultrastructure including
decreased volume and altered cristae organization (56, 87). Consistent
with GA induced ferroptosis, pre-treatment with ferroptosis inhibitor
ferrostatin-1 (Fer-1) or iron chelating agents in P7 mice prevent
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Multiple mitochondria-mediated regulated cell death (RCD) pathways are activated following GA exposure in the developing brain. RCD pathways

including parthanatos, ferroptosis and intrinsic (mitochondrial) apoptosis are frequently observed following GA exposures. Increased activation of pro-
apoptotic factors including Cyt c, BAX, C9, and C3 in addition to down regulation of anti-apoptotic regulator Bcl-2 are commonly observed across GA
agents and experimental models. Mechanistic research has implicated that GA may induce elevated apoptotic through increasing the activity of
upstream apoptotic activators AKT, CDK1, and GSK3, resulting in decreased Bcl-2 and increased BAX (A). Indicators of activated ferroptosis, including
elevated cellular and mitochondrial iron, reduced antioxidants GPX4 and GSH, elevated oxidated lipids, and increased expression Mfrn iron transporter
have been demonstrated following GA exposure (B). RCD pathway parthanantos has also been shown to be activated with GA exposure as indicated
by elevated oxidative DNA damage, PARP1, PAR, AIF, and MIF (C). Yellow arrows indicate experimentally observed changes, dotted red arrows and red
boxes represent proposed mechanisms of GA neurotoxic action. B-cell lymphoma 2 (Bcl-2), BCL2 associated X protein (BAX), Cytochrome c (Cyt ¢),
caspase 9 (C9), caspase 3 (C3), Cyclin dependent kinase 1 (CDK1), Glycogen synthase kinase 3 beta (GSK3p), Protein kinase B (AKT), Reactive oxygen
species (ROS), Glutathione peroxidase 4 (GPX4), Mitoferrin (Mfrn), Glutathione (GSH), Iron (Fe), Apoptosis-inducing factor (AlF), Poly ADP-Ribose (PAR),
PAR polymerase 1(PARP1), Macrophage migration inhibitory factor (MIF), Isoflurane (Iso), Propofol (Ppf), Sevoflurane (Sev), Ketamine (Ket). Created with

BioRender.com.

ferroptosis activation as well as mitigated cognitive impairments
following ISO (86), SEV (56),and KET (56)exposure. Furthermore,
pre-treatment with mitochondrial protective agent dimethyl fumerate
(DMF) and elamipretide (SS-31) prior to GA exposure prevented ISO
induced activation of ferroptosis in P7 mice, as well as abrogated
learning and cognitive deficits, supporting mitochondrial involvement
as a key component of ferroptosis activation following GA exposure
and PAN (87, 154).

Parthanatos

Another mitochondrial RCD pathway that has been cited to
be activated following GA exposure is parthanatos, a pathway
activated by genotoxic cellular damage. This DNA damage induces
hyperactivation of poly (ADP-ribose) polymerase-1 (PARP), resulting
in elevated levels of polymerized ADP-ribose (PAR), which mediated
the translocation of mitochondrial apoptosis-inducing factor (AIF),
leading to DNA fragmentation and cell death (155). While the data is
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currently limited, markers of parthanatos activation including elevated
PARP, PAR, AIF following in vivo SEV (115, 143), ISO (143), and PRO
(156) exposure at both P7 and second trimester gestation. Zhao et al.
found that that with both SEV and ISO, the increase in PARP was
short lived, elevating at 4h post exposure, but not detectable by 24h
post exposure, potentially indicating that this increase is an acute
response (143). Furthermore, in vivo SEV in P17 mice did not result
in a PARP increase, potentially suggestive that the acute activation is
age specific, with enhanced sensitivity in younger mice (99).
Prevention of PAR accumulation using 3-aminobenzimide, a PARP1
inhibitor, was demonstrated protective against SEV induced spatial
learning and memory impairments, implicating this pathway in
contributing PAN. Furthermore, Piao et al. propose that oxidative
DNA damage and parthanatos activation may be downstream of
excessive ROS production from GA induced mitochondrial damage,
though additional experimental supported is needed to substantiate
this mechanism (115).
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Therapeutic targets

Given the range of mitochondrial injuries that general anesthetics
can induce, prophylactic protective strategies may represent
therapeutic strategies to mitigate the neurotoxic effects in the
developing brain. Prospective interventional studies now represent a
major proportion of the current GA and neurotoxicity literature,
which in the context of mitochondrial targets, can be conceptually
grouped into 2 main categories: antioxidants and mitochondrial
membrane stabilizers. Though only briefly introduced here, several
recent reviews have discussed this topic in detail (94, 157, 158).

Antioxidants

Compounds that target oxidative stress pathways are the most
abundant class of treatment agents investigated for the prevention of
PAN. Antioxidants are generally considered to confer benefit through
preventing direct damage to mitochondrial macromolecules from
excess ROS through direct scavenging of oxygen radicals, and/or
increasing intracellular antioxidant capacity including upregulation of
SOD2 and CAT enzymes (158). Co-treatment with cellular antioxidant
agents including EUK-134 (6), resveratrol (84), curcumin (9), CoQ10
(90), dimethyl fumerate (DMF) (95), melatonin (64, 159), and
a-lipotic acid (160, 161), as well as mitochondrially specific
antioxidants including Trolox (14), mitoQ (70), Mito-Tempo (87), and
elampimide (13, 87), have been demonstrated to reduce or completely
abrogate mitochondrial lesions, including lipid peroxidation, intrinsic
apoptosis, and impaired ATP production in both in vitro and in vivo
rodent models. In addition to their mitochondrial protections, CoQ10
(90), DMF (95), curcumin (9), EUK-134 (14), a-lipotic acid (160), and
elampimide (13, 87) have also been observed to significantly reduce,
and in some cases completely mitigate, GA-induced neurocognitive
and behavioral impairments in P7 exposed rodents. However, there
are a few important caveats that can limit their translation to clinical
application. Given the role of ROS in endogenous signaling pathways,
interfering with ROS levels has the potential to have unintended
downstream signaling consequences. Some agents that have
demonstrated antioxidative functions in vitro have had limited activity
when applied in in vivo trials, leading to the hypothesis that preventing
ROS production, opposed to ROS scavenging, could be the more ideal
target for clinical use (160).

Mitochondrial membrane stabilizers

A common mitochondrial lesion targeted in the prevention of
PAN is the integrity of the mitochondrial membrane. Loss of
mitochondrial integrity is a downstream pathology of multiple
proposed neurotoxic pathways including intrinsic apoptosis, loss
of bioenergetic function and oxidative damage, making mitigation
of this convergence point an attractive therapeutic target. The
most prominently studied agents in this group are the naturally
occurring compounds melatonin and L-carnitine, and synthetic
compound preamipexole (PPX). The mechanisms by which these
agents exert protection to mitochondrial integrity appear to
be multipronged. L-carnitine and melatonin have both
demonstrated pro-survival shift in intrinsic apoptotic regulators
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Bcl-2 and BAX, as well as inhibit cytochrome c release induced by
developmental GA exposure in in vivo rodent models (138, 159,
162, 163). PPX on the other hand has been shown to promote
mitochondrial membrane integrity through blocking the opening
of the mPTP, thereby preventing subsequent loss in membrane
polarization in P7 rats following ISO (14). While their underlying
mechanisms vary, all these agents were found to be abrogate
impairments in memory and learning induced by GA exposure in
developmental rodent models (6, 95, 162, 164).

Literature gaps and limitations

In addition to the mechanism-specific gaps raised, there remain
fundamental questions concerning the mitochondrial impact of GAs
and the subsequent effect on the developing brain at the basic and
translational levels.

A clear gap in the current literature includes a lack of human
experimental data, including prospective trials that include the
collection of samples for biomarker analysis. Many retrospective and
database studies are available, with a few limited observational study
designs. Many underlying confounding factors, including a general
lack of standardization of anesthetic agent and developmental
measurement techniques, make their findings challenging to
generalize. Advancements in stem cell technologies, including the
generation of human-derived neuronal subtypes, may help bridge the
gap between animal findings and the clinical setting in terms of
mechanism. Despite being subject to the same criticism as all in vitro
systems, understanding the direct effect of GA agents on human
neurons remains critically important.

It is unclear if the mitochondrial changes observed in
experimental models translate to clinically relevant developmental
deficits later in life. While data is accumulating of acute
mitochondrial damage with longer term cognitive and behavioral
changes, definite causal links have not been established. It is
unlikely that the observed mitochondrial lesions are irrelevant to
the longer-term functioning of a cell or cell network, but it is not
clear if the observed mitochondrial dysfunction observed shortly
after exposure is cleared or persists long-term. Mitochondrial
dysfunction exists as a mechanism in other chronic
neurodegenerative diseases but in those disease states there is also
a persistent nidus for organelle injury (i.e., Alzheimer’s). Extending
timepoints for post-exposure analysis would improve the
understanding, as current literature primarily focuses on tissue
analysis days to weeks post-exposure, reducing the potential
contributions of repair processes during development.

The nature of GA exposures employed in animal models often lacks
many important characteristics of clinical anesthesia. Most notably, the
majority of in vivo animal GA exposures are devoid of a concomitant
medical intervention (surgical procedures or other painful stimuli),
unrepresentative of the typical clinical setting. There is evidence that
indicate other features of surgical procedures, including noxious stimuli
and generalized inflammation, play a role in the development of PAN
(42). Additionally, other anesthetic and pain management agents,
including opioids and local anesthetics, which are often used in
conjunction with GA over the course of clinical care, have also

demonstrated neurotoxic properties (42, 165). While understanding the
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FIGURE 7

Experimentally observed mitochondrial dysfunction following general anesthetic exposure in the developing brain. GA induces structural and functional
impairments of the mitochondria potentially contributing to the development of pediatric anesthetic neurotoxicity. Detrimental changes including activation
of regulated cell death pathways, excessive ROS production, impaired energy production, altered mitochondrial morphology, and impaired mitochondrial
stress responses have been demonstrated across GA agents and exposure conditions. The damaging effects of GA are exhibited at the sub-organelle,
organelle, and cellular level, inducing widespread consequences for the developing brain. Glutathione peroxidase 4 (GPX4),Apoptosis-inducing factor (AlF),
Poly ADP-Ribose (PAR), PAR polymerase 1(PARP1), Macrophage migration inhibitory factor (MIF), B-cell lymphoma 2 (Bcl-2), BCL2 associated X protein
(BAX), Cytochrome c (Cyt c), Caspase-9 (C9), Caspase-3 (C3), Mitochondrial fission factor (MFF), Dynamin-related protein-1 (DRP1), Reactive oxygen
species (ROS), Superoxide dismutase 2 (SOD2), PTEN-induced kinase-1 (Pinkl), Microtubule-associated proteins 1A/1B light chain 3B (LC3), Sequesterome-
1(p62), Ubiquitin (Ub), NADH ubiquinone oxidoreductase/Complex I (1), Succinate dehydrogenase/Complex Il (II), Coenzyme Q (QC), Cytochrome bcl/
Complex Il (1), Cytochrome c (C), Cytochrome ¢ oxidase/Complex IV (IV) ATP synthase/Complex V (V), Mitochondrial membrane potential (MMP),
Tricarboxylic acid cycle (TCA), Mitochondrial permeability transition pore (mPTP). Created with BioRender.com.

isolated effects of GAs is vital, incorporating features of the typical surgical
environment would improve the translational value.

There remains considerable variation in drug dose and timing used in
experimental settings. Often, these doses used often do not accurately
reflect meaningful clinical exposures, as some commonly used 4-6h doses
in animal models may equate to a much longer exposure in humans (42,
166). This dichotomy is especially problematic when attempting to
compare to human observational studies, which have an average exposure
time of ~2.5h (42). The issue of when these exposures are administered in
the developmental context is also important. Commonly accepted
timepoints used to represent peaks of neuronal synaptogenesis vary
between species. The peaks of human brain development are a summation
of many overlapping processes, and it is unclear if peak synaptogenesis
corresponds to the most meaningful/defining features which increase
susceptibility to GAs. Future study designs should include a range of
exposure durations and doses, including those of clinical relevance, at
various points in neurodevelopment. There remains considerable debate
if currently used models have any translational value to humans. While the
general order of neurodevelopmental processes is considered to remain
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constant throughout relevant studied species, the rate and extent of
development within these steps varies greatly, as well as between brain
regions and cell types (42). Some key neurological functions cited as
potentially impaired by GA exposure, such as language and academic
performance, are uniquely human (42). With obvious ethical
considerations restricting the type of human data and tissue that can
be collected, a deeper understanding of the parallels and interrelations
between human and animal model neurodevelopment would represent a
major step in interpreting and extrapolating current literature findings and
guide future research design.

Conclusion

We describe the available experimental data on the effects of GA
on mitochondria in the developing brain (Figure 7). While data from
animal models appears to demonstrate evidence linking GA exposure
and mitochondrial damage at both the structural and functional level,
limited experimental human data makes extrapolation to the clinical
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context challenging. Despite the absence of a clear mechanistic link, the
scope of GA-induced effects that converge at the mitochondria make
the organelle’s protection a possible therapeutic target in the developing
brain. Potential mitochondrial targets for mitigating PAN are identified,
though more validation is needed before providing clinical impact.
While the use of anesthetics in young children will continue to be an
indispensable component of clinical care, continued efforts into fully
elucidating the (off) target sites of GA action represents an important
step in developing protective strategies to mitigate or avoid their
potential neurotoxic effects.
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