Table 1 Preclinical results on the detrimental effects of inhaled anaesthetics on the developing brain

	Anaesthetic
	Dose & duration
	Species
	Age
	Histopathologic indicators
	Histopathologic outcomes
	Brain area
	Neurodevelopmental test modules
	Neurodevelopmental outcomes
	Other outcomes/comments

	Isoflurane
	End tidal 0.7-1.5% for 5h
	Rhesus macaque
	P6
	1. Cell death: DeOlmos cupric silver staining

2. Apoptosis: caspase-3
3. Glial cell death: GFAP (astrocytes), Iba1 (microglia & macrophages), Olig2 (OLs), PDGFRa (OL progenitors), O4+O1- (pre-OLs), O4+O1+ (immature OLs), CC1 (mature OLs)
	Induced significant apoptosis, OLs were selectively vulnerable
	Throughout the brain: white matter (52%), gray matter (48%)
	N/A
	N/A
	N/A

	Isoflurane
	End tidal 0.7-1.5% for 5h
	Rhesus macaque
	P6
	Apoptosis: caspase-3
	Caused a large increase in neuronal apoptosis, cell types affected: large multipolar neurons (layer V&VI), pyramidal neurons large&small (layers IV&V), interneurons (layer II)

The majority of stained profiles in Iso brains were in an earlier stage
	Cerebral cortex, especially primary visual cortex (layer II&V), temporal & somatosensory cortices
	N/A
	N/A
	N/A

	Isoflurane
	1.5% for 6h
	Mouse (CD1/C57BL/6 hybrid)
	P7
	1. Apoptosis: caspase-3
2. Neuronal type: NeuN for neurons, GAD65 & GAD67 for GABAergic cells, GFAP & S100β for astrocytes
	Led to widespread apoptotic cell death, the majority of cells were postmitotic neurons, but some were astrocytes
Increased apoptosis in GABAergic cortical neurons
	Neocortex
	N/A
	N/A
	Reduced GAD67 & GAD65 expression in GABAergic interneurons

	Isoflurane34


	1.5% for 6h
	Mice (C57BL6/J)
	P7, P21, P49
	1. Apoptosis: caspase-3

2. Birth-dating: BrdU
3. Maturation-marking: sox2 (early progenitors), neuroD1 (late progenitors), calretinin (immature granule cells), calbindin (mature granule cells)
	P7: neuroapoptosis in cortex
P21, P49: neuroapoptosis in dentate granule (late progenitors & immature granule cells, vulnerability peaked 2w after cells were born)

Similar finding in olfactory bulb
	Cortex, dentate gyrus, olfactory bulb
	N/A
	N/A
	N/A

	Isoflurane80


	1.1% for 4h
	Rat (Sprague-Dawley)
	P7
	Apoptosis: TUNEL
	Significantly increased apoptotic cells
	Hippocampal CA1, CA3, dentate gyrus regions
	N/A
	N/A
	SP600125 dose-dependently inhibited Iso-induced neuronal apoptosis, increase of caspase-3 & p-JNK, attenuated Iso-induced downregulation of Bcl-xL, maintained p-Akt to increase p-GSK-3β

	Isoflurane
	35 min daily for 4d
	Rat (Wistar),

mouse (C57BL/6J)
	P14, P60,

P14
	1. Cell death: necrosis (calpain activation, FBDP), DNA strand breaks (TUNEL), autophagy (LC3), caspase-dependent (caspase-3) & -independent (AIF) apoptosis
2. Cell proliferation (BrdU, P-H3) & differentiation (BrdU/NeuN, BrdU/S100β)
3. Stem cell pool: SOX-2/GFAP
	No obvious effect on cell death
Decrease in hippocampal stem cell pool, persistent reduce of neurogenesis in young rats
	Hippocampus: granule cell layer
	Object recognition 4w &10w later in rats, IntelliCage test (place learning, reversal learning) 4w later in mice
	Significantly impaired object recognition & reversal learning in young rats & mice, more pronounced as animals grew older, adult animals were unaffected
	N/A

	Isoflurane
	1MAC (P7: 3.5%, P60: 2.4%) for 4h
	Rat
	P7, P60
	1. Neuronal differentiation: BrdU/NeuN, BrdU/ NeuroD
2. Progenitor proliferation: BrdU
	P7: did not induce neuronal lineage selection but decreased progenitor proliferation until at least 5d after exposure

P60: increased early neuronal differentiation, decreased progenitor proliferation for 1d, subsequently increased progenitor proliferation 5-10d after exposure
	Dentate gyrus
	Fear conditioning, Morris water maze (spatial reference memory) from 2w until 8 months after exposure
	P7: caused a delayed-onset, progressive, persistent hippocampal deficit in fear conditioning and spatial reference memory tasks
P60: improved spatial reference memory for long-term
	N/A

	Isoflurane
	Induction: 1.5%,

maintenance: 1.0%
for 4h
	Mouse (H-line)
	1 month
	Elimination & formation rates of dendritic spines & filopodia, precursors of spines: transcranial two-photon microscopy
	Transiently decreased filopodial elimination, no effects on spine dynamics
	Primary somatosensory cortex (layer 5 pyramidal neurons)
	N/A
	N/A
	N/A

	Isoflurane
	0.75% or 1.5% for 6h,

0.2 or 0.4 mM (equal to 0.5 or 1.0MAC) for 24h
	Rat (Sprague-Dawley),

primary mixed cortical (cortex & hippocampus) cells
	P7,

DIV5-8
	1. Neuron damage: plasma S100β

2. Apoptosis: caspase-3
	Dose-dependently induced apoptosis
	Hippocampus CA1, cerebral cortex
	Morris water maze (learning and memory ability) at P42
	Impaired after 1.5% Iso exposure
	Western blot for caspase-3 & PARP in cerebral cortex: results as for histology
Up-regulation of HIF-1a in vivo and in vitro by western blot

Significant elevation of cytosonic calcium levels in vitro

Knockdown of HIF-1a expression in vitro attenuated Iso-induced neurotoxicity

	Isoflurane
	1.4% for 4h
	Mouse mix cortical & hippocampal neuron cultures,

mouse
	Harvest P1,
exposure DIV5,

P5-7
	1. Apoptosis: caspase-3
2. Dendritic spine changes: drebrin
3. Synapses changes: EM
	In vitro: induced apoptosis, decreased dendritic filopodial spines
In vivo: reduced synapse number
	Hippocampus
	N/A
	N/A
	In vitro: Iso decreased tPA, tPA, plasmin, TAT-Pep5 stabilized dendritic filopodial spines & decreased caspase-3

In vivo: TAT-Pep5 blocked Iso-mediated increase in caspase-3 & reduction of synapses

	Isoflurane
	2.4% for 24h,

1% or 1.5% for 6h
	Rat & mouse primary hippocampal & cortical neuronal cell cultures,

Rat
	E16-17 mice or E18 rats,

P7
	1. Cell death: MTT reduction & LDH release assays
2. Apoptosis: caspase-3
	In vitro & in vivo: induced neurodegeneration
	Hippocampal CA1 region
	Morris water maze (learning & memory ability) at P42
	Caused transient memory & learning impairments at P42
	In vitro: increased cytosolic calcium, elevation of cytosolic calcium & cell death were abolished by inhibition or knockdown of InsP3R
Activated BACE via activation of InsP3R
In vivo: western blot for caspase-3 in cerebral cortex: results as for histology, inhibition of InsP3R significantly inhibited Iso-induced neurodegeneration
Memory and learning impairments abolished by inhibition of InsP3R

	Isoflurane81


	1.4% for 4h
	Rat (Sprague-Dawley) astrocyte cultures,

primary cortical neuronal cultures
	Harvest E18,
exposure DIV16,

Invitrogen
	1. Cell viability: PI staining, LDH release, caspase-3, cytochrome C
2. Cell proliferation: EdU
3. Cytoskeleton: GFAP, a-tubulin, phalloidin
4. Motility: scratch & phase contrast microscopy
5. Impact of astrocyte-conditioned media on synapses: synapsin 1 & PSD-95
	Affected cytoskeleton (a-tubulin, GFAP)

Had no effect on astrocyte viability, proliferation, ability to support synaptogenesis
	N/A
	N/A
	N/A
	RT-PCR for GFAP gene expression: results as for histology

	Isoflurane
	2.4% for 4h
	Mouse (C57BL/6) cortical neuron cultures
	Harvest E18,
exposure DIV1
	1. Cell death: MTT assay

2. Neuronal polarity: fluorescence microscope
	Did not cause cell death
Delayed acquisition of neuronal polarity by interfering with axon specification
	N/A
	N/A
	N/A
	N/A

	Isoflurane
	1.4% for 4h
	Mouse primary neuron cultures,

hippocampal slice cultures
	Harvest P1-3,
exposure DIV4-7,

harvest P4-7,
exposure DIV4-7
	1. Apoptosis: caspase-3
2. Cytoskeletal depolymerization: drebrin
	Resulted in apoptosis, cytoskeletal depolymerization
	N/A
	N/A
	N/A
	Resulted in RhoA activation by western blot

Inhibition of RhoA activation or prevention of downstream actin depolymerization attenuated Iso-mediated neurotoxicity

	Isoflurane
	3% for 24h
	Rat (Sprague-Dawley) primary astroglia cultures
	DIV4
	1. Morphological Study: phalloidin staining

2. Growth Study: live/dead viability/cytotoxicity kit
	Delayed morphological differentiation, impaired the growth of immature astrocytes
Impaired actin stress fiber formation & cytoskeletal organization
	N/A
	N/A
	N/A
	Decreased protein levels of Paxillin, modulated protein levels of RhoA & downstream MLC-P

	Isoflurane
	0.25-1MAC for 6h
	Rat (Sprague-Dawley) primary cultures of hippocampal neurons
	Harvest E18,
exposure DIV5
	N/A
	N/A
	N/A
	N/A
	N/A
	Dose-dependent enhanced GABA-induced [Ca2+]i,

increased the peak amplitude of IVDCC,

increased caspase-3 protein & mRNA levels

	Isoflurane
	3.4% for 4h
	Rat (Sprague-Dawley) multipotent neural progenitor cells
	P2
	1. Apoptosis: nuclear caspase-3, caspase-3/7, caspase-9

2. Cell death: LDH

3. Growth: cell counting, BrdU
4. Cell fate selection: Tuj1 (neuron), GFAP (astrocyte)
	Didn’t cause cell death
Decreased proliferation, increased neuronal fate selection
	N/A
	N/A
	N/A
	Decreased expression of Ki67 (cell division) & Sox2 (stemness) mRNA

	Isoflurane
	0.25-1MAC
	Rat (Sprague-Dawley) primary hippocampal neuron cultures
	Harvest E18,
exposure DIV5
	N/A
	N/A
	N/A
	N/A
	N/A
	Dose-dependently enhanced Ca2+ oscillations, reverted by bicuculline

	Isoflurane
	1.3 or 3% for 1h
	Rat
	E14
	1. Apoptosis: caspase-3
2. Synapse changes: TEM
	3% Iso significantly increased number & optical densities of caspase-3 neurons
TEM: decreased number of synapses, widened synaptic cleft, thinned postsynaptic densities, loss of a presynaptic vas after 3% Iso
	Hippocampus
	Morris water maze (spatial memory & learning) in offspring at P28
	Spatial memory & learning impairments after 3% Iso
	N/A

	Isoflurane
	1.3% for 2h/d before delivery
	Rat (Sprague-Dawley)
	E14
	1. GAP-43 & NPY
2. Synapse changes: TEM
	Decreased GAP-43 & NPY positive cells
TEM: decreased number of synapses, widened synaptic cleft, thinned postsynaptic densities, loss of a presynaptic vas
	Hippocampus
	Morris water maze (spatial memory & learning) in offspring at P28
	Impaired postnatal spatial memory & learning
	Decreased GAP-43 & NPY mRNA

	Isoflurane
	1.4% for 4h
	Rat (Sprague-Dawley)
	E14
	N/A
	N/A
	N/A
	Spontaneous locomotor activity, hippocampal-dependent learning and memory (i.e. spontaneous alternations, novel object recognition & radial arm maze), anxiety (elevated plus maze) at 8w after birth
	Impaired spatial memory acquisition, reduced anxiety
	N/A

	Isoflurane
	1.3% for 4h
	Rat
	E14
	1. Apoptosis: CHOP & caspase-12

2. Synapse changes: TEM
	Significantly increased CHOP & caspase-12 positive neurons
TEM: decreased synapse number, widened synaptic cleft, thinned postsynaptic densities
	Hippocampus
	Morris water maze (spatial memory & learning) in offspring at P28
	Impaired spatial memory & learning in offspring
	Western blot for CHOP & caspase-12 in hippocampus: results as for histolog

	Isoflurane
	1.3% or 3% for 1h
	Rat (Sprague-Dawley)
	E21
	1. Apoptosis: caspase-3
2. Brain damage: plasma S100β
	Increased neurodegeneration, S100β at 3%
	Hippocampal CA1 area, retrosplenial cortex
	N/A
	N/A
	N/A

	Isoflurane + N2O
	1.0MAC + 70% for 10h
	IUGR piglet
	P1
	Apoptosis: TUNEL
	IUGR piglets: significant increased apoptosis rate
	Hippocampus
	N/A
	N/A
	Cardiovascular & metabolic monitorings: similar effects of general anaesthesia, similar effects on brain electrical activity, broadly a similar dose-dependent gradual restriction in brain oxidative metabolism in normal weight and IUGR piglets

	Isoflurane /+ N2O
	1.0% /+ 70% for 8h
	Rhesus macaque
	P5-6
	1. Apoptosis: caspase-3
2. Neuroal degeneration: Silver staining & Fluoro-Jade C staining

3. EM
	Iso / N2O: no significant neurotoxic effects
Iso + N2O: apparent neuronal damage, EM typical swelling of cytoplasm & nuclear condensation in frontal cortex
	Frontal cortex, temporal gyrus, hippocampus
	N/A
	N/A
	N/A

	Isoflurane + N2O
	0.75% + 70% for 6h
	Rat (Sprague-Dawley)
	P7
	Apoptosis: caspase-3
	Widespread apoptosis
	Cortex, hippocampus, thalamus
	Trace fear conditioning 40d after exposure
	Cognitive function was impaired
	Nociceptive stimulation:  increased apoptosis, augmented cognitive function impairment, increased c-Fos (+) neurons in thalamus, increased IL-1ß by western blot

	Isoflurane + N2O
	0.75% + 70% for 6h
	Rat (Sprague-Dawley)
	P7
	1. Apoptosis: caspase-3
2. Neuronal type: glutamatergic (vGLUT1), GABAergic (GAD67), dopaminergic (dopamine), cholinergic (ChAT) neurons
	Significantly increased neuroapoptosis

Apoptotic cell types: glutamatergic, GABAergic, dopaminergic, but not cholinergic neurons
	Hippocampus CA1 subarea, cingulated cortex, substantia nigra
	N/A
	N/A
	N/A

	Isoflurane /+ ketamine, N2O
	1.5%-5% for 6-12h /+ 100μM-3mM, 75%
	Mouse (C57BL/6J) primary cultures of cortical neurons & glia
	Harvest P0-2 or P7-8,
exposure DIV4, 12 or 18-20
	1. Neuronal survival : MAP2
2. Cell death: LDH release assays
	Significant neurotoxicity only at supraclinical concentrations (e.g. 1-3mM ketamine)
	N/A
	N/A
	N/A
	N/A

	Isoflurane + N2O + midazolam
	0.75% + 75% for 6h + 9 mg/kg i.p.
	Rat (Sprague-Dawley)
	P7
	Morphometric analyses of mitochondria: EM
	Induced excessive mitochondrial fission
	Subicular pyramidal neurons
	N/A
	N/A
	Caused excessive accumulation of ROS, acutely impaired SOD activity, modulated expressions of Mfn-2 & Drp-1 proteins by western blot in subicular & thalamic tissues

	Isoflurane + N2O + midazolam61


	0.75% + 75% for 6h + 9 mg/kg i.p.
	Rat (Sprague-Dawley)
	P7
	N/A
	N/A
	N/A
	Morris water maze spatial navigation tasks at 5-7w of age
	Induced cognitive impairment, females were more vulnerable
	PPX provided long-lasting protection against cognitive impairment

	Isoflurane + N2O + midazolam
	0.75% + 75% for 6h + 9 mg/kg i.p.
	Rat (Sprague-Dawley)
	P7
	1. Mitochondrial ultrastructure: EM

2. ROS formation: H2DCF-DA
3. Neuronal density: Nissl staining
	Caused extensive ROS upregulation, mitochondrial injury, neuronal loss
	Subiculum
	Radial arm maze (spatial & reference memory) at P53, open field test (locomotor activity) at P32
	Induced long-term cognitive impairment
	Caused lipid peroxidation
PPX or EUK-134 significantly downregulated lipid peroxidation, preserved mitochondrial integrity, significantly less neuronal loss, completely prevented general anaesthesia-induced cognitive impairment

	Isoflurane + N2O + midazolam30


	0.75% + 75% for 6h + 9 mg/kg i.p.
	Rat (Sprague-Dawley)
	P7
	Regional distribution & ultrastructural properties of mitochondria: EM
	Caused impaired mitochondrial morphogenesis, accompanied by heightened autophagic activity, decrease in mitochondrial density at P21
	Subiculum
	N/A
	N/A
	Increased complex IV activity, caused long-lasting disturbances in inhibitory synaptic neurotransmission at P21

	Xenon, N2O, hypoxia pretreated,

Isoflurane + N2O
	70%, 70%, 8% for 2h,

0.75% + 70% for 6h
	Rat (Sprague-Dawley),

organotypic hippocampal slices
	P7,

Harvest P8,
exposure DIV5
	Apoptosis: caspase-3
	Iso + N2O: induced neuroapoptosis
	Cortical, hippocampus
	Trace fear conditioning 40d after exposure
	Iso + N2O: induced cognitive deterioration
	Western blot for caspase-3: results as for histology
Iso + N2O-induced neuroapoptosis was prevented by Xe, exacerbated by hypoxic, N2O had no effect
Xe prevented Iso + N2O-induced cognitive deterioration
Xe increased Bcl-2, decreased cytochrome C and P53 by western blot, opposite after hypoxic

	Isoflurane /+ Xenon
	0.75% /+ 70% for 4h
	Mouse (C57BL/6)
	P7
	Apoptosis: caspase-3
	Xe / Iso: significant increased neuroapoptosis, Iso was more robust than Xe
Xe + Iso: apoptotic reduced to a level lower than that for Iso alone
	Cerebral cortex, caudate/putamen
	N/A
	N/A
	N/A

	Isoflurane±rEPO
	1.0% for 6h±50 000 IU/kg
	Mouce (ddN)
	P7
	Neurodegeneration: Nissl staining
	Iso induced degenerative neuronal change
	Hilus of dentate gyrus
	Radial arm maze at P56-59
	Induced spatial learning/memory deficit
	rEPO attenuated Iso-induced neurodegeneration & learning/memory deficit

	Isoflurane±dexmedetomidine
	0.75% for 6h±25, 50, 75 μg/kg at 0, 2, 4h
	Rat (Sprague-Dawley)
	P7
	Apoptosis: caspase-3
	Induced neuroapoptosis
	Cortex
	N/A
	N/A
	Dex partly inhibited Iso-induced neuroapoptosis
Decreased Bcl-2 & pERK protein expression, reversed by Dex

	Isoflurane±dexmedetomidine
	0.75% for 6h±1μM

±1, 10, 25μg/kg at 0, 2, 4h
	Mouse (C57Bl/6) organotypic hippocampal slices,

Rat (Sprague-Dawley)
	P8-9,

P7
	Apoptosis: caspase-3
	Induced neuroapoptosis in vivo & in vitro
	Hippocampus, thalamus, cortex
	Fear conditioning at P40
	Induced long-term memory impairment
	Dex prevented Iso-induced neuroapoptosis & neurocognitive deficit
Neuroprotection of Dex was attenuated byα2 adrenoceptor antagonist atipamezole

	Isoflurane±surgery
	Induction: 5%,
maintenance: 3% for 12-15min
	Rat (Wistar)
	P14
	N/A
	N/A
	N/A
	Open field, elevated plus-maze tests at P14, P30, P60
	Iso: increase in locomotor activity at P14, P30
Iso-Sur: increase in locomotor activity at P30, reduced latency to leave the first quadrant at P30, P60 in open field
	N/A

	Isoflurane, CO2
	1MAC for 0, 1, 2, 4h, 15-30% for 4h
	Rat (Sprague-Dawley)
	P7
	Cell death: Fluoro-Jade staining
	2, 4h Iso & 4h CO2 caused widespread brain cell death
	Thalamic nuclei, hippocampus, cortex, mamillothalamic tract
	Fear conditioning, Morris water maze (spatial reference memory, spatial working memory tasks) 8w later
	4h Iso caused long-term neurocognitive deficit affecting both spatial reference memory & spatial working memory
Working memory was improved in CO2-treated rats
	N/A

	Isoflurane±5% dextrose
	1.5% for 6 h±0.01 ml/g
	Mouse (CD1/C57BL/6 hybrid)
	P7
	1. Apoptosis: caspase-3
2. Neuronal degeneration: Fluoro-Jade B staining

3. Neuron loss in adulthood: NeuN
	Led to increased immediate brain cell degeneration, no significant reductions in adult neuronal density
	Neocortex, thalamus, hippocampus
	Spontaneous locomotor activity, Morris water maze (spatial learning and memory) 9w after exposure
	No deficits in spontaneous locomotion, spatial learning or memory function in adulthood
	Iso: lead to18% mortality, transiently increased PaCO2, lactate, base deficit, decreased blood glucose levels
Dextrose: failed to prevent neuronal loss

	Sevoflurane92


	2.5% for 4h
	Rat (Sprague-Dawley)
	P7
	Neuronal loss: Nissl staining
	Did not cause neuronal loss at 8w of age
	Hippocampus
	Morris water maze (spatial learning & reference memory) 7w after exposure
	Caused long-term deficits in hippocampal function
	Decreased hippocampal PSD-95 expression at P56 by western blot

	Sevoflurane
	1.8% for 4h
	Rat (Sprague-Dawley)
	P7
	Apoptosis: caspase-3
	Significant increased caspase-3 3h after exposure
	Retrosplenial cortex, frontal cortex, parietal association cortex
	N/A
	N/A
	Increased caspase-3, AIF, p-GSK-3β 3h after exposure, inhibited normal increase of GSK-3β72h after exposure in cerebral cortex by western blot

CRMP-1, truncated CRMP-4, beta-tubulin IIc, neuron-specific class III beta-tubulin (neuronal migration & differentiation), ATPase-β (energy metabolism) were downregulated, guanine nucleotide-binding protein beta 1 (signaling) was upregulated 3h after exposure

	Sevoflurane
	1MAC for 4h
	Rat (Sprague-Dawley)
	P7
	Cell death: Fluoro-Jade staining
	Induced brain cell death
	Thalamus, septal hippocampal nucleus, dorsal subiculum, visual cortex
	Environmental enrichment at 4w of age, fear conditioning, Morris water maze (spatial reference memory, memory consolidation), working memory, short-term memory, early long-term memory at 8w of age
	Impaired short-term memory
	Delayed environmental enrichment reversed Sevo-induced memory impairment, generally improved many tested aspects of cognitive function in both groups

Tissue injury ( by tail clamping) did not worsen anaesthesia-induced memory impairment

	Sevoflurane
	1MAC for 4h
	Rat (Sprague-Dawley)
	P7
	1. Progenitor proliferation: BrdU
2. Degeneration: Fluoro-Jade staining
	Decreased progenitor proliferation, increased progenitor cell death until at least 4d after exposure
	Dentate gyrus
	Morris water maze (spatial reference memory) at 2 & 6w after exposure
	Spatial reference memory was not affected 2w but was affected 6w after exposure
	Western blot for caspase-3 in dentate gyrus: results as for histology

	Sevoflurane
	3 or 2.1% for 6 or 2h
	Naive mouse (C57BL/6J),

AD transgenic mouse (B6.Cg-Tg[APPswe, PSEN1dE9]85Dbo/J)
	P6
	Apoptosis: TUNEL
	Led to greater neurotoxicity in AD transgenic mice
	N/A
	N/A
	N/A
	Western blot for caspase-3 in cortex: results as for histology
Increased APP processing, Aβexpression
Increased TNF-α only in AD transgenic mice
IP3R antagonist 2-APB attenuated Sevo-induced caspase-3 activation & increase in Aβ

	Sevoflurane
	3% for 6h
	Mouse (C57BL/6)
	P6
	Apoptosis: caspase-3, TUNEL
	Significantly increased brain cell apoptosis
	Caudate/putamen, retrosplenial cortex, dorsal hippocampal commissure, neocortex, thalamus, subiculum, inferior colliculus, pontine nuclei, amygdala, hippocampus, frontal cortex, mammillary complex
	Pavlovian conditioned fear test (cognitive functions), social recognition & interaction tests (social behavior)
	Caused persistent learning deficits & abnormal social behaviors later in adulthood
	Western blot for PARP in cortex: results as for histolog

	Sevoflurane
	1.7% for 2h
	Mouse (C57BL/6)
	P5-7
	Apoptosis: caspase-3, single-strand DNA & EM
	Dramatically increased caspase-3 & single-strand DNA,  EM typical apoptotic morphology of degenerative nerve cells
	Somatic cortex, thalamus, cingulate gyrus, entorhinal cortex
	N/A
	N/A
	Western blot for caspase-3 in cerebral cortex: results as for histology

	Sevoflurane
	2.3% for 6h
	Rat (Sprague-Dawley)
	P7
	Neuronal morphology changes: Nissl staining
	Induced neuronal loss, nucleus shrinkage, cell body oedema, cytoplasmic Nissl body loss
	Hippocapus
	Fox battery test at P1-21, Morris water maze (memory and learning function) at P28
	Did not affect neurobehavioral performances in juvenile rats
	Increased caspase-3, decreased nNOS in hippocampus by western blot

	Sevoflurane
	3-5% for 6h
	Rat (Wistar)
	P6
	Neurodegeneration: De Olmos cupric silver staining
	Did not induce neurodegeneration
	Frontal, parietal, cingulate, retrosplenial cortex, caudate nucleus (mediodorsal part), thalamus (laterodorsal, mediodorsal, ventral nuclei), septum, dentate gyrus, hypothalamus, cornu ammonis field CA1, subiculum
	Morris water maze, hole board test (spatial memory learning) at 7w of age
	Did not lead to learning deficits
	N/A

	Sevoflurane
	2.5% for 2h,

4.1% for 6h
	Mouse (C57BL/6J),

primary neurons
	E14,

Harvest E15,
exposure DIV10
	Synapses changes: synaptophysin
	Reduced synaptophysin level
	Hippocampus
	Morris water maze (memory & learning function) in offspring mice at P31
	Induced learning & memory impairment
	Induced caspase-3 activation, increased IL-6, reduced PSD-95 by western blot

IL-6 antibody mitigated Sevo-induced reduction in PSD-95
Environmental enrichment attenuated increase in IL-6, reduction of synapse markers, learning & memory impairment

	Sevoflurane
	2% for 5h
	Rat (Sprague-Dawley) organotypic hippocampal slices
	P4, 7, 14
	Cell death: Sytox staining
	P4, 7: significant cell death 72h after exposure

P14: significant cell death immediate after exposure
	Hippocampal CA1, CA3, dentate gyrus
	N/A
	N/A
	P4, 7: decrease in GABAA receptor a1 +/ increase in a2 subunit promoted cell survival
P14: increase in a1 subunit promoted cell survival

	Sevoflurane
	4 or 8% for 3, 6, 9, 12, 24, 48h
	Rat (Wistar) primary cortical neuronal cultures
	Harvest E16-18,
exposure DIV14-16
	Cell viability: MTT assay
	Only exposure times longer than 6h (8%) & 12h (4 %) led to significantly lowered cell viability
	N/A
	N/A
	N/A
	Cytotoxicity attenuated by GABAA-receptor antagonists

	Sevoflurane
	1MAC for 6h
	Rat (Sprague-Dawley)
	Pregestation, gestation E6, E10, E14, E18
	1. Apoptosis: caspase-3

2. EM
	Gestation rats: extensive apoptosis, EM crista mitochondriales impairment & vacuolar degeneration, dilation of rough endoplasmic reticulumin, irregular caryomorphism, appearance of apoptotic body in the cytoplasm at P0, P7, P14
	Hippocampus
	N/A
	N/A
	Decrease in GAP-43, nNOS, NMDAR2B, increase in NMDAR1, NMDAR2A, upregulation of PKCα, p-JNK, downregulation of p-ERK, FOS at P0, P7, P14 in hippocampus

	Sevoflurane±NsTyr
	3% for 2, 4, 6, 8h
	Rat (Sprague-Dawley),

primary hippocampal neuronal cultures
	P7,

Harvest E18,
exposure DIV7
	1. Cell viability: MTT assay
2. Apoptosis: TUNEL & FCM analysis
	In vitro: decreased cell viability & induced apoptosis
	N/A
	Morris water maze (learning & memory functions) at P36-42
	Induced learning & memory disorders
	In vivo: suppressed p-ERK1/2 & Bcl-2, increased caspase-3 by western blot in hippocampus

NsTyr eliminated neurotoxicity & behavioral disorders of Sevo

Administration of U0126 abolished neuroprotective effect of NsTyr on Sevo neurotoxicity both in vitro & in vivo

	Sevoflurane±H2
	3%±0.3, 0.6 or 1.3% for 6h
	Mouse (C57BL/6)
	P6
	1. Apoptosis: caspase-3 & TUNEL

2. Oxidative stress: 4-HNE
	Induced neuronal apoptosis & oxidative stress
	Hippocampal CA1 & CA3 region, dorsal hippocampal commissure, amygdale, caudate/putamen, thalamus, retrosplenial cortex, parietal cortex (layer II), sensory cortex( layer IV)
	Fear conditioning (long-term memory) at 13w of age, sociability test (social behavior) at 12w of age
	Caused impairment in long-term memory & abnormal social behaviors in adulthood
	Western blot for PARP in forebrain: results as for histology
1.3% H2 reduced apoptosis (to 40%) & oxidative stress, no deficits in long-term memory & social behaviors in adulthood

	Sevoflurane±Bumetanide
	2.1% for 0.5-6h±5μmol/kg
	Rat (Sprague-Dawley)
	P4-17
	N/A
	N/A
	N/A
	N/A
	N/A
	Sevo: caused seizures, increased caspase-3 by western blot, impaired LTP

Bumetanide: decreased seizures in P4-P9 rats, abolished increase in caspase-3, but did not alleviate impairment of LTP

	Isoflurane, sevoflurane100


	1.2% or 2.1% for 1-6 h
	Rat (Sprague-Dawley)
	P4-6
	N/A
	N/A
	N/A
	PPI of acoustic startle response at P23-24, immobility behavior testing (anxiety & depression) at P21-26
	Iso: abnormalities in PPI of acoustic startle response
Sevo: significantly more time in an “immobile” state
	Iso: weaker seizure-like electroencephalogram patterns than Sevo, increased activated caspase-3 by western blot in cerebral cortex
Bumetanide: diminished Sevo-induced electroencephalographic & spontaneous behavior effects,  diminished Iso-induced activation of caspase-3 & impairment in sensorimotor gating function

	Isoflurane, sevoflurane37


	1MAC for 4h
	Rat (Sprague-Dawley)
	P7
	N/A
	N/A
	N/A
	Fear conditioning at P75, Morris water maze (working memory, short-term memory, early long-term memory) at P83
	Sevo: deficit in early long-term memory
Iso: deficit in both short-term & early long-term memory.
	N/A

	Sevoflurane, desflurane
	3%, 9% 2h daily for 1 or 3d
	Mouse (C57BL/6J)
	P6, P60
	N/A
	N/A
	N/A
	Morris water maze (memory & learning function) at P30
	3% Sevo 2h daily for 3d induced cognitive impairment in young mice
	3% Sevo 2h daily for 3d induced neuroinflammation (increased IL-6 & TNF-α) in young mice
Sevo-induced cognitive impairment was attenuated by enriched environment & anti-inflammatory treatment

	Desflurane, sevoflurane, isoflurane6


	8%, 3%, 2% (equivalent doses) for 3 or 6h
	Mouse (C57BL/6)
	P6
	Apoptosis: caspase-3 & TUNEL
	Des induced significantly greater neuroapoptosis than Sevo & Iso
	Hippocampal CA1 & CA3 region, dentate gyrus, dorsal hippocampal commissure, amygdale, caudate/putamen, thalamus, retrosplenial cortex, parietal cortex (layer II), sensory cortex( layer IV)
	Open-field (general activity), elevated plus-maze (anxiety-related behavior), Y-maze (working memory) at 6w of age, fear conditioning (long-term memory) at 7w of age
	Impaired long-term memory at 7w of age after exposure to three anaesthetics,

significantly impaired working memory at 6w of age after exposure to Des
	Western blot for PARP in forebrain: results as for histology

	Desflurane, sevoflurane, isoflurane
	0.6MAC for 6h
	Mouse (CD1/C57BL6/J hybrid)
	P7-8
	Apoptosis: caspase-3
	Equipotent doses demonstrated similar neurotoxic profiles
	Neocortex
	N/A
	N/A
	N/A

	Isoflurane, sevoflurane
	0.75%, 1.1% (0.5MAC) for 6h
	Mouse (C57BL/6)
	P7
	1. Neuroapoptosis: caspase-3
2. Neurodegeneration: plasma S100β
	Iso led to greater brain cell death than Sevo
	Hippocampus CA1 region, cerebral cortex
	Morris water maze (memory & learning ability) at P42
	Did not significantly altered
	Western blot for caspase-3 & PARP in cerebral cortex: results as for histology
No changes in protein levels of Cell Cycle Biomarkers (CDK4, cyclin D1), BACE, GAPDH

	Desflurane, sevoflurane, isoflurane
	7%, 2.5%, 1.5% for 30, 60 or 120min
	Rat (Wistar)
	P16
	1. Cell death: Fluoro-Jade B staining & TUNEL

2. Visualization of dendritic arbor: ionotophoretic
3. Dendritic tree tracing: Neurolucida station
4. Dendritic spines analyzing: confocal microscopy
	Exposure for up to 2 h did not cause cell death or significant changes in gross dendritic arbor pattern of layer 5 pyramidal neurons, but significantly increased dendritic spine density
	Cerebral cortex
	N/A
	N/A
	Considerable differences were found between these three volatile agents in terms of exposure time-dependent effects on dendritic spine density

	Desflurane, sevoflurane, isoflurane, N2O
	0.6-2.4%, 4%, 12%, 70% for 15min-1h (neurons),

1.2% Iso for 5-8h (slices)
	Mice (C57BL/6) neocortex neuronal cultures,

neocortical slices overlaid with fluorescently labeled neurons
	Harvest E18-19,
exposure DIV2-4,

P3
	Axon targeting, growth cone collapse, axon branching: quantitative fluorescence microscopy
	Caused errors in Sema3A-dependent axon targeting & a disruption of response of axonal growth cones to Sema3A, effect was reproduced with a selective GABAA receptor agonist
Inhibited growth cone collapse but did not interfere branch induction by Netrin-1
	N/A
	N/A
	N/A
	N/A

	N2O101


	75% for 120min
	Rat (Sprague-Dawley)
	P7
	N/A
	N/A
	N/A
	N/A
	N/A
	Induced increase in nNOS & p53 transcription

	Xenon ± fentanyl±hypothermia,

isoflurane
	50% ±a bolus of 10 μg/kg followed by maintenance infusion ±33.5°C for 24h,

2% for 24h
	Crossbred Landrace/Large White pigs
	<24h
	1. Neuronal morphology changes: HE staining

2. Apoptosis: caspase-3, TUNEL
	At normothermia or hypothermia, neither 50% Xe + Fe nor Fe alone increased neuroapoptosis
Iso increased neuroapoptosis
	Cortex, putamen, hippocampus, thalamus, and white matter
	N/A
	N/A
	N/A

	Xenon, isoflurane, sevoflurane46


	0.75, 1, 2 MAC for 6h
	Rat (Sprague-Dawley) organotypic hippocampal cultures
	P7
	Cell death: fluorojade & fluorescent dye exclusion techniques
	Xe: caused neuronal death at 1 & 2 MAC but not 0.75 MAC
Iso & Sevo: increased neuronal death at 1 but not 2 MAC
	Hippocampal CA1, CA3, dentate regions
	N/A
	N/A
	Pretreatment with Iso (0.75 MAC) reduced neuron death after 1 MAC Xe, Iso & Sevo

	Xenon45


	75% for 120min
	Rat (Sprague-Dawley)
	P7
	N/A
	N/A
	N/A
	N/A
	N/A
	Decrease in Akt mRNA expression and increase in JNKK1 mRNA transcript level


Iso = isoflurane; Sevo = sevoflurane; Des = desflurane; N2O = nitrous oxide; Xe = xenon; GFAP = glial fibrillary acidic protein; Iba1 = ionised calcium-binding adaptor molecule 1; PDGFRα = platelet-derived growth factor receptor alpha; OLs = oligodendrocytes; FBDP = fodrin breakdown product; TUNEL = terminal deoxynucleotidyl transferase dUTP nick end labeling; LC3 = light chain 3; AIF = apoptosis-inducing factor; BrdU = 5-Bromo-2-deoxyUridine; P-H3 = phospho-histone H3; MAC = minimal alveolar concentration; PARP = poly-(ADP-ribose) polymerase; HIF = hypoxia inducible factor; EM = electron microscope; tPA = tissue plasminogen activator; MTT = 3-(4,5-dimethyithiazol-2-yl)-2,5-diphenyl-tetrazolium bromide; LDH = lactate dehydrogenase; InsP3R = inositol 1,4,5-trisphosphate receptor; BACE = β-site amyloid β precursor protein (APP)-cleaving enzyme; MLC-P = myosin light chain proteins; GABA = γ-Aminobutyric acid; IVDCC = voltage-dependent calcium channel currents; Tuj1 = neuron-specific beta 3 tubule; TEM = transmission electron microscopy; GAP-43 = growth-associated protein-43; NPY = neuropeptide Y; CHOP = C/EBP homologous transcription factor protein; IUGR = intrauterine growth restriction; IL = interleukin; vGLUT1 = vesicular glutamate transporter 1; GAD = glutamic acid decarboxylase; ChAT = choline acetyltransferase; MAP2 = microtubule associated protein 2; SOD = superoxide dismutase; Drp-1 = dynaminrelated protein 1; Mfn-2 = cytosolic mitofusin-2; repo = recombinant erythropoietin; Dex = dexmedetomidine; perk = phosphorylated extracellular signal-regulated protein kinase;  Sur = surgery; AD = Alzheimer's disease; APP = amyloid precursor protein; TNF = tumor necrosis factor; IP3R = inositol trisphosphate receptor; 2-APB = 2-aminoethoxydiphenyl borate; nNOS = neuronal nitric oxide synthase; PSD-95 = postsynaptic density-95; GAP-43 = growth associated protein 43; NMDA = N-Methyl-D-aspartate; PKCα = protein kinase C α; p-JNK = phosphorylated c-Jun N-terminal kinase; 4-HNE = 4-hydroxy-2-nonenal; LTP = long-term potentiation; GAPDH = glyceraldehyde-3-phosphate dehydrogenase; JNKK1 = c-Jun N-terminal kinase kinase 1; PPI = prepulse inhibition; FCM = flow cytometry; NsTyr = N-stearoyl-l-tyrosine; Sema3A = semaphorin-3A; i.p. = intraperitoneal injection; ROS = reactive oxygen species; H2DCF-DA = 2′,7′-dichlorofluorescin diacetate; PPX = pramipexole; EUK-134 = chloro[[2,2′-[1,2-ethanediylbis[(nitrilo-κN)methylidyne]]bis[6-methoxyphenolato-κO]]]-manganese; p-GSK-3β = phosphorylated glycogen synthase kinase 3β; CRMP = collapsing response mediator protein ; ATPase-β = adenosine triphosphate synthase beta subunit; PI = propidium iodide; EdU = 5-ethynyl-2′-deoxyuridine; HE = haematoxylin and eosin; Fe = fentanyl

Table 2 Preclinical results on the protective profile of inhaled anaesthetics on perinatal hypoxic-ischaemic brain injury
	Anaesthetic
	Dose & duration
	Species
	Age
	Histopathologic indicators
	Histopathologic outcomes
	Brain area
	Neurodevelopmental test modules
	Neurodevelopmental outcomes
	Other outcomes/comments

	Argon, helium, xenon
	70% for 90min after HI
	HI rat (Sprague-Dawley)
	P7
	1. Cell survival: cresyl violet staining
2. Infarction assessment: Nissl staining
	Moderate HI: Ar, He, Xe improved cell survival, brain structural integrity (Ar improved cell survival to naïve levels)

Severe HI: Ar & Xe reduced infarct volume
	Hippocampal CA1 region
	Rotarod test at P38, Morris water maze at P40
	Moderate HI: Ar, He, Xe improved neurologic function at P40
	Moderate HI: body weight was lower in He group
Severe HI: body weight were lower in control & He groups
Ar, He, Xe increased Bcl-2, He, Xe increased Bcl-xL, Bax was inhanced in control & He groups by western blot

	Xenon /+ hypothermia
	50% /+ 33.5°C for 24h after HI
	Transient cerebral HI Piglet (Large-White)
	< 24h
	1. Tissue integrity & neuronal damage: HE staining

2. Cell death: TUNEL, caspase-3

3. Glial activation: I ba1
	Xe + HT: reduced cell death markers compared with no treatment, no effect compared with HT
	Thalamus, caudate nucleus, putamen, periventricular WM, parasagittal gyrus in dorsal cortex, midtemporal cortex, hippocampus
	N/A
	N/A
	Mean arterial blood pressure was lower in all treatment groups
Xe + HT: required more fluid boluses & inotropes, reduced cerebral MRS abnormalities compared with no treatment

	Xenon /+ hypothermia
	50% for 18h /+ 33.5°C for 12 or 24h after HI
	Global HI pig (crossbred Landrace/Large White)
	Newborn
	Neuropathology: HE staining
	Xe + 12 or 24h HT: significant histological global & regional neuroprotection
Xe + HT: an additive neuroprotective effect
	Cortex gray matter, white matter, basal ganglia, thalamus, hippocampus, cerebellum, and brainstem
	11-items clinical neurology assessment before start of experiment & at 72h after HI
	24h HT / Xe + HT: neurology scores improved at 72h after HI
	N/A

	Xenon /+ hypothermia
	50% for 1 or 3h /+ 32°C for 3h post-HI
	HI rat
	P7
	Histopathology: HE staining
	3h Xe + 3h HT: more effective
1h Xe + 3h HT: better neuroprotection than 3h HT alone
	Cortex, basal ganglia, thalamus, hippocampus
	Staircase test (long-term behavior) at 8-11w of age
	One (immediate or with a delay) or 3h Xe: significantly improved motor function
	Females had significantly better motor scores than males

	Xenon /+ hypothermia
	50% /+ 32°C post-HI
	HI rat
	P7
	Histopathology: HE staining
	Xe + HT: greatest (71%) improvement in global histopathology scores
Xe / HT: smaller improvements
	Cortex, basal ganglia, thalamus, hippocampus
	Negative geotaxis test (early behavior) at 2w of age, staircase test (long-term behavior) at 8-10w of age
	Xe + HT: complete restored long-term function
HT: improved short- & long-term function
Xe: improved long-term function
	N/A

	Xenon /+ sevoflurane
	Preconditioning:

25-75%, 0.67-3.3%, or 12.5% + 0.67% for 2h,

20% or 75%, 0.75% or 1.5%, or 20% + 0.75% for 120min
	OGD mouse (Balb/c) neuronal-glial & pure neuronal cultures,

asphyxia rat
	P1-2, E14-16,

P7
	1. Cell death: LDH release & annexin V-propidium iodide staining

2. Infarct size
	In vitro: preconditioned against OGD alone & in combination
In vivo: 75% Xe, 1.5% Sevo or in combination reduced infarct size
	N/A
	Coordination test 30d after injury
	In vivo: Xe & in combination resulted in long-term functional neuroprotection
	In vitro: wortmannin almost abolished preconditioning effect of combination
In vivo: 75% Xe, 1.5% Sevo or in combination enhanced pCREB

	Xenon, sevoflurane
	35%, 0.35% for 4h before asphyxia
	Intrauterine perinatal asphyxia rat (Sprague-Dawley)
	E22
	1. Apoptosis: caspase-3

2. Cell viability: cresyl violent staining
	Reduced caspase-3 (+) neurons, increased cell viability
	Hippocampus
	Morris water maze (learning & memory functions) at P50
	Improved cognitive function
	Provided analgesia

	Desflurane, isoflurane, sevoflurane
	8.4%, 1.8%, 3.1% for 3h before HI
	HI mouse (C57-129T2 F1 hybrid)
	P9
	1. Apoptosis: caspase-3

2. Cell loss: Nissl staining
	Histologic sections did not show any significant effect of preconditioning on injury scores
	Striatum, hippocampus, cortex
	Open field, acoustic startle & prepulse inhibition, rotorod, novel object recognition, water mazes, apomorphine challenge
	Partially protects perirhinal cortex & striatal dependent functions
	N/A

	Isoflurane
	2% for 1h after HI
	HI rat (Sprague-Dawley)
	P10
	1. Infarct volume: TTC staining

2. Brain atrophy: mass ratio of ipsilateral hemisphere/contralateral hemisphere
3. Apoptosis: caspase-3

4. p-Akt
	Significantly reduced infarct volume 48h after HI
Significantly preserved p-Akt & decreased caspase-3
Protected against brain atrophy 4w after HI
	Hippocampus, peri-infarct region
	T-maze test for spontaneous alternation (exploratory behavior & working memory), foot-fault test, modified grip-traction test (muscle

strength) 4w after HI
	Long-term neuroprotection against neurological deficits

	Western blot for p-Akt & caspase-3: results as for histology
VPC23019 or wortmannin abrogated Iso-induced neuroprotective effect & changes of p-Akt & caspase-3

	Isoflurane
	1 or 2% for 30, 60, 90min, 15min before HI
	HI rat (Sprague-Dawley)
	P7
	1. Cerebral cortex area ratio

2. Number of normal neurons: H&E staining
	2% for 60 or 90min induced tolerance 7d after HI
Protective efficacy was not observed 49d after HI
	Cortex, hippocampus
	N/A
	N/A
	N/A

	Isoflurane74


	2% for 30min preconditioning +/ 1h postconditioning
	OGD rat (Fischer344) hippocampal neuronal cultures
	Harvest E18,
exposure DIV7
	Cell injury: LDH release
	Reduced LDH release, combination induced better neuroprotection
	N/A
	N/A
	N/A
	Inhibition of CaMKII, NMDA receptors, or activation of adenosine A2A receptors resulted in reduction of cell injury

	Isoflurane
	1.4% for 2h preconditioning
	OGD rat (Wistar) cultured hippocampal neurons
	Harvest P1,
exposure DIV8
	1. Neuronal survival rate: trypan blue exclusion assay

2. Neuronal viability: MTT assay

3. Neuronal injury: LDH release

4. Morphological observation: inverted research microscope
	Dose-dependently reduced cell injury
	N/A
	N/A
	N/A
	Increased p-Erk1/2, HIF-1α, iNOS
Inhibition of p-Erk1/2 partially abolished HIF-1αaccumulation & neuroprotection

	Isoflurane
	1.4% for 3h preconditioning
	OGD rat (Wistar) cultured hippocampal neurons
	Harvest P1,
exposure DIV10
	1. Neuronal survival rate: trypan blue exclusion assay

2. Neuronal viability: MTT assay

3. Neuronal injury: LDH release

4. Morphological observation: inverted research microscope
	Increased the number of surviving neurons & viability
	N/A
	N/A
	N/A
	Increased HO-1 expression by PCR & western blot

Inhibition of HO activity partially abolished Iso’s protective effect


HI = hypoxic-ischaemia; Ar = argon; He = helium; Xe = xenon; Iso = isoflurane; Sevo = sevoflurane; HT = hypothermia; OGD = oxygen-glucose deprivation; HE = haematoxylin and eosin; TUNEL = transferase-mediated deoxyuridine triphosphate nick end-labeling; MRS = magnetic resonance spectroscopy; LDH = lactate dehydrogenase; TTC = 2,3,5-triphenyltetrazolium chloride; MTT =  3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; I ba1 = ionised calcium-binding adaptor molecule 1; pCREB = phosphorylated cyclic adenosine monophosphate response element binding protein; CaMKII = calcium/calmodulin-dependent protein kinase II; NMDA = N-methyl D-aspartate; p-Erk1/2 = phosphorylated extracellular signal-related kinases 1 and 2; HIF = hypoxia inducible factor; iNOS = inducible nitric oxide synthase; HO = heme oxygenase
