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The 2022 Pediatric  Anesthesia and
NeuroDevelopment Assessment (PANDA)
Meeting included an update on preclinical
research in the field of anesthetic induced
developmental neurotoxicity (AIDN), with a
focus on key developments since last meeting
3 years prior. The focus was on two areas: (1)
The rapid growth in reports from nonhuman
primate (NHP) studies, which play a pivotal role
in understanding what elements of AIDN are
likely to translate to human patients; and (2)
The exploration of new targets, phenotypes,
and exposure paradigms that have been
conducted in rodent models. The purpose of
this commentary article is to summarize this
discussion and expand upon it both to update
the reader on key developments in AIDN
research and to highlight the importance of
continued animal model research.

UPDATE ON NONHUMAN PRIMATE STUDIES
OF AIDN

The nonhuman primate (NHP) model is
of value to the field of AIDN as clinical
approaches are limited due to the ethical
considerations of pediatric studies. The NHP is
phylogenetically close to the human condition,
sharing similarities in the development and
complexity of their brain, in their cognitive
functions, and in behavioral repertoire. Both

species show similarities in social cohabitation,
and social signals in both species depend on
visual cues. In contrast, small animals such as
rodents strongly rely on olfactory signals.
Studies exposing infant NHPs to anesthetics
have greatly contributed to the field of AIDN.1
The most recent advances, including new
knowledge about structural alterations and
functional outcomes induced by early-in-life
anesthesia exposure and the latest findings in
neuroimaging studies and investigations of
underlying mechanisms and mitigating
strategies, are discussed.

Newly Identified Structural Alterations

Early histopathological studies in NHPs
specified the complex gyrencephalic brain and
expanded the understanding of acute
neurotoxic effects on the immature brain
caused by the exposure to diverse anesthetics
that had been described from studies in rodent
pups. 2-7 As little as 3 hours exposure to
isoflurane on postnatal day 6 under control of
physiological parameters and monitoring,
caused widespread increase in apoptosis in the
developing brain, affecting not only neurons
but also causing apoptosis of
oligodendrocytes.8 In addition, and in contrast
to experiments in rodents, the ability to control



and maintain physiological parameters within
normal ranges in the exposed NHP infant
allowed the observed structural changes to be
tied to anesthetic-induced neurotoxicity, and
to exclude the possibility of them being the
consequence of nonspecific effects, such as
generalized hypoxia or low blood pressure.
More recent studies in NHPs analyzed the
animals’ brains for anesthesia-induced
structural changes after longer observation
times. A recent histopathological analysis of
brains of NHPs that were exposed to isoflurane
during infancy discovered brain areas with
in creased astrogliosis 2 years after the
exposure.9 Increased expression of the glial
fibrillary acidic protein, which identifies
astrogliosis, was found in several brain areas
including the primary visual cortex, the
subiculum, the perirhinal cortex, and the
amygdala. Astrogliosis indicates chronic
astrocyte activation, a common residual of a
previous brain injury also found in several
neuro developmental or neurodegenerative
diseases such as autism spectrum disorders or
Alzheimer disease. Although in some areas the
astrogliosis was only significantly increased in
animals that had received a series of 3 early-in-
life exposures to isoflurane, the increase in
astrogliosis in the amygdala was also found 2
years after a single 5-hour isoflurane exposure
during infancy, suggesting a potential
sensitivity of this brain area to the neurotoxic
effect of anesthetics early-in-life. Importantly,
the amygdala is a major brain area for
processing socioemotional behaviors, which
are functions that have repeatedly been found
to be affected by neonatal anesthesia
exposure.9-12 Electron microscopic analyses
of NHP brain tissue after neonatal exposure to
sevoflurane suggest that early-in-life exposure
causes  alterations in  the  synaptic
ultrastructure later in life.13 Four years after
multiple 4-hour exposures to sevoflurane
during infancy, the brains of exposed animals
showed a significant reduction in synapse
areas in the CA1l area of the hippo campus,
while the synapse density was unaffected. Of
note, the same animals had shown functional

alterations such as heightened emotional
reactivity to social stressors and impairments
in visual recognition memory starting at the
age of 6 months and 1 year, respectively.11,14
Future studies would be required to determine
whether these structural changes in synapses
represent the substrates for these functional
impairments.

New Insights in Altered Neurobehavioral
Outcomes

The high level of similarities in
neurobehavioral development between NHPs
and humans strengthens the translational
validity of studies using the NHP for
investigating infant anesthesia-induced
consequences on long-term functional
outcomes. Earlier studies that primarily
focused on assessing cognitive function after
early-in-life exposure to anesthetics have
reported impairments using the operant test
battery, an assessment tool that can be used in
both humans and animals.15 While this study
reported that exposed animals showed
impairments in most of the tested categories
at about 3 and a half years post-exposure, the
field has critically questioned the clinical
relevance of these results since they derived
from extreme exposure conditions: NHPs had
been exposed for an unusual length of 24
hours and with the less frequently used
substance ketamine. In a more recent study,
the same operant test battery was used to test
3.5-year-old NHPs after infant exposure to a
more clinically relevant yet still lengthy
regime.16 In contrast to the previous findings
following neonatal ketamine exposure, 8 hours
of exposure to a mixture of isoflurane and
nitrous oxide showed no effects in most
cognitive domains; significant differences
between exposed and unexposed animals
were largely limited to a measure of
motivation. In human clinical studies, operant
test battery evaluations have not found
significant score differences between the
children who received early-in-life anesthesia
and the unexposed individuals.17 In contrast



to the findings for cognitive testing in NHPs, 2
independent studies of neonatal exposure to
volatile anesthetics, such as sevoflurane or
isoflurane, similarly found persistent increase
in anxiety-like and inhibition
behaviors.10,12,18 A recent article reported
results from NHPs 2 years after single or
multiple 5 hours of neonatal exposure to
isoflurane during the first 2 weeks of life.18 In
this study, the juveniles were assessed by a
series of structured observations of the
individuals in their social group within their
home environment and without any
provocation. These observations revealed that
the 2-year-old animals that were exposed to
anesthesia early-in-life withdrew themselves
from the group more often and spent less time
in close social contact. This effect was robust
and significant for animals exposed multiple
times; the individuals exposed a single time
showed a similar trend towards spending less
time close to peers as compared with control
animals. Testing several cognitive domains in
the same cohort of animals, including object
permanence, executive function, stimulus-
response learning, and spatial working,
memory did not indicate impairments in the
juvenile NHPs. These results share similarities
with findings from the few clinical studies in
the field with prospective assessments of
children.19-21 A recent metanalysis that
combined the results of the 3 studies
confirmed that early-in-life  anesthesia
exposure was associated with increased
behavioral problems in exposed children when
behavior was observed by their caregivers, at
home or at school.22 Similar to the above-
described results in NHPs, the clinical studies
did not find deficits in general intelligence or
other cognitive domains in the exposed
children.

Recent Neuroimaging Findings

There is great interest in the
application of neuroimaging technology as it
could have the potential to noninvasively
detect pathologic processes in the brain
associated with AIDN and, therefore, could

serve as a biomarker to identify affected
subjects, monitor treatment effects, or test
protective strategies. However, while NHPs are
frequently used in neuroimaging research, this
approach has hardly been used in the field of
AIDN. The studies of Zhang et al23,24 are some
of the very few that had used in vivo micro-
positron emission tomography/ computed
tomography imaging as a minimally invasive
method aiming to investigate its applicability
for detecting AIDN in NHPs.23,24 The results of
these studies revealed that early-in-life
exposure to volatile anesthetics increased glial
activation, and the authors proposed this as a
surrogate for neurotoxicity in the NHP brain.
More recently, a study examined the brains of
early-in-life anesthesia-exposed animals for
structural changes in the white matter using
magnetic resonance imaging (MRI)
technology.25 The reported findings, deriving
from 2 primate cohorts at 2 separate centers
with the animals’ age either 12 or 18 months,
showed that multiple short anesthesia
exposures during early development were
as sociated with alterations in white matter
integrity. Animals in both cohorts had received
0 to 4 previous MRI sessions under short
anesthesia with ketamine and/or isoflurane
before undergoing diffusion MRI scans. Data
were evaluated based on the calculation of a
“total normalized exposure” index to ketamine
and isoflurane, as there were no unexposed
individuals included in the study. The authors
found substantial disruptions in white matter
integrity that correlated with this total
normalized anesthetic exposure. They report a
dose-dependent effect with greater total
normalized exposure correlating with a
stronger decrease in fractional anisotropy and
greater diffusivity, both indicators of poorer
organization of the white matter. These
changes in the integrity of white matter
support previous studies providing evidence of
toxic effects of early-in-life anesthetics on
oligodendrocytes.4,5,26 While there was
variability in the ages at exposures and at the
final scan and considerable procedural
differences caused by the 2 cohorts residing at



separate primate centers, the congruency of
the findings despite these differences make
them valuable. In addition, this study provided
novel data on the effect of multiple rather
short exposures during infancy which resemble
clinical situations of repeated -early-in-life
anesthetic  exposures for  consecutive
diagnostic or therapeutic interventions. In
addition, they suggest white matter
architecture as a translatable imaging measure
for AIDN. On the basis of these encouraging
findings, future studies will be required to
investigate the persistence of these measures
until later in life and to address the potential
implication of these alterations in white matter
integrity for long-term neurobehavioral
outcomes. Future studies will be required to
link MRI-detectable white matter injury with
impaired functional outcomes caused by AIDN.

Novel Insights into Mechanisms of
Anesthetic-Induced Developmental
Neurotoxicity

The underlying processes causing
AIDN are still not fully understood, even
though studies investigated various

mechanisms including apoptosis,
neuroinflammation, changes in lipid
metabolism, or disruption of

myelination.23,27,28 Only recently, the effect
of neonatal anesthesia exposure on
post transcriptional regulation of messenger
RNA (mRNA) was investigated in the NHP.29
Methylation of adenosine at the N6-position
resulting in the formation of N6-
methyladenosine (m6A) represents one of the
most abundant reversible chemical
modifications of mMRNAs. The formation of m6A
modifications and their biological activity
depends on a group of proteins, including m6A
binding proteins that promote translation
efficiency, methyltransferases, and
demethylases, commonly referred to as
readers, writers, and erasers, respectively.
Using methylated RNA immunoprecipitation,
prefrontal cortices of neonatal NHPs that had
received 3 exposures of 5 hours sevoflurane
within the first 4 weeks of life were found to

have significantly more m6A peaks than
control animals.29 Subsequent gene ontology
analysis revealed links between genes with
increased methylation of m6A sites and
physiological functions critical for
neurodevelopment, particularly for synaptic
plasticity. In addition, the exposed animals had
decreased mRNA levels of 2 m6A binding
proteins, YTHDF 1 and 3 (YT521-B homology
domain family 1 and 3), suggesting that the
sevoflurane-induced  dynamic  regulation
occurs on the m6A reader level. Of note, while
these studies have not investigated long-term
neurobehavioral outcomes, the exposure
regime is closely comparable with one that
resulted in long-term behavioral alterations
and memory impairments in the exposed
NHPs.12,14 Importantly, abnormalities in m6A
methylation have been reported for other
neurodevelopmental and  -degenerative
diseases, including autism and Alzheimer
Disease, suggesting that this mRNA
modification is involved in, and may even
promote, the development of such
diseases.30,31 Future studies will investigate
the role of these epitranscriptomic alterations
in impairments in neurobehavioral
development caused by early-in-life anesthesia
exposure.

Recent Advances in Mitigating Strategies in
Nonhuman Primates

Over the past few decades, the
number of studies aiming to identify mitigating
or protective strategies against AIDN have
risen considerably; however, the majority of
those studies are limited to small animal
models.32,33 A few studies investigated
strategies to protect the immature brain
against AIDN using the NHP model and
reported amelioration of the acute neurotoxic
effects of the anesthetic.34,35 Co-
administration of lithium in neonatal NHPs that
were exposed to 5 hours of isoflurane
significantly reduced the apoptosis of neurons
and oligodendroglia.34 However, clinical
studies applying this strategy have not been
conducted. A more recent study investigated



the potential of hypothermia being
neuroprotective against AIDN.35 During a 5-
hour sevoflurane exposure, the neonate’s
body temperature was regulated in either the
normothermic (> 36.5°C), mild hypothermic
(35 to 36.5°C), or moderately hypothermic (<
35°C) range, with the remaining parameters
maintained within physiological ranges.
Interestingly, only mild hypothermia, but not
moderate hypothermia, led to a benefit with
significantly reduced apoptosis of neurons and
oligodendrocytes, shortly (8 h) after the
exposure, as compared with the sevoflurane-
exposed animals. The narrowness of the
window of hypothermia being beneficial may
be considered challenging, with loss of
protection below 35 °C. While the ease of
applying mild cooling during anesthesia in an
already tightly controlled pediatric anesthesia
setting may encourage additional
investigations in NHPs to test whether the
structural protection translates into benefits in
neurobehavioral outcomes, this strategy may
be limited to nonsurgical anesthesia exposures
due to potential hypocoagulation,
impairments in wound healing and increased
risk for perioperative infections. With already
existing experience in the use of hypothermia
in neonatal medicine for other conditions, this
protective strategy appears feasible, and, if
turning out to be beneficial in subsequent NHP
studies, it has the potential for translation into
clinical practice.

Future Directions

The NHP model in AIDN research has
generated profound new insights, as discussed
above. For some of the remaining questions in
the field, the approach using this translational
model may be the only way to find the
answers. With the phylogenetic proximity to
the human, the size of the infants allowing for
exposure conditions closely resembling those
in the pediatric operating room and the ability
to exclude confounders, such as surgery or pre-
existing medical conditions, often impeding
the evaluation of results from clinical studies,
carefully designed NHP studies have strong

potential to advance our knowledge about
AIDN. Albeit expensive and requiring longer
observation periods, compared with small
animal models, studies in NHPs will facilitate
characterization of the behavioral phenotype
caused by early-in-life exposure to general
anesthetics, identification of a noninvasive and
specific biomarker, and help establish
strategies to protect against AIDN.

UPDATE ON
ANESTHETIC-INDUCED
NEUROTOXICITY

The field of AIDN finds its origins in
rodent research, and studies in rats and mice
remain the largest source of information on
how brief exposures to anesthetic agents can
cause lasting alterations in neurologic
function. Translation of rodent studies has
obvious limitations related to the differences
between rodent and human brain structure,
the profound difference in the developmental
timeline, and the difficulty in providing ideal
physiologic conditions during anesthetic
exposures in the absence of comprehensive
monitoring and mechanical ventilation.
However, much of what is known about human
neuro science derives from rodents, and the
relatively low barrier in comparison with
humans and NHPs makes it plausible to use
rodent models to explore the fundamental
biology of AIDN. Studies in mice and rats are
ideally designed to expand the boundaries of
our understanding of AIDN, which is a
necessary precursor to conducting more
challenging translational studies. What follows
below is a selective discussion at the 2022
PANDA meeting of advances in rodent
research related to novel phenotypes, targets,
and exposure models that have come to light
in recent years.

RODENT STUDIES OF
DEVELOPMENTAL

Novel Phenotypes: Anxiety, Social
Interactions, and Pain Thresholds

Driven by obvious changes in learning
and memory testing in rodent models, AIDN
studies have focused for some time on adverse
outcomes related to reduced intelligence;



however, there is evidence in both human and
NHP studies to suggest that other phenotypes,
particularly those related to behavior, may be
of greater clinical significance.36 Investigators
have begun to explore new phenotypes
beyond those reflective of intelligence that are
measurable through behavioral testing,
including changes in anxiety, social
interactions, and pain thresholds. Several
reports have explored the possible effects of
early anesthetic exposure on anxiety, with
mixed out comes. Diana et al37 found that
early exposure to isoflurane, nitrous oxide, and
midazolam in rats resulted in increased entries
into the center zone of an open field test (OFT)
and had fewer entries and traveled shorter
distances in the open arms of an elevated plus
maze (EPM). The authors interpret the OFT
finding as an increase in risk-taking behavior
and the EPM finding as an increase in anxiety.
Sun et al38 examined the effects of early
exposure to ketamine in mice and found
avoidance in both the central zone of an OFT
and in the open arms of an EPM with combined
exposure to ketamine and dexmedetomidine
and Turktan et al39 reported similar findings in
mice with early exposure to
dexmedetomidine. Two studies that examined
EPM as part of a battery of behavioral tests
reported evidence of increased anxiety
resulting from isoflurane and sevoflurane
exposures.40,41 In contrast, 2 studies of
ketamine exposures did not observe significant
differences in OFT and EPM between exposed
and control animals.42 As is common in the
rodent literature, the extant studies on
anxiety-related outcomes use a range of
anesthetics, doses, and exposure and assay
paradigms, and thus it is not entirely
unexpected that the results do not give a
uniform outcome, but they certainly suggest
that an anxiety phenotype is plausible. Despite
the wide degree of variability in investigations
of AIDN and social interaction, there is a clear
signal that a diverse array of early exposures to
anesthetics impairs social behavior in the
rodent model. Diana et al37 employed a social
novelty test and found that rats exposed to

early postnatal isoflurane, nitrous oxide, and
midazolam had an increased number of
explorations of a novel rat compared with a
familiar one, and Chen et al43 obtained
essentially similar results in mice with an
intrauterine sevoflurane exposure. Maloney et
ald0 replicated the finding of impaired
response to social novelty, but only in male
mice. The effects of ketamine were studied by
Coronel-Oliveros and Pacheco-Calderdn,44
who employed a social interaction test rather
than a novelty paradigm and found impaired
sociability and increased aggressive behavior.
Taken together, these studies strongly suggest
that further exploration of the effects of AIDN
on social behavior is warranted. An entirely
novel phenotype resulting from AIDN related
to pain perception has recently been
described. Li et al4d5 found that a single
isoflurane exposure in early postnatal mice
resulted in a decreased pain threshold as
measured by tail flick, von Frey, and formalin
tests. The authors speculate that early
exposure to anesthetics could contribute to
the development of chronic pain syndromes in
adulthood, which is an intriguing possibility
given that persistent chronic pain is a common
outcome after pediatric surgery.46

Novel Targets: Gut Microbiome, DNA
Methylation, Histone Acetylation, RNA
Modification, and Neuroinflammation
Rodent models remain the most
common tool to explore the fundamental
question of how relatively brief exposure to
anesthetics, which are designed to be
short acting compounds, could have a long-
lasting effect on the brain. As evidenced by
previous reviews of the state of preclinical
research resulting from the PANDA meeting,
most work in the past has focused on effects
on neuronal and glial cell death, neurogenesis,
neuronal and glial growth, synapse formation,
and molecular machinery best known to be
associated with these processes.47-49 In the
last several years, a new set of targets for study
has emerged, including gut microbes,
epigenetic/epitranscriptomic processes, and



inflammatory systems in the brain. It is now
well-established that a healthy gut
micro biome is important for normal
neurodevelopment.50,51 Animal models have
shown that a disruption of the gut microbiome
during development, known as dysbiosis, is
associated with neurobehavioral phenotypes
in  adulthood.48 Recently, inhalational
anesthetic exposure was found to alter the gut
microbiome in adult rodents,52,53 and an
early postnatal isoflurane anesthetic exposure
in rats was found to cause persistent
dysbiosis.54 Liu et al55 have directly
implicated the microbiome in AIDN by showing
that microbiome-depleted mice that received
fecal transplants from donor mice exposed to
sevoflurane exhibited worse performance on
the Morris water maze task as compared with
untransplanted controls. Wang et al56 found
that impaired performance of rats exposed
prenatally to isoflurane on a novel-object
recognition task and reduced levels of
hippocampal brain-derived  neurotrophic
factor (BDNF) were both rescued by treatment
with probiotics. Given that these compounds
are designed to alleviate dysbiotic states, this
finding implies that dysbiosis contributed to
both behavioral and biochemical abnormalities
in AIDN. While much study in this area remains
to be done, it is clear that the gut microbiome
and perhaps the microbial communities in
other organs, such as the lung, represent a
highly novel target in AIDN that is deserving of
further study. DNA methylation at the cysteine
base is a key mechanism of epigenetic
regulation throughout organismal biology,
including in the developing nervous system.
The addition of 5-methylcytosine (5-MC) in
cytosine—phosphate— guanine dinucleotides,
which is mediated by DNA methyltransferases,
results in gene silencing by turning the
chromatin into a highly compacted and closed
state. In an investigation of DNA methylation
as a target for AIDN, Ju et al57 found that
multiple sevoflurane exposures in rats
downregulated the level of BDNF through
hypermethylation mediated by increased
expression of the DNA methyltransferases,

DNMT-3A and DNMT-3B. Similarly, Wu et al58
reported a decrease in BDNF expression
mediated by an increase in DNMT1 expression
that resulted in increased 5-MC groups in the
promoter region of Bdnf exon IV. Sevoflurane
exposure has also been shown to act through
DNMTs to cause hypermethylation and
downregulation of Shank2, Psd95, Synapsinl,
and Synaptophysin, which encode for key
synaptic proteins.59 The effects of anesthetics
may be cell-type specific, as in contrast to the
reports above, a study of the effects of early
anesthetic exposure on oligodendrocyte
development showed that isoflurane exposure
down regulated DNMT1 and decreased 5-MC
exposure in oligodendrocyte precursors,
resulting in inhibited progression to mature
oligodendrocyte status.60 All of the studies on
DNA methylation are targeted to specific genes
and DNMTs, and the field would benefit from
an unbiased, cell-type specific study of the
effects of AIDN on DNA methylation. Histone
acetylation, in which the addition of acetyl
groups to histones opens chromatin structure
to facilitate transcription, is another form of
epigenetic regulation that has been studied as
a possible target for AIDN. Acetylation is
facilitated by histone acetyltransferase (HATS)
and reversed by histone deacetylases (HDACs).
Several studies of AIDN have found that early
exposure to volatile anesthetics can cause an
imbalance of HDAC and HAT expression and
activity in rodent models.58,61,62 One study
found that maternal exposure to propofol
caused increased expression of HDAC2 and
decreased levels of acetylated H3K14 and
H4K12 in rat pups that correlated with
worsened performance on tests of learning
and memory.63 In a study of the effects of
combined exposure to isoflurane, nitrous
oxide, and midazolam, Dalla Massara et al64
found reduced HAT activity leading to a
decrease in acetylated H3 at the c-Fos and Bdnf
promoters. Intriguingly, in this study, a reversal
of the effects on histone acetyltransferases by
sodium butyrate treatment also resulted in
improved outcomes in learning and memory
tasks that were adversely affected by



anesthetic  exposure, providing strong
evidence of a causal link between alterations in
histone acetylation and AIDN. As is the case
with DNA methylation, our understanding of
how histone acetylation may be a target of
AIDN would benefit greatly from unbiased
studies of anesthetic actions on this epigenetic
mechanism. There are more than 170 RNA
modifications that shape cellular and biological
processes. Among them, m6 A is the most
abundant RNA modification in mammalian
systems and confers another layer of gene
regulation, including splicing, mRNA stability,
mMRNA decay, localization, and translation.65
Several studies investigate the role of mé A in
mediating AIDN. Zhang et al66 reported that
multiple sevoflurane exposures reduced the
expression of synaptophysin, an important
presynaptic protein in the prefrontal cortex of
mice. This reduction was mediated by
decreased m6 A methylation on synaptophysin
mRNA and downregulated YTHDF1, a well-
known m6 A reader mediating translation. In
another study, Wu et al67 performed genome-
wide screening of the m6 A modification in the
mouse brain at P30-35 after multiple
isoflurane or sevoflurane exposures and found
that m6 A modification was altered in a
substantial number of genes associated with
metabolic, developmental, and immune
functions. Future work should be directed
towards understanding how these
modifications may serve as mediators of AIDN
and on exploring other RNA modifications
beyond m6 A. Exposure to anesthesia during
early childhood has been shown to induce a
neuroinflammatory response in the brain. This
is of special importance since perinatal
inflammation has been linked to impaired
neurological functions in humans.68 The
hallmarks of neuroinflammation include
upregulation of signaling molecules such as
cytokines and chemokines, and the presence
of activated microglia and reactive astrocytes.
Microglia are the resident immune cells in the
central nervous system that dynamically
survey the tissue for dying cells and infections.
Microglia play an important role in the

postnatal neurogenic niche of the dentate
gyrus, where they phagocytose microglia
under homeostatic conditions and inhibit
neurogenesis after injury.69,70 However, the
mechanisms by which anesthesia-induced
inflammation and microglial activation affect
the developing human brain is not known.
Under normal conditions, the central nervous
system is an immunologically protected organ;
however, studies of traumatic and anoxic brain
injury in early life have shown that the
induction of inflammatory changes in the brain
has potentially severe consequences for
neurodevelopment. Recent literature suggests
that anesthetics may cause a pro-inflammatory
state mediated either by cytokines, activation
of microglia, or both, and this represents a
novel potential mechanism of injury in AIDN.
Early work by Shen et al7l1 found that
repetitive exposures to sevoflurane caused
upregulation of interleukin-6 and tumor
necrosis factor-a and increased numbers of
cells positive for the pan-microglial marker
lonized calcium- binding adapter molecule 1
(IBA1) in the hippocampus; these findings did
not persist into adulthood. However, in a more
recent study by Hogarth et al,72 early
postnatal exposure in rats led to increased
expression of pro inflammatory cytokines in
cerebral cortex that was measurable at 10
months of age, indicating the possibility of a
long-lasting effect. Zuo et al73 replicated the
findings of both increased pro-inflammatory
cytokine and activated microglial expression
resulting from early postnatal exposure to
both isoflurane and sevoflurane. The same
report showed a co-incident suppression of
neurogenesis in the hippocampus; given that
microglia have been demonstrated to play a
profound effect on the regulation of
hippocampal neurogenesis,74 this finding is
highly suggestive of a microglial contribution
to the mechanism of AIDN. Finally, at least 1
recent study makes a compelling argument for
a causal connection between AIDN and
neuroinflammation. Two studies by Jiang et
al75,76 investigated the effects of the
isoflavone compound Genistein (4',5,7-



trihydroxyisoflavone), which has been
reported to have antioxidant activity, in rats
that underwent early postnatal isoflurane
exposure. These authors found reduced levels
of pro-inflammatory cytokines shown by gPCR
and ELISA, a shift in the microglial population
from the pro-inflammatory microglial state
(M1) to the more anti-inflammatory microglial
state (M2), reduced neuronal apoptosis, and
an improvement in behavioral tests of learning
and memory compared with rats that did not
receive the antioxidant. Studies of the role of
neuroinflammation in AIDN are very
incomplete and would benefit greatly from
comprehensive screening for a full array of
both humoral and cellular mediators of
inflammation, and from additional studies
using a rescue approach to make a clear
connection between inflammation and the
evidence of poor outcomes in terms of both
behavioral testing and histology.

Novel Exposure Paradigm: Sedation Toxicity
The Food and Drug Administration
Advisory implicating sedative agents with
similar mechanisms to general anesthetics as
possible causes of harm to the developing
brain begs the question of whether sedation in
nonsurgical contexts, particularly in the
intensive care setting, is a parallel or even
greater cause of potential harm than AIDN.
This is a challenging hypothesis to address as
critical illness in and of itself is a likely cause of
poor neurological outcomes. Nevertheless,
notable parallels exist between AIDN and
nonsurgical sedative exposures: (1) GABA
agonists are common;77,78 (2) multidrug
treatment includes opioids, N-methyl-D-
aspartate inhibitors, and a2-adrenergic
antagonists, and; (3) early childhood appears
to be selectively vulnerable.79 Unfortunately,
the generalization of findings from anesthetic
neurotoxicity models is limited by the focus on
inhalational agents and comparatively brief
exposure in rodent models. Moreover, while
anesthesia overwhelms neurotransmission for
a discrete interval, intensive care sedation is
typically administered in different patterns and

doses, often including an incremental
escalation over days to weeks and often
requiring weaning, presumably because of
receptor accommodation that alters pathways
integral to brain maturation. Furthermore,
while some patients undergoing general
anesthesia have underlying conditions that
would be expected to have implications for
brain health, by contrast, essentially all
children sedated for critical illness have
substantial risk factors for poor neurological
outcomes. Finally, it is unclear what the
potential connections may be between the use
of sedatives and the short-term outcome of
delirium, and what the implications of delirium
states are for long-term neurological
outcomes. There are far fewer preclinical
models representing prolonged pediatric
intensive care sedation, and much of this work
has investigated benzodiazepines. Xu et al80
performed daily 12-hour midazolam sedations
for 5 days in P18-22 mice and reported not just
significant dose-dependent changes in
synapses and reduced hippocampal
neurogenesis, but also impaired learning and
memory. What is striking about this study,
however, is that these pathologic observations
were made after P60 when the ice had reached
the rodent equivalent of early adulthood.
Long-lasting suppression of neurogenesis is
supported by Doi et al,81 who treated P7 mice
for 3 days with midazolam and assessed
hippocampal neural stem cells at several time
points, including P10 and P84. Similar to Xu et
al,80 Doi et al81 noted a learning and memory
deficit in adult mice remotely treated with
midazolam in early childhood that correlated
with  “quiescence-associated” genes and
suppressed neurogenesis. While neuronal
connectivity is often center stage, the
importance of glia cannot be overlooked,
particularly given the neuro physiologic
resilience needed during illness and recovery
that depends on glial integrity. To explore the
glial effects of opioid-based intensive care
sedation in the immature mammalian brain,
Igbal O’Meara et al82 treated P18 rat pups
with morphine, midazolam, or combined



morphine and midazolam for 7 days. Brain
homogenates were screened at P25 and
showed that midazolam significantly increased
the expression of 17 and 18.5 kDa myelin basic
protein isoforms that are found in developing
oligodendrocytes (17 kDa) and facilitated
myelin compaction (18.5 kDa).83 There was
also a significant increase in S100B calcium-
binding protein, an astrocytic regulatory
protein also found in glial progenitor cells and
myelin.84-86 Assessment of the astrocytic
glial fibrillary acidic protein in this study was
notable for over 20% decrease in expression in
all treatment groups compared with controls.
Interestingly, co-treatment with morphine and
midazolam seemed to mitigate the effect of
midazolam alone on the limited proteins
assayed, highlighting the need for multi-drug
studies. Importantly, while these studies draw
attention to the deleterious potential of
sedation, they assume typically developing
brains in otherwise healthy subjects. To
leverage gains made in  preclinical
developmental anesthetic  neurotoxicity,
“reverse translation” of critical illness
paradigms is imperative to identify therapeutic
targets. It is unlikely that sedatives behave
uniformly when superimposed on traumatic
brain injury or meningoencephalitis, for
example. Opioids have received less focus, but
they are foundational in intensive care
sedation and have been shown to affect
synaptogenesis, astrocyte growth, and
myelination.87—89 There has also been little to
no investigation into the a2-antagonist
dexmedetomidine despite its ubiquity in
contemporary intensive care and conflicting
evidence of neuroprotective and injurious
effects.32,79,90 Notably, clonidine suppresses
REM sleep and inhibits cortical growth in rat
pups and is associated with functional decline
after childhood critical illness, where it is
frequently used to wean
dexmedetomidine.91-93  Neurotransmitter
and receptor concentrations are
developmentally regulated, and epochs of
brain development and refinement
throughout childhood may be vulnerable.

Disruption of foundational brain connectivity
may have long-lasting impacts, and impaired
neurogenesis or gliogenesis is salient to
neurological recovery. Doi et al81 were able to
rescue neurogenesis by providing an exercise
wheel to promote physical activity, a finding
that supports early intensive care unit mobility
initiatives and has implications for post hoc
rehabilitation. Taken together, these findings
provide a highly compelling argument that
sedative exposures in a critical illness model
are far from benign and that further study
should be conducted alongside and in
comparison with investigations in AIDN
models.

CONCLUSION

The NHP model in AIDN research has
generated profound new insights, as discussed
above. For some of the remaining questions in
the field, approaches using this translational
model may be the only way to find the
answers. With the phylogenetic proximity to
the human, the size of the infants allowing for
exposure conditions closely resembling those
in the pediatric operating room, and the ability
to exclude confounders often impeding the
evaluation of results from clinical studies,
carefully designed NHP studies have a strong
potential to advance our knowledge about
AIDN. They will facilitate characterization of
the behavioral phenotype caused by early-in-
life exposure to general anesthetics,
identification of a noninvasive and specific
biomarker, and help establish strategies to
protect against AIDN. Investigations in rodent
models continue to serve as the leading edge
of AIDN research. The sheer number and
diversity of such investigations, as compared
with human and NHP models, invariably leads
to novel findings that may warrant further
investigation. Future directions in rodent
research should include better standardization
of techniques across groups, which would
allow for more direct comparisons between
the work of different laboratories. In
particular, it is of importance to begin to model
the interplay between the putative effects of



anesthetics and those of surgery and comorbid
disease in rodents. Furthermore, it is of key
importance that rodent research continues to
be informed by findings and trends in human
and NHP research to support and extend
scientific discoveries in these models that are
obtained at the cost of very substantial
resources. Conversely, researchers in the
human and NHP model systems should stay
abreast of key developments in rodent
research to inform how best to direct their
own investigations.

REFERENCES

1. Neudecker V, Perez-Zoghbi JF,
Brambrink AM. Recent advances in
understanding cognitive and behavioural
alterations after early-in-life anaesthesia
exposure and new mitigation/alternative
strategies in preclinical studies. Curr Opin
Anaesthesiol. 2021;34:402—-408. doi:10.1097/
AC0.0000000000001016

2. Brambrink AM, Evers AS, Avidan MS,
et al. Ketamine-induced neuroapoptosis in the
fetal and neonatal rhesus macaque brain.
Anesthesiology. 2012;116:372-384.
doi:10.1097/ALN.0b013e318242b2cd

3. Brambrink AM, Evers AS, Avidan MS,
et al. Isoflurane-induced neuroapoptosis in the
neonatal rhesus macaque brain.
Anesthesi ology. 2010;112:834-841.
do0i:10.1097/ALN.0b013e3181d049cd

4. Creeley C, Dikranian K, Dissen G, et
al. Propofol-induced apoptosis of neurones
and oligodendrocytes in fetal and neonatal
rhesus macaque brain. Br J Anaesth.
2013;110(suppl 1):i29-i38.
doi:10.1093/bja/aet173

5. Creeley CE, Dikranian KT, Dissen GA,
et al. Isoflurane-induced apoptosis of neurons
and oligodendrocytes in the fetal rhesus
macaque brain. Anesthesiology.
2014;120:626-638. doi:10.1097/
ALN.0000000000000037

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

7.ZouX, LiuF, Zhang X, et al. Inhalation
anesthetic-induced neuronal damage in the
developing rhesus monkey. Neurotoxicol
Teratol. 2011;33:592-597.
doi:10.1016/j.ntt.2011.06.003

8. Noguchi KK, Johnson SA, Dissen GA,
et al. Isoflurane exposure for three hours
triggers apoptotic cell death in neonatal
macaque brain. Br J Anaesth. 2017;119:524-
531. doi:10.1093/bja/aex123

9. Neudecker V, Perez-Zoghbi JF,
Martin LD, et al. Astrogliosis in juvenile non-
human primates 2 years after infant
anaesthesia exposure. Br J Anaesth.
2021;127:447-457.
doi:10.1016/j.bja.2021.04.034

10. Coleman K, Robertson ND, Dissen
GA, et al. Isoflurane anesthesia has long-term
consequences on motor and behavioral
development in infant rhesus macaques.
Anesthesiology. 2017;126:74-84. doi:10.1097/
ALN.0000000000001383

11. Raper J, Alvarado MC, Murphy KL,
et al. Multiple anesthetic exposure in infant
monkeys alters emotional reactivity to an
acute stressor. Anesthesiology.
2015;123:1084-1092.
doi:10.1097/ALN.0000000000000851

12. Raper J, De Biasio JC, Murphy KL, et
al. Persistent alteration in behavioural
reactivity to a mild social stressor in rhesus
monkeys repeatedly exposed to sevoflurane in
infancy. Br J Anaesth. 2018;120:761-767.
doi:10.1016/j.bja.2018.01.014

13. Fehr T, Janssen WGM, Baxter MG:
Synaptic ultrastructure in adolescent rhesus
monkeys exposed to sevoflurane in infancy. In:
Neuroscience. 2019.

14. Alvarado MC, Murphy KL, Baxter
MG. Visual recognition memory is impaired in
rhesus monkeys repeatedly exposed to
sevoflurane in infancy. Br J Anaesth.
2017;119:517-523. doi:10.1093/bja/aew473

15. 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;33:220-230.
ntt.2011.01.001

16. Talpos JC, Chelonis JJ, Li M, et al.
Early life exposure to extended general
anesthesia with isoflurane and nitrous oxide
reduces responsivity on a cognitive test battery
in the nonhuman primate. Neurotoxicology.
2019;70:80-90.
doi:10.1016/j.neuro.2018.11.005

17. Warner DO, Chelonis JJ, Paule MG,
et al. Performance on the operant test battery
in young children exposed to procedures
requiring general anaesthesia: the MASK
study. Br J Anaesth. 2019;122:470-479.
doi:10.1016/j.bja.2018.12.020

18. Neudecker V, Perez-Zoghbi JF,
Coleman K, et al. Infant isoflurane exposure
affects social behaviours, but does not impair
specific cognitive domains in juvenile non-
human primates. Br J Anaesth. 2021;126:486—
499. doi:10.1016/j.bja.2020.10.015

19. 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;393:664-677. doi:10.1016/S0140-
6736(18)32485-1

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

21. Warner DO, Zaccariello MJ, Katusic
SK, et al. Neuropsychological and behavioral
outcomes after exposure of young children to
procedures requiring general anesthesia: The
Mayo Anesthesia Safety in Kids (MASK) Study.
Anesthesiology. 2018;129:89-105.
doi:10.1097/ALN.0000000000002232

22. 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

doi:10.1016/j.

Anaesth. 2021;126:433-444.
doi:10.1016/j.bja.2020.10.022

23. Zhang X, Liu S, Newport GD, et al.
In vivo monitoring of sevoflurane-induced
adverse effects in neonatal nonhuman
primates using small-animal positron emission
tomography. Anesthesiology. 2016;125:133—
146. doi:10.1097/ALN.0000000000001154

24. Zhang X, Paule MG, Newport GD, et
al. MicroPET/CT Imaging of [18F]-FEPPA in the
nonhuman primate: a potential biomarker of
pathogenic  processes associated  with
anesthetic-induced neurotoxicity. ISRN
Anesthesiology. 2012;2012:261640.
doi:10.5402/2012/261640

25. Young JT, Vlasova RM, Howell BR,
et al. General anaesthesia during infancy
reduces white matter micro-organisation in
developing rhesus monkeys. Br J Anaesth.
2021;126:845-853.  do0i:10.1016/j.bja.2020.
12.029

26. Brambrink AM, Back SA, Riddle A,
et al. |Isoflurane-induced apoptosis of
oligodendrocytes in the neonatal primate
brain.  Ann  Neurol. 2012;72:525-535.
doi:10.1002/ana.23652

27. Liu F, Rainosek SW, Frisch-Daiello
JL, et al. Potential adverse effects of prolonged
sevoflurane exposure on developing monkey
brain: From abnormal lipid metabolism to
neuronal damage. Toxicol Sci. 2015;147:562—
572. doi:10.1093/toxsci/kfv150

28. Zhang L, Xue Z, Liu Q, et al
Disrupted folate metabolism with anesthesia
leads to myelination deficits mediated by
epigenetic regulation of ERMN. EBioMedicine.
2019;43:473-486. doi:10.1016/
j.ebiom.2019.04.048

29. Chen X, Shi L, Zhang L, et al.
Epitranscriptomic analysis of N6-
methyladenosine in infant rhesus macaques
after multiple sevoflurane  anesthesia.
Neuroscience. 2022;482:64—76. doi:10.1016/j.
neuroscience.2021.11.030

30. Yoon KJ, Ringeling FR, Vissers C, et
al. Temporal control of mammalian cortical
neurogenesis by m(6)A methylation. Cell.



2017; 171:877-889. el7;
doi:10.1016/j.cell.2017.09.003

31.ZhangR, Zhang Y, Guo F, et al. RNA
N6-methyladenosine modifications and its
roles in alzheimer’s disease. Front Cell
Neurosci. 2022;16:820378.
doi:10.3389/fncel.2022.820378

32. Perez-Zoghbi JF, Zhu W, Neudecker
V, et al. Neurotoxicity of sub anesthetic doses
of sevoflurane and dexmedetomidine co-
administration in neonatal rats.
Neurotoxicology. 2020;79:75-83. doi:10.1016/
j.neuro.2020.03.014

33. Useinovic N, Maksimovic S, Near
M, et al. Do we have viable protective
strategies against anesthesia-induced
developmental neurotoxicity. Int J Mol Sci.
2022;23:1128. doi:10.3390/ijms23 031128

34. Noguchi KK, Johnson SA, Kristich
LE, et al. Lithium protects against anaesthesia
neurotoxicity in the infant primate brain. Sci
Rep. 2016;6:22427. doi:10.1038/srep22427

35. lkonomidou C, Kirvassilis G, Swiney
BS, et al. Mild hypothermia ameliorates
anesthesia toxicity in the neonatal macaque
brain. Neurobiol Dis. 2019;130:104489.
doi:10.1016/j.nbd.2019.104489

36. Ing C, Warner DO, Sun LS, et al.
Anesthesia and developing brains:
Unanswered questions and proposed paths
forward. Anesthesiology. 2022;136:500-512.
doi:10.1097/aln.0000000000004116

37. Diana P, Joksimovic SM, Faisant A,
et al. Early exposure to general anesthesia
impairs social and emotional development in
rats. Mol Neurobiol. 2020;57:41-50.
do0i:10.1007/s12035-019-01755-x

38. Sun J, Lin J, Feng X, et al. Prenatal
exposure to ketamine leads to anxiety-like
behaviors and dysfunction in bed nucleus of
stria terminalis. Int J Neuropsychopharmacol.
2020;23:181-191. doi:10.1093/ ijnp/pyaa002

39. Turktan M, Yilmaz MB, Hatipoglu Z,
et al. Molecular determinants of behavioral
changes induced by neonatal ketamine and
dexmede tomidine application. J Neural
Transm. 2019;126:1577-1588.
doi:10.1007/s00702-019-02081-1

40. Maloney SE, Yuede CM, Creeley CE,
et al. Repeated neonatal isoflurane exposures
in the mouse induce apoptotic degenerative
changes in the brain and relatively mild long-
term behavioral deficits. Sci Rep. 2019;9:2779.
doi:10.1038/s41598-019-39174-6

41. Wali B, Sayeed |, Stein DG, et al.
Prophylactic progesterone prevents adverse
behavioural and neurocognitive effects of
neonatal anaes thesia exposure in rat. Br J
Anaesth. 2022;128:301-310. doi:10.1016/j.
bja.2021.10.030

42. Sampaio TB, de Oliveira LF,
Constantino LC, et al. Long-term
neurobehavioral consequences of a single
ketamine neonatal exposure in rats: Effects on
cellular viability and glutamate transport in
frontal cortex and hippocampus. Neurotox
Res. 2018;34:649-659. doi:10.1007/s12640-
018-9927-x

43. Chen Q, Chu W, Sheng R, et al.
Maternal anesthesia with sevoflurane during
the mid-gestation induces social interaction
deficits in offspring C57BL/6 mice. Biochem
Biophys Res Commun. 2021;553:65-71.
doi:10.1016/j.bbrc.2021.03.063

44, Coronel-Oliveros CM, Pacheco-
Calderdn R. Prenatal exposure to ketamine in
rats: Implications on animal models of
schizophrenia. Dev Psychobiol. 2018;60:30-42.
doi:10.1002/dev.21586

45. Li Q, Mathena RP, Eregha ON, et al.
Effects of early exposure of isoflurane on
chronic pain via the mammalian target of
rapamycin signal pathway. Int J Mol Sci.
2019;20:5102. doi:10.3390/ijms 20205102

46. Williams G, Howard RF, Liossi C.
Persistent postsurgical pain in children and
young people: prediction, prevention, and
management. Pain  Rep. 2017;2:e616.
doi:10.1097/pr9.0000000000000616

47. Jackson WM, Gray CD, Jiang D, et
al. Molecular mechanisms of anesthetic
neurotoxicity: A review of the current
literature. J Neurosurg Anesthesiol.
2016;28:361-372.
doi:10.1097/ana.0000000000000348



48. Wagner M, Ryu YK, Smith SC, et al.
Review: effects of anesthetics on brain circuit
formation. J Anesthesiol.
2014;26:358—-362.
d0i:10.1097/ana.0000000000000118

49. Mintz CD, Wagner M, Loepke AW.
Preclinical research into the effects of
anesthetics on the developing brain: promises
and pitfalls. J Neurosurg Anesthesiol.
2012;24:362-367.
doi:10.1097/ANA.0b013e31826a0495

50. Pronovost GN, Hsiao EY. Perinatal
interactions between the micro biome,

Neurosurg

immunity, and neurodevelopment. Immunity.
2019;50:18-36.
doi:10.1016/j.immuni.2018.11.016

51. Forssberg H. Microbiome
programming of  brain  development:
implications for neurodevelopmental
disorders. Dev  Med Child Neurol.
2019;61:744-749. d0i:10.1111/dmcn.14208

52.Han C, Zhang Z, Guo N, et al. Effects
of sevoflurane inhalation anesthesia on the
intestinal microbiome in mice. Front Cell Infect
Microbiol. 2021;11:633527.
doi:10.3389/fcimb.2021.633527

53. Serbanescu MA, Mathena RP, Xu J,
et al. General anesthesia alters the diversity
and composition of the intestinal microbiota in
mice. Anesth Analg. 2019;129:e126—e129.
doi:10.1213/ane.0000000000003938

54. Wang L, Yang X, Wu H. Juvenile rats
show altered gut microbiota after exposure to
isoflurane as neonates. Neurochem Res.
2019;44:776-786. doi:10.1007/s11064-018-
02707-y

55. Liu M, Song S, Chen Q, et al. Gut
microbiota mediates cognitive impairment in
young mice after multiple neonatal exposures
to sevoflurane. Aging. 2021;13:16733-16748.
doi:10.18632/aging.203193

56. Wang LK, Yang XD, Zhou D, et al.
Prenatal isoflurane  exposure  induces
developmental neurotoxicity in rats: the role of
gut microbiota. Neurotox Res. 2022;40:485—
497. doi:10.1007/s12640-022-00487-6

57. Ju LS, Jia M, Sun J, et al
Hypermethylation of hippocampal synaptic

plasticity-related genes is involved in neonatal
sevoflurane  exposure-induced  cognitive
impairments in  rats. Neurotox Res.
2016;29:243-255.  doi:10.1007/s12640-015-
9585-1

58. Wu J, Bie B, Naguib M. Epigenetic
manipulation of brain-derived neurotrophic
factor improves memory deficiency induced by
neonatal anesthesia in rats. Anesthesiology.
2016;124:624-640. doi:10.1097/
ALN.0000000000000981

59. Fan XY, Shi G, Zhao P. Neonatal
sevoflurane exposure impairs learning and
memory by the hypermethylation of
hippocampal synaptic genes. Mol Neurobiol.
2021;58:895-904. doi:10.1007/s12035- 020-
02161-4

60. Li Q, Mathena RP, Xu J, et al. Early
postnatal exposure to isoflurane disrupts
oligodendrocyte development and myelin
formation in the mouse hippocampus.
Anesthesiology. 2019;131:1077-1091.
doi:10.1097/ aln.0000000000002904

61. Jia M, Liu WX, Yang JJ, et al. Role of
histone acetylation in long term
neurobehavioral effects of neonatal Exposure
to sevoflurane in rats. Neurobiol Dis.
2016;91:209-220. doi:10.1016/j.nbd.2016.03.
017

62. Zhong T, Guo Q, Zou W, et al.
Neonatal isoflurane  exposure induces
neurocognitive impairment and abnormal
hippocampal histone acetylation in mice. PLoS
One. 2015;10:e0125815.
doi:10.1371/journal.pone.0125815

63.LinJ, Wangs, Feng, et al. Propofol
exposure during early gestation impairs
learning and memory in rat offspring by
inhibiting the acetylation of histone. J Cell Mol
Med. 2018;22:2600-2611.
doi:10.1111/jcmm.13524

64. Dalla Massara L, Osuru HP,
Oklopcic A, et al. General anesthesia causes
epigenetic histone modulation of c-fos and
brain-derived neurotrophic factor, target
genes important for neuronal development in
the immature rat hippocampus.



Anesthesiology. 2016;124:1311-1327.
doi:10.1097/ALN.0000000000001111

65. Yang Y, Hsu PJ, Chen YS, et al.
Dynamic transcriptomic m(6)A decoration:
writers, erasers, readers and functions in RNA
metab olism. Cell Res. 2018;28:616-624.
doi:10.1038/s41422-018-0040-8

66. Zhang L, Cheng Y, Xue Z, et al.
Sevoflurane impairs m6A mediated mMRNA
translation and leads to fine motor and
cognitive  deficits. Cell Biol Toxicol.
2022;38:347-369. doi:10.1007/s10565- 021-
09601-4

67. Wu Y, Yang Z, Su S, et al
Differential epitranscriptome and proteome
modulation in the brain of neonatal mice
exposed to isoflurane or sevoflurane. Cell Biol
Toxicol. 2022. Epub ahead of print;
doi:10.1007/s10565-022-09701-9

68. Giraud A, Chaux R, Allard MJ, et al.
Perinatal inflammation is associated with
social and motor impairments in preterm
children without severe neonatal brain injury.
Eur J Paediatr Neurol. 2020;28:126-132.
doi:10.1016/j.ejpn.2020.06.008

69. Ekdahl CT, Claasen JH, Bonde S, et
al.  Inflammation is detrimental for
neurogenesis in adult brain. Proc Natl Acad Sci
USA. 2003; 100:13632-13637.
doi:10.1073/pnas.2234031100

70. Sierra A, Encinas JM, Deudero JJ, et
al. Microglia shape adult hippocampal
neurogenesis  through apoptosis-coupled
phagocytosis. Cell Stem Cell. 2010;7:483-495.
doi:10.1016/j.stem.2010.08.014

71.Shen X, DongY, Xu Z, et al. Selective
anesthesia-induced neuroinflammation in
developing mouse brain and cognitive
impairment. Anesthesiology. 2013;118:502—-
515. doi:10.1097/ALN.0Ob013e 3182834d77

72. Hogarth K, Vanama RB, Stratmann
G, et al. Singular and short-term anesthesia
exposure in the developing brain induces
persistent neuronal changes consistent with
chronic neurodegenerative disease. Sci Rep.
2021;11:5673. doi:10.1038/s41598-021-
85125-5

73.Zuo C, Ma J, PanYy, et al. Isoflurane
and sevoflurane induce cognitive impairment
in neonatal rats by inhibiting neural stem cell
development through microglial activation,
neuroinflammation, and suppression of
VEGFR2 signaling pathway. Neurotox Res.
2022;40: 775-790. doi:10.1007/s12640-022-
00511-9

74. Pérez-Rodriguez DR, Blanco-Luquin
I, Mendioroz M. The Participation of microglia
in  neurogenesis: A Review. Brain Sci.
2021;11:658. doi:10.3390/brainsci11050658

75. Jiang T, Xu S, Shen Y, et al
Genistein  Attenuates  Isoflurane-Induced
Neuroinflammation by Inhibiting TLR4-
mediated microglial-polar ization in vivo and
in vitro. J Inflamm Res. 2021;14:2587-2600.
doi:10.2147/JIR.S304336

76. liang T, Wang XQ, Ding C, et al.
Genistein  attenuates isoflurane induced
neurotoxicity and improves impaired spatial
learning and memory by regulating
cAMP/CREB and BDNF-TrkB-PI3K/Akt
signaling. Korean J Physiol Pharmacol.
2017;21:579-589. doi:10.4196/
kjpp.2017.21.6.579

77. Hartman ME, McCrory DC,
Schulman SR. Efficacy of sedation regimens to
facilitate mechanical ventilation in the
pediatric intensive care unit: a systematic
review. Pediatr Crit Care Med. 2009;10:246—
255. doi:10.1097/PCC.0b013e31819a3bb9

78. Curley MA, Wypij D, Watson RS, et
al. Protocolized sedation vs usual care in
pediatric patients mechanically ventilated for
acute respiratory failure: a randomized clinical
trial. JAMA. 2015;313:379-389. doi:10.1001/
jama.2014.18399

79. Dervan LA, Di Gennaro JL, Farris
RWD, et al. Delirium in a Tertiary PICU: Risk
Factors and Outcomes. Pediatr Crit Care Med.
2020;21:21-32.
doi:10.1097/pcc.0000000000002126

80. Xu J, Mathena RP, Singh S, et al.
Early developmental exposure to repetitive
long duration of midazolam sedation causes
behavioral and synaptic alterations in a rodent
model of neurodevelopment. J Neurosurg



Anesthesiol. 2019;31:151-162.
doi:10.1097/ana.00000000 00000541

81. Doi H, Matsuda T, Sakai A, et al.
Early-life midazolam exposure persistently
changes chromatin accessibility to impair adult
hippo campal neurogenesis and cognition.
Proc Natl Acad Sci USA. 2021;118:38.
doi:10.1073/pnas.2107596118

82. Igbal O’Meara AM, Miller Ferguson
N, Zven SE, et al. Potential
neurodevelopmental effects of pediatric
intensive care sedation and analgesia:
repetitive benzodiazepine and opioid exposure
alters expression of glial and synaptic proteins
in juvenile rats. Crit Care Explor. 2020;2:e0105.
d0i:10.1097/cce.0000000000000105

83. Harauz G, Boggs JM. Myelin
management by the 18.5-kDa and 21.5-kDa
classic myelin basic protein isoforms.
Neurochem. 2013;125:334-361.
d0i:10.1111/jnc.12195

84. Van Eldik LJ, Wainwright MS. The
Janus face of glial-derived S100B: beneficial
and detrimental functions in the brain. Restor
Neurol Neurosci. 2003;21:97-108.

85. Hachem S, Aguirre A, Vives V, et al.
Spatial and temporal expression of S100B in
cells of oligodendrocyte lineage. Glia.
2005;51:81-97. doi:10.1002/glia.20184

86. Steiner J, Bernstein HG, Bielau H, et
al. Evidence for a wide extraastrocytic
distribution of S100B in human brain. BMC
Neurosci. 2007;8:2. doi:10.1186/1471-2202-8-
2

87. Stiene-Martin A, Gurwell JA,
Hauser KF. Morphine alters astrocyte growth in
primary cultures of mouse glial cells: evidence
for a direct effect of opiates on neural
maturation. Brain Res Dev Brain Res.
1991;60:1-7. doi:10.1016/0165-
3806(91)90149-d

88.CaiY, YangL, HuG, et al. Regulation
of morphine-induced synaptic alterations: Role
of oxidative stress, ER stress, and autophagy. J
Cell Biol. 2016;215:245-258.
doi:10.1083/jcb.201605065

89. Vestal-Laborde AA, Eschenroeder
AC, Bigbee JW, et al. The opioid system and

brain development: effects of methadone on
the oligodendrocyte lineage and the early
stages of myelination. Dev Neurosci.
2014;36:409-421. doi:10.1159/000365074

90. Wang D, Xu X, Wu YG, et al.
Dexmedetomidine attenuates traumatic brain
injury: action pathway and mechanisms.
Neural Regen Res. 2018;13:819-826.
doi:10.4103/1673-5374.232529

91. Mirmiran M, Uylings HB, Corner
MA. Pharmacological suppression of REM
sleep prior to weaning counteracts the
effectiv eness of subsequent environmental
enrichment on cortical growth in rats. Brain
Res. 1983;283:102-105. doi:10.1016/0165-
3806(83) 90086-x

92. Watson RS, Asaro LA, Hutchins L, et
al. Risk factors for functional decline and
impaired quality of life after pediatric
respiratory failure. Am J Respir Crit Care Med.
2019;200:900-909. doi:10.1164/
rccm.201810-18810C

93. Thompson RZ, Gardner BM, Autry
EB, et al. Survey of the current use of
dexmedetomidine and management of
withdrawal symptoms in critically Ill children. J
Pediatr Pharmacol Ther. 2019;24:16-21.
doi:10.5863/1551-6776-24.1.16



