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ABSTRACT

Evolution of anaesthesia has been largely helped by progress of evidence-based medicine. In
spite of many advancements in anaesthesia techniques and availability of newer and safer drugs,
much more needs to be explored scientifically for the development of anaesthesia. Over the last
few years, the notion that the actions of the anaesthesiologist have only immediate or short-term
consequences has largely been challenged. Evidences accumulated in the recent years have
shown that anaesthesia exposure may have long-term consequences particularly in the extremes
of ages. However, most of the studies conducted so far are in vitro or animal studies, the results
of which have been extrapolated to humans. There have been confounding evidences linking
anaesthesia exposure in the developing brain with poor neurocognitive outcome. The results of
animal studies and human retrospective studies have raised concern over the potential detrimental
effects of general anaesthetics on the developing brain. The purpose of this review is to highlight
the long-term perils of anaesthesia in the very young and the potential of improving anaesthesia
delivery with the novel molecular approaches.
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INTRODUCTION

interventional studies, to allay pain and anxiety and
to maintain stable vitals: This has resulted not only in
a tremendous increase in the number of anaesthetics

Paediatric patients range from preterm infants to
teenagers, and it would not be appropriate to call them
miniature adults. There exist definite anatomical,
physiological, pharmacological and psychological
differences among the different paediatric age groups
and between the paediatric and adult patients,
which makes the safe anaesthetic delivery extremely
challenging. Recently, there have been conflicting
reports over the potential neurotoxicity of the general
anaesthetics on the developing brain. Particularly
intriguing are the long-term neurocognitive outcomes
of anaesthesia in the very young.!"! This has generated
a lot of concern because anaesthesia delivery among
paediatric patients is no longer confined to the
operation theatres and intensive care units but is also
being increasingly used in the non-surgical settings
such as long diagnostic procedures, radiological and

being administered but also increased anaesthetic
exposure in progressively younger age groups.™

Research articles, meta-analyses and systematic
reviews and studies in various international and
national bibliographic indices were extensively
searched with emphasis on key words ‘apoptosis,
synaptogenesis, neurodegeneration, neurotoxicity,
general anaesthesia (GA) in paediatric patients’
published between the period of 1994 and 2014. The
various search engines included Entrez (including
PubMed), NIH.gov, Cochrane database for systematic
reviews, Science direct, Scopus, WebMD.com,
MedHelp.org, Searchmedica, MD consult and Google.
com. The inclusion criteria was mainly focused on
extraction of full text articles containing literary
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evidence of anaesthesia in paediatric patients from the
previous two decades. Manual search was also carried
out, and various text books of paediatric anaesthesia,
anaesthesiology and paediatric surgery were looked
into for evidences of possible effect of GA on the
paediatric population.

APOPTOSIS AND SYNAPTOGENESIS

Apoptosis or programmed cell death is a normal
physiological  process occurring during the
development of central nervous system to remove the
redundant cells. It has particularly gained importance
inrelevance to paediatric anaesthesia. It has been found
that stress responses (such as pain, hypoglycaemia,
hypoxia and ischemia), environmental factors,
genetic disturbances and drugs cause thwarting or
exacerbation of apoptosis, a pathological phenomenon,
resulting in suicide of vital brain cells manifesting
as neurodevelopmental aberrations in foetuses and
infants. Of particular significance is the stage of
synaptogenesis, that is the period of ‘brain growth
spurt’ which corresponds to 6" month of pregnancy
and extends to 3™ year after birth in humans and the
first 2 weeks of life in rodents and mice.” During this
period, very few neurons are destined to die. However,
interference of certain neurotransmitters during this
period can cause widespread neuroapoptosis.

Receptor modulation and neurotoxicity

ExcitatoryN-methyl-D-aspartate(NMDA)andinhibitory
gaba-amino-butyric acid (GABA) receptor stimulation
are pivotal during neurogenesis. Excessive antagonism
of NMDA receptors or agonism of GABA receptors
triggers neuronal apoptosis. Most of the commonly
used general anaesthetics have a strong affinity for
these receptors thereby elucidating their mechanism
of apoptosis. Several studies conducted on animal
models have shown accelerated neurodegeneration
through general anaesthetic-induced NMDA and
GABA receptor modulation, which resulted in
behavioural abnormalities in rats, mice, guinea pigs
and non-human primates.”! Inhalational anaesthetics
like nitrous-oxide (N,0)," isoflurane,® sevoflurane!®
and desflurane™ as well as intravenous anaesthetics
such as ketamine,”® propofol,” thiopentone!'” and
diazepam!! used alone or in combination have been
implicated as triggering neurotoxic agents. Ethanol
a potent NMDA-antagonist and GABA-agonist
causes widespread apoptotic neurodegeneration in
the developing rat forebrain during the periods of
synaptogenesis, which manifests in the humans in the
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form of neurobehavioral abnormalities collectively
called as foetal alcohol syndrome.!"

Pharmacological evidence of neurotoxicity

Ketamine, a potent NMDA receptor antagonist, is a
widely used anaesthetic agent in paediatric patients.
Its neurotoxicity in animal studies has been very well
documented*? [Table 1]. In vitro studies of ketamine
on human embryonic stem cells (hESCs) — derived
neural stem cells (NSCs) and neurons have shown that
it increases NSC proliferation and causes neuronal
apoptosis through reactive oxygen species (ROS)
mediated mitochondrial pathway.*"

Propofol, another potent intravenous anaesthetic
agent, when continuously administered for 5 h, causes
apoptosis of neurons and oligodendrocytes in both
the foetal and neonatal non-human primate brain."
However, it induces neurotoxicity at one-fourth of the
dose required for surgical anaesthesia.!®

Barbiturates like pentobarbital and phenobarbital, as
wellasbenzodiazepineslikediazepamand clonazepam,
have been found to trigger neurodegeneration in mouse
and rat pups with consequent alterations in long-term
neurobehavioral outcomes.

Similar to GABA and NMDA receptors, opioid
receptors are also involved in early brain development
and synaptogenesis'®’!, which highlights their effects
during synaptogenesis. Morphine,*! buprenorphine
and methadone®! have all been incriminated as
possible triggers. High dose fentanyl significantly
accentuates white matter brain lesions-induced by
glutaminergic overstimulation in mice.?®

Inhalational anaesthetic agents are >100-fold less
potent than intravenous anaesthetics and less target
selective. Experimental studies with halothane, a
commonly used inhalational anaesthetic, have shown
that its chronic exposure during the developmental
period in rats causes both neural and behavioural
impairment.'*® Sevofluraneis the preferred inhalational
agent in paediatric patients because of its rapid onset
and offset, less irritation for airways, decreased
pungency and stable haemodynamic profile.?”! It has
both NMDA receptor antagonist and GABA receptor
agonist properties. Animal studies link sevoflurane
exposure in developing a brain with neuroapoptosis.®!
Feng et al. demonstrated that a single 6 h exposure of
2.3% sevoflurane in neonatal rats-induced significant
apoptosis and decreased neuronal nitric acid synthase
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Table 1: Evidence of anaesthetic drugs causing neurodegeneration

Name of Name of the study Subject Possible toxicity/ Potential dose of Mechanism of  Any other harmful
the drug used hazard toxicity toxicity effect
Ketamine Slikker et al.'¥ Perinatal Neurotoxicity Significant NMDA receptor  Epileptogenic
Young et al.l"¥ rhesus neuroapoptosis at antagonist. which further
Wu X et al.l!s monkey 20-30 mg/kg Interferes with enhances general
Infant and marginally ROS mediated anaesthesia-
mouse brain non-significant toxicity mitochondrial induced apoptosis
at 10 mg/kg!'® pathway
Propofol Cattano et al.® Neonatal Neurotoxicity 5 mgl/kg (subcutaneous/ GABA, receptor
mice intraperitoneal) or agonist mediated
repeated doses apoptosis
exceeding 20 mg/kg/h
for 4-5 h
Barbiturates Fredriksson et al.l') Neonatal Neuroapoptosis 5 mg/kg of thiopentone, GABA, receptor
(phenobarbitol mice when co-administered  agonist mediated
and pentobarbital) with 25 mg/kg of apoptosis
ketamine causes
significant apoptosis
Ethanol Ikonomidou et al.l' Immature  Neurodegeneration GABA, receptor  Foetal alcohol
rat brain agonist and syndrome
NMDA receptor
antagonist
Halothane Levin et al.'® Rats Neurodegeneration NMDA antagonist Behavioural
and GABA agonist syndrome including
learning impairment
decreased
exploratory
behaviour and
decreased
nociceptive reactivity
Sevoflurane Feng et al.l'” Neonatal Neuroapoptosis  2.3% MAC NMDA antagonist
rats and GABA
agonist. Causes
decrease in nitric
oxide synthase
levels
Isoflurane Jevtovic-Todorovic et al¥! 7 days old  Neurotoxicity 0.7-1.5% MAC NMDA antagonist
infant rats and GABA agonist
Desflurane Kodama et al.l"® 6 days old  Neurodegeneration 8% MAC NMDA antagonist
mice and GABA,
agonist
Nitrous-oxide Jevtovic-Todorovic et al.¥! 7 days old Neuroapoptosis NMDA receptor
infant rats antagonism
Chloral hydrate  Cattano et al."¥ Immature ~ Neurodegeneration 100 mg/kg GABA receptor
mouse pups agonist mediated

neurotoxicity

GABA — Gaba-amino-butyric acid; NMDA — N-methyl-D-aspartate; MAC — Minimum alveolar concentrations; ROS — Reactive oxygen species

levels in the hippocampus within 24 h exposure.!'”!
Furthermore, epileptiform activity with sevoflurane
has been well documented in the literature.*®! Studies
with isoflurane on rodents have shown its deleterious
effects on neurogenesis and long-term behavioural
outcomes.”” When wused in human neonates,
hyperexcitation as evident by electroencephalography
has been well documented.?” Similarly, conflicting
results have been reported with N,0, desflurane!”
and xenon.

Chloral hydrate, a sedative agent, which is a
chlorination product of ethanol, has largely been
replaced by barbiturates and benzodiazepines in
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paediatric clinical practice. However, when used
in doses of 100 mg/kg and above for sedation and
radiological studies, it has been found to induce
apoptosis in cerebral cortex and caudate-putamen
complex in immature mouse pups.!*”

FACTORS AFFECTING APOPTOSIS BY GENERAL
ANAESTHETICS

Dose

Low doses of the anaesthetic agent do not cause
significant apoptosis while higher concentrations
are consistently associated with neuro-pathological
effects [Table 2]. Ketamine, for instance, when
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Table 2: Risk factors enhancing apoptosis by general anaesthetics

Mechanism of injury

Possible consequences

Literary evidence

Dose and number of exposures
of the anaesthetic agent

Duration of exposure

Type of anaesthetic agent

Double and triple cocktail regimes

Type of receptor

Stage of brain development and
age at the time of anaesthesia
exposure

Surgical factors

Higher doses and repeated administration
of ketamine causes enhanced expression
of NR1 subunit of NMDA receptor
Prolonged exposure, e.g., 6 h exposure
to 0.25 MAC isoflurane causes increased
hippocampal caspase-3 mRNA levels
Variability of effects of general
anaesthetics on mitochondrial function

Increased anaesthetic depth, NMDA
receptor antagonism, GABA receptor
agonism, mitochondrial alterations

NMDA receptor antagonism and GABA
receptor agonism

Developing brain is susceptible to general
anaesthesia-induced mitochondrial injury,
which results in increased ROS

IL-1B levels during surgery cause
upregulation of GABA, receptors

Neuroapoptosis

Neuronal cytotoxicity

Enhanced neurotoxic profile of
desflurane than equivalent doses
of sevoflurane and isoflurane

Augmented neurodegeneration

Apoptosis of neurons

Neurodegeneration with
neurodevelopmental and
neurobehavioural abnormalities
later in life

Synergism with anaesthesia-
induced neuroapoptosis

Zou et al.B1

Zhao et al.l®?

Kodama et al.l'®

Lei et al.l®¥l

Young et al.l"

Ikonomidou et al.l'?

Gutierrez et al.®¥
Lei et al.l®¥l
Kalkman et al.®

Wang et al.*

Presence of comorbities (low birth
weight, hypoxia, hypoglycemia,
congenital malformations etc.)

Cause developmental delay

Confounding factors Taylor"

NMDA — N-methyl-D-aspartate; MAC — Minimum alveolar concentrations; GABA: Gaba-amino-butyric acid; ROS — Reactive oxygen species; IL-13 — Interleukin 1 beta

given in high doses induces seizures, which
enhances neuroapoptosis. Using allometric scaling,
animal drug doses with injectable anaesthetics
comparable to human doses have been found to be
3-, 6- or 12-fold, respectively, for monkeys, rats or
mice.*! Using this scale it was found that plasma
concentrations of ketamine were 3-10 times higher
in rodents and small monkeys than those observed
during clinical human practice thereby indicating
that neurotoxic profile of large doses of injectable
anaesthetics like ketamine cannot be extrapolated to
humans. Doses of inhaled anaesthetics required to
produce immobility in animals are, however, similar
to clinically used doses.

Duration and number of exposure

Prolonged and repeated exposure to anaesthetic
agents cause accelerated apoptosis. Isoflurane, for
example, when administered at 5 minimum alveolar
concentrations (MAC) is neuroprotective against
ischaemia, but its repeated or prolonged exposure for
6 h in developing rat hippocampal neurons even at
25 MAC is significantly neuroapoptotic.*? Similarly,
ketamine exposure for 9 h causes significantly more
apoptosis*®! than when exposed for 3 h.P*!

Type of anaesthetic agent

The anaesthetic agents differ in their neurotoxic
profile. Kodama et al. demonstrated that administration
of desflurane (8%) was more deleterious on neuronal
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cells in neonatal mice than exposure of equivalent
doses of isoflurane (2%) and sevoflurane (3%).'®!

Combination of anaesthetic agents

Anaesthetics when given in combination are more
deleterious on neurons than when given alone.
A cocktail of isoflurane, midazolam and N,O when
administered to rat pups causes enhanced apoptosis.'¥
Significant neurodegeneration was observed with triple
than double cocktail regime.

Receptor type

N-methyl-D-aspartate and GABA receptor stimulation
is pivotal for neuronal survival, and their excessive
excitation or inhibition accelerates neuroapoptosis.
This effect is exclusive to NMDA and GABA receptors
as other excitatory or inhibitory systems like
dopaminergic and muscarinic do not produce these
effects.l?

Stage of brain development

Experimental studies in rat brain have shown that
anaesthesia-induced cell-death is age dependent
peaking at postnatal day (PND) 7, declining by PND14
and reaching nil by PND21.34

Age at the time of anaesthesia exposure

The period of synaptogenesis during which the rodents
are most vulnerable to anaesthetic insult approximates
with the period of human development that occurs
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from the third trimester in utero to the third year
of life. Indeed, several retrospective cohort studies
have linked early anaesthesia exposure at <3 years
of age with unfavourable learning and behavioural
outcomes.? In fact, human epidemiological studies
have shown a higher incidence of neurocognitive
derangements on delivery of anaesthesia to infants
than to children above 1 year of age./*

Effects of surgery

During surgery, there is substantial inflammation, risk
of infection, blood loss as well as fluid shifts, which
can be tremendous. It has been found that there are
adverse neurological outcomes with isoflurane when
combined with surgical stimulation.*”’ However, a
study by Liu et al. has shown that noxious stimuli
attenuateketamine-induced neuroapoptosis.*"!Surgery
is associated with increased levels of interleukin 1
beta (IL-1f), which causes up regulation of GABA,
receptors on neurons thereby increasing the neurotoxic
profile of the delivered anaesthetic agent.l*® Surgery
therefore if not additive has a significant synergistic
role in GA-induced neurodegeneration.

Presence of other comorbidities

Low birth weight, perinatal hypoxia, infection or
haemorrhage as well as hypotension, hypoglycaemia
and congenital malformations and abnormalities
such as cyanotic congenital heart disease, congenital
diaphragmatic hernia, and oesophageal atresia-all
have confounding effects on anaesthesia-induced
apoptosis.B7

Pharmacogenetic factors

Pharmacogenetics deals with the hereditary basis for
differences in inter-individual responsiveness to the
therapeutic agents. Pharmacogenetics in paediatric
anaesthesiais enigmatic because children in addition to
exhibiting the same inter-individual genetic variability
as seen in adults also present further differences
arising from different stages of development.

Wilke et al. have identified a gene GABARE, which
encodes for class epsilon of GABA, receptors (gene
map locus Xq28).% Increased sensitivity to diazepam,
barbiturates and propofol has been linked to the
genetic variation in the gene coding for this subunit
of GABA receptor. It has been found that volatile
anaesthetics act on a different site on GABA, receptor
molecule although nature and location of that site
remains unclear. The genetic impact of the drug on
its pharmacodynamic and pharmacokinetic profile
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determines its effects and side effects. An active drug
exhibiting slow metabolism because of increased
receptor sensitivity will have enhanced toxicity than
an extensively metabolised drug due to reduced
receptor sensitivity.

MOLECULAR MECHANISMS OF
ANAESTHESIA-INDUCED NEUROTOXICITY

N-methyl-D-aspartate  receptor antagonists and
GABA receptor agonists trigger widespread cerebral
apoptosis in the developing rodent brain manifesting
in the long-term as neurobehavioral impairments.
Zhou et al. demonstrated that 70% N,O and 0.75%
isoflurane exposure for 6 h caused enhanced apoptosis
of glutaminergic, GABAergic and dopaminergic
neurons in the developing brain but not of cholinergic
neurons in basal forebrain*® from which it can be
deciphered that anaesthetics with NMDA receptor
blocking or GABA receptor potentiating effects trigger
neuronal damage in cell type specific manner.?

Anaesthesia exposure at the time of synaptogenesis has
been found to interfere with mitochondrial morphology
and functioning manifesting as anaesthesia triggered
apoptosis acutely and long-term neurocognitive
aberrations later in life.”® It has been found that
anaesthesia-inflicted-mitochondria generates ROS,
which if inadequately scavenged causes excessive
lipid peroxidation and consequent cell scathing.

Anaesthesia-induced increased levels of
neuro-inflammatory mediators have also been
implicated in neuronal insult. Experimental studies
have shown that volatile anaesthetics increase
pro-inflammatory cytokines like tumour necrosis
factor alpha (TNF-0), IL-6, and IL-1f in brain tissues
of mice™ as also surgical trauma which causes
augmented expression of TNF-¢, IL-1f3 and microglia
activation in hippocampus.* However, which of the
two, that is, anaesthesia or surgery is bigger culprit is
difficult to answer.

Alterations in the level of neurotrophins have also been
associated with enhanced neuronal toxicity. One such
factor is the brain-derived neurotrophic factor-BDNE,
which normally binds with the Trk receptor, but its
precursor form, that is, proBDNF binds with P75NTR
and induces apoptosis.*?

Similarly, other signal transduction pathways like up
regulation of PKCo and p-JNK and down regulation of
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p-ERK and Fos protein in hippocampus of neonatal rats
are other possible mechanisms of inciting apoptosis
as also the dysregulation of intracellular calcium
haemostasis®®! and enhanced expression of tumour
suppressor protein 53 (p53) expression by the general
anaesthetics.!*®

EVIDENCE ON LONG-TERM PERILS OF GENERAL
ANAESTHESIA

Several retrospective cohort studies have shown that
paediatric patients exposed to general anaesthetics
early in life have poor neurobehavioral outcomes
than their unexposed peers. DiMaggio et al. in one
such study compared 383 children who underwent
inguinal hernia repair during first 3 years of life
with 5050 children who did not and found that
children who underwent surgery were twice as likely
the controls to be diagnosed with behavioural or
developmental disorders.*” Wilder et al. investigated
whether anaesthesia delivered at <4 years of age
was associated with long-term learning disabilities
and concluded that learning disabilities were more
obvious in children who had >1 anaesthetic exposure
and total duration of anaesthesia exposure of >2 h
was associated with increased incidence.”! Similarly,
results from the Victorian Infant Collaborative Study
Group of 1996 have concluded that premature or
low birth weight infants requiring surgery and
anaesthesia during primary hospitalization have poor
sensorineural outcome.

These neurobehavioral aberrations commonly
manifest in the form of attention deficit hyperactivity
disorder, autism and learning disabilities in humans.

At present several clinical trials are underway to assess
long-term neurocognitive outcomes of anaesthesia
exposure in children. These include:

General versus spinal anaesthesia study

It is a multicentric randomised controlled trial aimed
at comparing the two common modes of anaesthesia,
i.e., regional and GA for assessment of neurocognitive
outcomes at 2 years and 5 years post-inguinal hernia
repair®! as this is the most common surgery done
in infants and will enlighten on safety or toxicity of
general anaesthetics in this age group.

Paediatric anaesthesia and the neurodevelopment
assessment

This study is another multicentric trial aimed at
studying two groups of children: Those exposed to

Indian Journal of Anaesthesia | Vol. 59 | Issue 5 | May 2015

single dose of GA for inguinal hernia repair before
3 years of age and those who are siblings of the first
group who have not and assess their neurocognitive
outcome between 8 and 15 years.

Mayo clinic research: Mayo safety in kids study

This study compares the performance of children
with no anaesthetic exposure to those with single
or multiple exposures prior to 3 years of age using a
battery of neurocognitive tests including operant test
battery. The results of all these trials are eagerly awaited
as they will elucidate whether general anaesthetics
have the same neurotoxic profile in human paediatric
populations as in experimental animals.

NOVEL MOLECULAR APPROACHES IN IMPROVING
GENERAL ANAESTHESIA IN PAEDIATRIC PATIENTS

Considering the neurotoxic profile of general
anaesthetics, following novel neuroprotective
molecular strategies have been explored to ameliorate
this flaw [Table 3].

Dexmedetomidine

A centrally acting alpha-2 receptor agonist,
dexmedetomidine produces sedation and analgesia
without inhibiting respiration. It has a trophic role
during neurogenesis apart from being neuroprotective.
In vivo dexmedetomidine curtails isoflurane-induced
injury in the hippocampus, thalamus and the cortex
and also inhibits isoflurane-induced caspase-3
expression in hippocampal cultures in vitro.b%
Similarly, clonidine another alpha-2 receptor agonist
abolishes ketamine-induced apoptosis in mice.*"

Erythropoietin

Erythropoietin (EPO) has a neuroprotective role
to play during periods of neuronal insults such as
hypoxia, haemorrhage and ischaemia as elucidated
in both in vivo and in vitro studies. Tsuchimoto
et al. demonstrated that isoflurane-induced
neuroapoptosis in PND 7 mice was significantly
less when 50,000 IU/Kg of rEPO was administered
subcutaneously prior to a 6 h exposure of
isoflurane (1%) as compared to isoflurane alone.!®*

Lithium

Lithium, another promising agent, has been
found to impart neuroprotection by pretreatment
(100 mg/kg intraperitoneal) in rats exposed to
sevoflurane by stimulating glycogen synthase
kinase-3f and inhibiting apoptosis through the BDNF-
Akt-Bcl-2 signalling pathway.®*
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Table 3: Neuro-protective evidence from novel approaches

Neuroprotective Mechanism of toxicity prevention

Literary evidence/ Possible effects of

strategies name of the study strategies employed
Alpha-2-receptor Inhibits isoflurane-induced caspase-3 expression in hippocampal Sanders et al.5 Neuroprotection
agonists like cultures in vitro as well as ketamine-induced apoptosis in mice. Pontén et al.l?!

dexmedetomidine
and clonidine

Neurotrophic

EPO Enhances neurotransmitter release and its pretreatment prior
to isoflurane exposure prevents learning disability in mice. Also

neurotrophic
Lithium
BDNF-Akt-Bcl-2 signalling pathway
Vitamins (thiamine,

Stimulates glycogen synthase kinase 3-8 and inhibits apoptosis by

Downregulation of Bax, inhibition of cytochrome c release,

Tsuchimoto et al.l%? Attenuation of general
anaesthesia-induced
apoptosis.

Leyhe et al.5¥ Neuroprotection

Jaatinen and Rintala®® Therapeutic as well

nicotinamide, reduction in activated caspace-3 levels andinhibition of Ullah et al.s3 as neuroprotective
Vitamin D, and isoflurane-induced release of proinflammatory cytokines by Turner et al. /5!
Vitamin C) nicot_inarr_lide and increased _ex_pression_of calcigm t_Jinding proteins Naseer ot al.b7
by Vitamin D as well as antioxidant action of Vitamin C
Xenon Increases Bcl-2 expression and inhibits cytochrome c release and Shu et al.*® Neuroprotection
p53 expression Reddy8
Brain preconditioning Low dose or short duration of exposure prevents damage from high Wei et al.5% Neuroprotection
with anaesthetics dose or prolonged anaesthesia exposure in the immature brain
ADNP Neuroprotection against NMDA receptor antagonists Turner et al.l® Neuroprotection
Melatonin Inhibits mitochondria-induced apoptotic pathway Lei et al.®¥ Neuroprotection
Acetyl-L-carnitine Inhibition of mitochondrial apoptotic pathway Zou et al.®% Prevents

anaesthesia-induced
cognitive impairment

Scafidi et al.6"

B-estradiol Upregulation of pro-survival proteins Asimiadou et al.l®? Neuroprotection

NSAIDS Inhibit pro-inflammatory cytokines Gong et al.l®¥ Neuroprotection

L-type calcium Inhibit calcium influx Weilt4 Neuroprotection

channel blockers

Hypothermia Inhibits cytochrome C release from mitochondria and caspase Creeley and Olney®®  Neuroprotection
activation

Heat shock Restore mitochondrial integrity and prevent upregulation of ROS Vizcaychipi et al.l®® Neuroprotection

protein-72, EUK-134
and pramipexole

Boscolo et al.f"]

EPO - Erythropoietin; ADNP — Activity dependant neuroprotective protein; NSAIDs — Non-steroidal anti-inflammatory drugs; NMDA — N-methyl-D-aspartate;

ROS: Reactive oxygen species; Protein 53 — p,,

Vitamins

Vitamin B, also known as thiamine is pivotal for
metabolic and cellular function, and its deficiency is
associated with ethanol-induced cerebellar apoptosis.©*

Nicotinamide a water soluble vitamin and coenzyme
in numerous redox reactions, has a protective effect in
a dose of 1 mg/kg against ketamine-induced apoptotic
neurodegeneration in the developing brain of rats as
documented by Ullah et al.’® thereby emphasizing
its therapeutic and neurodevelopmental potential in
neurocognitive disorders.

Vitamin D, (1-0:2, 5-dihydroxy-vitamin D,) by causing an
increase in calcium binding proteins is neuroprotective.’*®
Similarly, Vitamin C can attenuate anaesthesia triggered
neurotoxicity.®”

Xenon

Pretreatment with xenon ameliorates N,O and
isoflurane-induced apoptosis (in vivo and in vitro) and
cognitive deterioration (in vivo) by enhancing Bcl-2
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expression, an anti-apoptotic protein, and diminishing
both cytochrome-C release and p_, expressions.!*®**!

Brain preconditioning with anaesthetics

It has been found that anaesthetics can be used as
weapons against anaesthesia-induced apoptosis.
Pretreatment with low dose of anaesthetics or a shorter
duration of anaesthetic exposure can prevent apoptosis
due to high dose or prolonged anaesthetic exposure in
the immature brain. Prevention of isoflurane-induced
apoptosis by prior preconditioning with isoflurane has
been well illustrated by Wei et al.’*

Activity dependant neuroprotective protein

Activity dependant neuroprotective protein exerts its
neuroprotective action on neurotoxicity mediated via
NMDA receptor antagonists as shown by Turner et al.™

Melatonin

It is a hormone secreted by the pineal gland and
exerts its neuroprotective effect by attenuating
mitochondria-induced apoptotic pathway.®
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Acetyl-L-carnitine

It confers protection against neurodegeneration
mediated via combination of N,0O and isoflurane
as well as that-induced by traumatic brain injury in
developing rat brain.[55

B-estradiol
It is a sex hormone that by up regulating prosurvival
proteins exerts neuroprotection.®?

Non-steroidal anti-inflammatory medications

Drugs such as ketorolac and parecoxib exhibit
neuroprotection by inhibiting proinflammatory
cytokines, which produce neurobehavioral deficits
with sevoflurane.®

L-type calcium channel blockers
These confer neuroprotection by preventing excessive
calcium influx.%

Hypothermia
It provides protection against natural, as well as
anaesthesia triggered apoptosis.®®

Other potential neuroprotectants are heat shock
protein®® and EUK-134 and pramipexole,®”! which
maintain mitochondrial function and integrity and
suppress anaesthesia mediated apoptosis. Evidence
accumulated from the experimental studies justify
the present concern regarding the credibility of
anaesthesia exposure in the very young culminating
in the long-term neurobehavioral consequences. This
raises the vital question: Can these interpretations be
extrapolated in humans? There are certain differences,
which complicate the translation of animal studies to
humans. These include:
*  Uncertain doses and duration of exposure
* Differences in developmental timelines. E.g.,
the critical period for anaesthesia-induced
apoptosis in rats corresponds to 20" week of
gestation in humans while the rhesus monkey
susceptible period approximates to 26® week of
gestation in humans thereby highlighting peak
neurotoxicity for premature human foetuses
than-term neonates or infants.
*  Presence of confounding factors in human
studies, e.g., intraoperative core body temperature,
hypocapnia and co-morbidities.

Furthermore, novel research avenues have been
developed for detecting and deciphering mechanisms
for anaesthesia-induced apoptosis like use of
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hESCs (in vitro) and radiotracers (PET), and preventive
strategies are underway.®®

EFFECTS OF LOCAL ANAESTHETIC AGENTS ON
IMMATURE BRAIN

Local anaesthetic agents have a safe anaesthetic
profile in neonates and children. It has been
found that neuraxial analgesia administered to the
delivering mother during labour and vaginal delivery
had no deleterious effects on learning abilities. In
fact, clinically regional anaesthesia has proven to be
safe and effective in very young patients. However,
lignocaine when given neuraxially in the dorsal root
ganglia of neonatal rats causes cytotoxicity similar to
that seen in adult rats.’®”

CONCLUSION

Epidemiological studies conducted so far regarding
the safety of anaesthetic agents on the immature brain
are intimidating, and various prospective clinical trials
are underway, which will unfold the mystery. As for
now, restricting anaesthesia exposure to unavoidable
emergency procedures in the immature young brain
and employing novel molecular approaches will
reduce the incidence and severity of neuroapoptosis.

REFERENCES

1.  Crosby G, Culley DJ. Surgery and anesthesia: Healing the body
but harming the brain? Anesth Analg 2011;112:999-1001.

2. Zuccherelli L. Long term effects of anaesthesia: Neurotoxicity
at the extremes of age. South Afr ] Anaesthesiol Analg
2010;16:70-4.

3. Paule MG, Li M, Allen RR, Liu E Zou X, Hotchkiss C, et al.
Ketamine anesthesia during the first week of life can cause
long-lasting cognitive deficits in thesus monkeys. Neurotoxicol
Teratol 2011;33:220-30.

4. Jevtovic-Todorovic V, Hartman RE, Izumi Y, Benshoff ND,
Dikranian K, Zorumski CF, et al. Early exposure to common
anesthetic agents causes widespread neurodegeneration in
the developing rat brain and persistent learning deficits.
J Neurosci 2003;23:876-82.

5. Stratmann G, Bell J, Alvi RS, Ku B, Saw L, Encarnacion A,
et al. Neonatal isoflurane anesthesia causes a permanent
neurocognitive deficit in rats. ] Neurosurg Anesthesiol
2006;18:288.

6. Satomoto M, Satoh Y, Terui K, Miyao H, Takishima K, Ito M,
et al. Neonatal exposure to sevoflurane induces abnormal
social behaviors and deficits in fear conditioning in mice.
Anesthesiology 2009;110:628-37.

7.  Zhang B, Dong Y, Zhang G, Moir RD, Xia W, Yue Y, et al. The
inhalation anesthetic desflurane induces caspase activation
and increases amyloid beta-protein levels under hypoxic
conditions. J Biol Chem 2008;283:11866-75.

8. Young C, Tenkova T, Wang H, Qin Y, Labruyere J,
Jevtovic-Todorovic V, et al. A single sedating dose of ketamine
causes neuronal apoptosis in developing mouse brain. Soc

279



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

280

Bajwa, et al.: Perils of paediatric anaesthesia

Neurosci Abstr Viewer Itinerary Plan 2003;2003:748.

Cattano D, Young C, Straiko MM, Olney JW. Subanesthetic
doses of propofol induce neuroapoptosis in the infant mouse
brain. Anesth Analg 2008;106:1712-4.

Fredriksson A, Pontén E, Gordh T, Eriksson P. Neonatal
exposure to a combination of N-methyl-D-aspartate and
gamma-aminobutyric acid type A receptor anesthetic agents
potentiates apoptotic neurodegeneration and persistent
behavioral deficits. Anesthesiology 2007;107:427-36.
Ikonomidou C, Bittigau P, Ishimaru MJ, Wozniak DE, Koch C,
Genz K, et al. Ethanol-induced apoptotic neurodegeneration
and fetal alcohol syndrome. Science 2000;287:1056-60.
Ikonomidou C, Bosch E Miksa M, Bittigau P Vockler J,
Dikranian K, et al. Blockade of NMDA receptors and
apoptotic neurodegeneration in the developing brain. Science
1999;283:70-4.

Slikker W Jr, Zou X, Hotchkiss CE, Divine RL, Sadovova N,
Twaddle NC, et al. Ketamine-induced neuronal cell death in
the perinatal rhesus monkey. Toxicol Sci 2007;98:145-58.
Young C, Jevtovic-Todorovic V, Qin YQ, Tenkova T, Wang H,
Labruyere J, et al. Potential of ketamine and midazolam,
individually or in combination, to induce apoptotic
neurodegeneration in the infant mouse brain. Br J Pharmacol
2005;146:189-97.

WuX,LuY,DongY, Zhang G, Zhang Y, Xu Z, et al. The inhalation
anesthetic isoflurane increases levels of proinflammatory
TNF-a, IL-6, and IL-18. Neurobiol Aging 2012;33:1364-78.
Levin ED, Uemura E, Bowman RE. Neurobehavioral toxicology
of halothane in rats. Neurotoxicol Teratol 1991;13:461-70.
Feng X, Liu JJ, Zhou X, Song FH, Yang XY, Chen XS, et al.
Single sevoflurane exposure decreases neuronal nitric oxide
synthase levels in the hippocampus of developing rats. Br J
Anaesth 2012;109:225-33.

Kodama M, Satoh Y, Otsubo Y, Araki Y, Yonamine R, Masui K,
et al. Neonatal desflurane exposure induces more robust
neuroapoptosis than do isoflurane and sevoflurane and
impairs working memory. Anesthesiology 2011;115:979-91.
Cattano D, Striaiko MM, Olney JW. Chloral hydrate induces
and lithium prevents neuroapoptosis in the infant mouse
brain. Anesthesiology 2008;109:A315.

Bai X, Yan Y, Canfield S, Muravyeva MY, Kikuchi C, Zaja I,
et al. Ketamine enhances human neural stem cell proliferation
and induces neuronal apoptosis via reactive oxygen
species-mediated mitochondrial pathway. Anesth Analg
2013;116:869-80.

Creeley C, Dikranian K, Dissen G, Martin L, Olney ],
Brambrink A. Propofol-induced apoptosis of neurones and
oligodendrocytes in fetal and neonatal rhesus macaque brain.
Br ] Anaesth 2013;110 Suppl 1:129-38.

Bittigau P, Sifringer M, Genz K, Reith E, Pospischil D,
Govindarajalu S, et al. Antiepileptic drugs and apoptotic
neurodegeneration in the developing brain. Proc Natl Acad Sci
U S A 2002;99:15089-94.

Cameron HA, Hazel TG, McKay RD. Regulation of neurogenesis
by growth factors and neurotransmitters. ] Neurobiol
1998;36:287-306.

Hammer RP Jr, Ricalde AA, Seatriz JV. Effects of opiates on
brain development. Neurotoxicology 1989;10:475-83.

Wu VW, Mo Q, Yabe T, Schwartz JP, Robinson SE. Perinatal
opioids reduce striatal nerve growth factor content in rat
striatum. Eur ] Pharmacol 2001;414:211-4.

Laudenbach V, Calo G, Guerrini R, Lamboley G, Benoist JE
Evrard P, et al. Nociceptin/orphanin FQQ exacerbates excitotoxic
white-matter lesions in the murine neonatal brain. J Clin
Invest 2001;107:457-66.

Lerman J, Sikich N, Kleinman S, Yentis S. The pharmacology
of sevoflurane in infants and children. Anesthesiology
1994;80:814-24.

Constant I, Seeman R, Murat I. Sevoflurane and epileptiform
EEG changes. Paediatr Anaesth 2005;15:266-74.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Harrison JL. Postoperative seizures after isoflurane anesthesia.
Anesth Analg 1986;65:1235-6.

Cattano D, Williamson P, Fukui K, Avidan M, Evers AS,
Olney JW, et al. Potential of xenon to induce or to protect
against neuroapoptosis in the developing mouse brain. Can J
Anaesth 2008;55:429-36.

Zou X, Patterson TA, Divine RL, Sadovova N, Zhang X,
Hanig JP, et al. Prolonged exposure to ketamine increases
neurodegeneration in the developing monkey brain. Int J Dev
Neurosci 2009;27:727-31.

Zhao YL, Xiang Q, Shi QY, Li SY, Tan L, Wang JT, et al.
GABAergic excitotoxicity injury of the immature hippocampal
pyramidal neurons’ exposure to isoflurane. Anesth Analg
2011;113:1152-60.

Lei X, Guo QQ, Zhang J. Mechanistic insights into neurotoxicity
induced by anesthetics in the developing brain. Int ] Mol Sci
2012;13:6772-99.

Gutierrez S, Carnes A, Finucane B, Musci G, Oelsner W,
Hicks L, et al. Is age-dependent, ketamine-induced apoptosis
in the rat somatosensory cortex sinfluenced by temperature?
Neuroscience 2010;168:253-62.

Kalkman CJ, Peelen L, Moons KG, Veenhuizen M, Bruens M,
Sinnema G, et al. Behavior and development in children and
age at the time of first anesthetic exposure. Anesthesiology
2009;110:805-12.

Wang DS, Zurek AA, Lecker I, Yu J, Abramian AM,
Avramescu S, et al. Memory deficits induced by inflammation
are regulated by a5-subunit-containing GABAA receptors. Cell
Rep 2012;2:488-96.

Taylor J. Anesthesia induced developmental neurotoxicity.
South Afr J Anesthesiol Analg 2012;18:242-7.

Sharma V, McNeill JH. To scale or not to scale: The principles
of dose extrapolation. Br ] Pharmacol 2009;157:907-21.
DiMaggio C, Sun LS, Kakavouli A, Byrne MW, Li G.
A retrospective cohort study of the association of anesthesia
and hernia repair surgery with behavioral and developmental
disorders in young children. ] Neurosurg Anesthesiol
2009;21:286-91.

Shu Y, Zhou Z, Wan Y, Sanders RD, Li M, Pac-Soo CK,
et al. Nociceptive stimuli enhance anesthetic-induced
neuroapoptosis in the rat developing brain. Neurobiol Dis
2012;45:743-50.

LiuJR, Liu Q, LiJ, Baek C, Han XH, Athiraman U, et al. Noxious
stimulation attenuates ketamine-induced neuroapoptosis in
the developing rat brain. Anesthesiology 2012;117:64-71.
Wilke K, Gaul R, Klauck SM, Poustka A. A gene in human
chromosome band Xq28 (GABRE) defines a putative new
subunit class of the GABAA neurotransmitter receptor.
Genomics 1997;45:1-10.

Zhou ZW, Shu Y, Li M, Guo X, Pac-Soo C, Maze M, et al. The
glutaminergic, GABAergic, dopaminergic but not cholinergic
neurons are susceptible to anaesthesia-induced cell death in
the rat developing brain. Neuroscience 2011;174:64-70.

Wan Y, Xu J, Ma D, Zeng Y, Cibelli M, Maze M. Postoperative
impairment of cognitive function in rats: A possible role
for cytokine-mediated inflammation in the hippocampus.
Anesthesiology 2007;106:436-43.

Lu B. Pro-region of neurotrophins: Role in synaptic modulation.
Neuron 2003;39:735-8.

Shu Y, Patel SM, Pac-Soo C, Fidalgo AR, Wan Y, Maze M, et al.
Xenon pretreatment attenuates anesthetic-induced apoptosis
in the developing brain in comparison with nitrous oxide and
hypoxia. Anesthesiology 2010;113:360-8.

Wilder RT, Flick RP, Sprung J, Katusic SK, Barbaresi WJ,
Mickelson C, et al. Early exposure to anesthesia and learning
disabilities in a population-based birth cohort. Anesthesiology
2009;110:796-804.

Surgery and the tiny baby: Sensorineural outcome at 5 years of
age. The Victorian Infant Collaborative Study Group. J Paediatr
Child Health 1996;32:167-72.

Indian Journal of Anaesthesia | Vol. 59 | Issue 5 | May 2015



49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Bajwa, et al.: Perils of paediatric anaesthesia

Davidson A, McCann ME, Morton N. Anesthesia neurotoxicity
in neonates: The need for clinical research. Anesth Analg
2007;105:881-2.

Sanders RD, Xu J, Shu Y, Januszewski A, Halder S, Fidalgo A,
et al. Dexmedetomidine attenuates isoflurane-induced
neurocognitive impairment in neonatal rats. Anesthesiology
2009;110:1077-85.

Pontén E, Viberg H, Gordh T, Eriksson P, Fredriksson A.
Clonidine abolishes the adverse effects on apoptosis and
behaviour after neonatal ketamine exposure in mice. Acta
Anaesthesiol Scand 2012;56:1058-65.

Tsuchimoto T, Ueki M, Miki T, Morishita J, Maekawa N.
Erythropoietin attenuates isoflurane-induced
neurodegeneration and learning deficits in the developing
mouse brain. Paediatr Anaesth 2011;21:1209-13.

Leyhe T, Eschweiler GW, Stransky E, Gasser T, Annas P,
Basun H, et al. Increase of BDNF serum concentration in
lithium treated patients with early Alzheimer’s disease.
J Alzheimers Dis 2009;16:649-56.

Jaatinen P, Rintala J. Mechanisms of ethanol-induced
degeneration in the developing, mature, and aging cerebellum.
Cerebellum 2008;7:332-47.

Ullah N, Ullah I, Lee HY, Naseer MI, Seok PM, Ahmed J, et al.
Protective function of nicotinamide against ketamine-induced
apoptotic neurodegeneration in the infant rat brain. J Mol
Neurosci 2012;47:67-75.

Turner CP, Gutierrez S, Liu C, Miller L, Chou J, Finucane B,
et al. Strategies to defeat ketamine-induced neonatal brain
injury. Neuroscience 2012;210:384-92.

Naseer MI, Ullah N, Ullah I, Koh PO, Lee HY, Park MS, et al.
Vitamin C protects against ethanol and PTZ-induced apoptotic
neurodegeneration in prenatal rat hippocampal neurons.
Synapse 2011;65:562-71.

Reddy SV. Effect of general anesthetics on the developing
brain. ] Anaesthesiol Clin Pharmacol 2012;28:6-10.

Wei H, Liang G, Yang H. Isoflurane preconditioning inhibited
isoflurane-induced neurotoxicity. Neurosci Lett 2007;425:59-62.
Zou X, SadovovaN, Patterson TA, Divine RL, Hotchkiss CE, Ali SE,
et al. The effects of L-carnitine on the combination of, inhalation

Announcement

61.

62.

63.

64.

65.

66.

67.

68.

69.

anesthetic-induced developmental, neuronal apoptosis in the
rat frontal cortex. Neuroscience 2008;151:1053-65.

Scafidi S, Racz J, Hazelton J, McKenna MC, Fiskum G.
Neuroprotection by acetyl-L-carnitine after traumatic injury to
the immature rat brain. Dev Neurosci 2010;32:480-7.
Asimiadou S, Bittigau P, Felderhoff-Mueser U, Manthey D,
Sifringer M, Pesditschek S, et al. Protection with estradiol in
developmental models of apoptotic neurodegeneration. Ann
Neurol 2005;58:266-76.

Gong M, Chen G, Zhang XM, Xu LH, Wang HM, Yan M.
Parecoxib mitigates spatial memory impairment induced by
sevoflurane anesthesia in aged rats. Acta Anaesthesiol Scand
2012;56:601-7.

WeiHF Theroleofcalciumdysregulationinanesthetic-mediated
neurotoxicity. Anesth Analg 2010;110:442-8.

Creeley CE, Olney JW. The young: Neuroapoptosis induced
by anesthetics and what to do about it. Anesth Analg
2010;110:442-8.

Vizcaychipi MP, Xu L, Barreto GE, Ma D, Maze M,
Giffard RG. Heat shock protein 72 overexpression prevents
early postoperative memory decline after orthopedic
surgery under general anesthesia in mice. Anesthesiology
2011;114:891-900.

Boscolo A, Starr JA, Sanchez V, Lunardi N, DiGruccio MR,
Ori G, et al. The abolishment of anesthesia-induced cognitive
impairment by timely protection of mitochondria in the
developing rat brain: The importance of free oxygen radicals
and mitochondrial integrity. Neurobiol Dis 2012;45:1031-41.
Trujillo CA, Schwindt TT, Martins AH, Alves JM, Mello LE,
Ulrich H. Novel perspectives of neural stem cell differentiation:
From neurotransmitters to therapeutics. Cytometry A
2009;75:38-53.

Doan LV, Eydlin O, Piskoun B, Kline RP, Recio-Pinto E,
Rosenberg AD, et al. Despite differences in cytosolic calcium
regulation, lidocaine toxicity is similar in adult and neonatal
rat dorsal root ganglia in vitro. Anesthesiology 2014;120:50-61.

Source of Support: Nil, Conflict of Interest: None declared

Dr. TN Jha and Dr. KP Chansoriya Travel Grants

For the year 2015 the Dr. TN Jha and Dr. KP Chansoriya travel grant will be awarded to the participants from 15 states.
All the states can select their candidate during their annual conference and send them with the recommendation of the
Secretary. Only one candidate is allowed from each state. In case if two states have a combined annual meet but separate
as per the records, have to select one candidate from each state. If more than 15 states recommend the candidates for
the award, selection will be made on first come first served basis.

“ASHWATHI”, Opp. Ayyappa Temple, Nullippady, Kasaragod - 671121, Kerala
Email: isanhq@gmail.com / secretaryisanhq@gmail.com Mobile: 093880 30395

Dr. Venkatagiri KM
Secretary - ISA

Indian Journal of Anaesthesia | Vol. 59 | Issue 5 | May 2015

281



