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I. Introduction

Over the past 15 years we have been witness to numerous research reports bringing an 

uncomfortable concern that very young mammalian brain could be susceptible to 

disturbances in homeostasis during critical stages of neuronal networks formation. Despite 

scrutiny of initial animal reports, more recent reports suggest that there is a real possibility 

that clinically-used general anesthetics and sedatives could cause powerful disruptions of 

brain development. This is likely due to perturbations of normal neuronal and glial activity, 

which has to occur in order for an individual to be rendered unconscious and insensitive to 

pain. Since undisturbed neuronal and glial activity and communication are crucially 

important for neuronal circuits formation1,2, these pharmacological agents have been 

thought to be detrimental to normal neuronal and glial development, resulting in alterations 

in cognitive and socio-emotional behavioral development.

II. What is the importance of anesthesia-induced activation of 

developmental apoptosis?

Initial studies were focused on rodent models of anesthesia-induced developmental 

neurotoxicity because of their relative simplicity and high degree of reproducibility. Because 

rodent brains undergo brain maturation fairly quickly (i.e. over the course of the first three 

weeks of postnatal life)3 and since the time frame of their synaptogenesis (i.e. a period when 

synapses are massively developing and basic neuronal networks are being formed) is fairly 

well defined, a number of mechanistic and behavioral studies were conducted using very 

young rodents.

For quite a long time our work and the work of others centered around the finding that an 

early exposure to anesthesia resulted in highly reproducible neuronal apoptosis. Although 

apoptosis is often referred to as ‘physiological cell death’ it became clear early on that there 

was nothing ‘physiological’ about the intensity of the neuronal apoptosis observed after an 

early exposure to clinically-used general anesthetics and sedatives4–6. Numerous reports 

have suggested substantial upregulation in ‘naturally-occurring’ neuronal death (as much as 
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70-fold) when compared to age-matched controls6–11. The reason for it being referred to as 

‘natural’ is that detailed ultrastructural analyses of the immature neurons undergoing 

anesthesia-induce neuroapoptosis suggested that this dying process was not of unique nature 

but rather that it followed a strictly controlled step-wise process as described with 

physiological cell death4,6. It is important to note that developing neurons have an active 

apoptotic machinery designed to eliminate neurons that become redundant by the virtue of 

not being successful in migrating to their final destination, not maturing in timely fashion 

and /or not properly connecting with other neurons. The issue, though, is that unlike 

neurogenesis, only a very small percentage of neurons are expected to be removed during 

intense synaptogenesis (less than 2% with some variations from one brain region to another) 

via this unique form of programmed cell death4–6. The scientific community realized that 

general anesthetics, by perturbing homeostatic milieu, ‘force’ many previously healthy 

neurons into the redundant category destined to die.

At that time, apoptosis was thought to be the leading mechanism of anesthesia-induced 

developmental neurotoxicity. A substantial amount of energy was focused on understanding 

all aspects of apoptotic activation so that the protective strategies could be developed11–16. 

The apoptotic pathways initiated by damage to mitochondria and/or endoplasmic reticuli 

became the primary targets of investigation since general anesthetics were reported to be 

particularly damaging to these intracellular organelles. In addition to activating the 

mitochondria-dependent apoptotic pathway which involves the down-regulation of anti-

apoptotic proteins from the bcl-2 family (e.g., bcl-xL), an increase in mitochondrial 

membrane permeability, followed by an increase in cytochrome c and the activation of a 

series of caspases10,11, general anesthetics cause a significant and long lasting disturbance in 

mitochondrial morphogenesis. This is marked by disturbances in mitochondrial fission and 

fusion17, two dynamic processes that assure proper regeneration of mitochondria18; 

deranged fusion leads to mitochondrial fragmentation while deranged fission leads to 

mitochondrial enlargement. General anesthetics may disturb mitochondrial dynamics 

favoring excessive mitochondrial fusion and impaired fission17 which in turn may explain 

excessive free oxygen radical formation and disturbances in metabolic support for newly 

developing synapses. This may lead to impaired plasticity of dendritic spines and the 

formation, stability and function of developing synapses14,19–21. Since mitochondrial ATP 

production at the vicinity of an active synapse regulates all the elements of neurotransmitter 

synthesis, release (via exocytosis) and uptake, it is clear that mitochondrial dysfunction 

during critical stages of synaptogenesis may lead to the elimination of developing neurons.

As a regulator and primary source of releasable Ca2+ in neurons the endoplasmic reticulum 

(ER) plays an important role in neuronal function and survival. Since intracellular Ca2+ 

regulates many aspects of neuronal development, including synapse development and 

functioning, membrane excitability, protein synthesis, neuronal apoptosis and 

autophagy22–24 the ER is considered an important initial target of anesthesia-induced 

developmental neurotoxicity and an instigator of a series of events resulting in mitochondrial 

dysfunction. Indeed, Zhao and colleagues25 have shown that the inhalational anesthetic, 

isoflurane activates inositol 1,4,5-trisphosphate receptors to induce significant Ca2+ release 

from the ER, resulting in modulation of mitochondrial bcl-xL protein, which then promotes 

apoptotic neuronal death in the immature rat brain. Similar modulation of inositol 1,4,5-
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trisphosphate receptors was reported with the general anesthetics propofol, desflurane and 

sevoflurane, with resultant cytosolic Ca2+ overload and an increase in mitochondrial 

permeability transition pore activity resulting in mitochondrial swelling and uncontrolled 

release of pro-apoptotic factors26.

III. Anesthesia-induced developmental neurotoxicity involves complex 

functional changes in neuronal networks that go beyond apoptosis

The morphological changes described thus far represent modifications in neuronal structure 

that can easily be detected using histological assessments. Importantly though, it has been 

brought to light on several occasions that seemingly subtle changes which cannot be 

detected morphologically, remain in surviving ‘normal’ neurons after grossly damaged 

neurons have been removed. Based on presently available evidence, these neurons may not 

be truly functional; i.e., their communications may be faulty. We first noted that an early 

exposure to general anesthesia causes long-term impairment in synaptic transmission in the 

hippocampus of adolescent rats (postnatal day 27–33) exposed to anesthesia at the peak of 

their synaptogenesis (postnatal day 7)6. In particular, long-term potentiation was impaired 

despite the presence of robust short-term potentiation. This observation suggested a long-

lasting disturbance in neuronal circuitries in the young hippocampus, a brain region that is 

crucial for proper learning and memory development. A deficit in long-term potentiation 

was confirmed when synaptic transmission was examined using patch clamp recordings of 

evoked inhibitory post synaptic current (eIPSC) and evoked excitatory post synaptic current 

(eEPSC) by recording from the pyramidal layer of control and anesthesia-treated rat 

subiculum, an important component of the hippocampal complex. Again, it was noted that 

anesthesia-treated animals had impaired synaptic transmission with inhibitory transmission 

affected significantly17.

Although the precise mechanisms responsible for the long-lasting changes in synaptic 

communication post-anesthesia still need to be deciphered, some recent findings suggest that 

anesthetics impair axon targeting and inhibit axonal growth cone collapse, resulting in lack 

of proper response to guidance cues, thus causing errors in axon targeting27.

IV. The challenges of rodent model of anesthesia-induced developmental 

neurotoxicity: how relevant are rodent studies to higher mammalian 

species?

Initial studies were scrutinized due to the fact that rodent brain development is substantially 

shorter that human brain development (weeks as opposed to years)3 and that many rodent 

models used exposures that were considered to be lengthy – 4 to 6 hours- thus drawing 

perhaps a simplified conclusion that hours of exposure to anesthesia in rodents would equate 

to weeks and months of exposure to humans. Another important concern was an obvious 

difference in the complexity of neuronal networks in rodents compared to humans. To begin 

to address and challenge this trepidation, the scientific community looked at shorter 

exposure in rodents and discovered that brief exposure to inhaled anesthetic, sevoflurane (30 

minutes) may not cause obvious long-term effects on behavioral development but may 
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induce subtle modifications in spine density and synaptic plasticity28. When guinea pigs, a 

rodent species with more complex brain networks and about three-fold longer duration of 

synaptogenesis compared to rats and mice9 were studied, it was discovered that a 4-hour 

exposure to general anesthesia causes substantial activation of neuroapoptosis comparable in 

intensity, timing, and distribution to the ones commonly described in rats and mice after a 6-

hour exposure9. This confirmed that a relationship between duration of synaptogenesis and 

the length of general anesthesia exposure is very complex and as such cannot be explained 

by simple mathematical modeling. The findings with guinea pigs and rats suggest that the 

timing, rather than a duration, could be a much more compelling consideration, since the 

same anesthetic regimen causes substantial damage at the peak of synaptogenesis but 

substantially lesser one during other time points of synaptogenesis9,10.

Despite a number of highly reproducible rodent findings, it is becoming clear that we cannot 

rely exclusively on rodent data if we are to make inroads into understanding the potential 

relevance of animal data to humans. Accordingly, the scientific community has begun to rely 

on a growing body of work being done with non-human primates. Hence, a review of 

presently available evidence in non-human primates deserves serious attention.

Initial studies with neonatal monkeys have shown that exposure of a 6-day-old rhesus 

macaques to surgical plane of isoflurane anesthesia (from 0.7 to 1.5 end-tidal Vol%) for 5h 

resulted in significant histopathological changes despite vigilant physiological monitoring 

comparable to human setting29. The authors reported substantial neuroapoptotic activation in 

the cerebral cortex of isoflurane-treated monkeys represented as a 13-fold increase in acute 

apoptotic neurodegeneration when compared to age-matched controls. In a study that soon 

followed, this group confirmed that a 5-hour exposure to isoflurane of 6-day-old rhesus 

macaques significantly upregulates neuroapoptosis not only in cerebral cortex, but that it 

causes significant apoptosis in gray matter throughout the brain30. Interestingly, the authors 

also report a substantial and wide spread activation of apoptosis in oligodendrocytes in the 

white matter, suggesting that a larger proportion of apoptotic cells are glia, i.e. about 52% of 

dying cells were glia whereas about 48% were neurons. Considering the importance of 

oligodendroglia in timely myelination of neuronal axons, the concern was raised that early 

exposure to general anesthesia may impair proper myelogenesis. To further examine this 

notion, the authors focused on a very early stage of myelogenesis which in rhesus macaques 

occurs during in utero life. Hence, they exposed fetal monkeys at gestational age of 120 days 

for 5 hours to isoflurane anesthesia. When they systematically examined all brain regions 

looking for the evidence of neuronal and glial apoptosis they found not only a widespread 

neuronal apoptosis affecting several cerebrocortical regions as well as putamen, caudate, 

amygdala and cerebellum but diffusely dispersed apoptotic oligodendrocytes in many white 

matter regions31. Again, they noted that their glia was more vulnerable than neurons based 

on the higher prevalence of apoptotic oligodendrocytes31. Similar observations were made 

when the monkeys were exposed to commonly used intravenous anesthetic, propofol32. 

Namely, when fetal (120-days of in utero life) or neonatal (6 days postnatal life) were 

exposed to 5 h of propofol anesthesia sufficient to achieve a surgical plane of anesthesia they 

reported a significant increase in apoptotic degeneration in both neurons and 

oligodendrocytes although the pattern of apoptotic damage was somewhat different when 

fetal and neonatal brains were compared. The authors noted that the severity of apoptotic 
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damage was less that reported with isoflurane which would suggest some difference in the 

neurotoxic potential among clinically used anesthetics. Very recent report suggests that even 

shorter exposure of infant monkeys to general anesthesia (i.e. isoflurane for 3 hours) resulted 

in a four-fold increase in neuronal and oligodendroglia apoptosis compared to controls33.

As stated previously, the timing of anesthesia exposure based on rodent studies was 

suggested to be more important than the duration or the type of anesthesia for determining 

the susceptibility and neurotoxic potential. This notion was examined in non-human 

primates as well and it was concluded that neuronal vulnerability indeed diminishes with age 

but the glial vulnerability does not. When 20- and 40-day old rhesus macaques were exposed 

to 5 hours of isoflurane anesthesia the authors discovered that the neuroapoptosis was 

somewhat lower, reporting that ‘the window of vulnerability for neurons is beginning to 

close while the vulnerability of oligodendrocytes remained high34.

Aside from neuronal and glial apoptotic damage, a recent study with prolonged exposure to 

sevoflurane (at 2.5% for 9 hours) demonstrated that the non-human primate brain is 

susceptible to substantial modulation of gene expression, changes in cytokine levels, and 

impairment of lipid metabolism35. The fact that not only lipid content but also lipid 

composition is affected suggests that changes in brain biochemistry could result from 

exposure to anesthetics. The authors suggest that changed lipid composition could be used 

as a potential biomarker of anesthesia-induced developmental neurotoxicity.

The scientific community initially grappled with concerns centered on the ability to monitor 

and maintain proper physiologic homeostasis as assessed by vigilant monitoring of vital 

signs during the general anesthesia state as is commonly done in a clinical setting. Since rat 

and mice pups are small in size, the assessment of physiologic parameters was challenging. 

Although the initial studies did offer some assessment of the arterial blood gas 

composition6,12, the method of obtaining the arterial blood sample was considered invasive 

and certainly not clinically relevant. The studies with guinea pigs helped to alleviate some 

concerns since the continuous monitoring was performed with the placement of an arterial 

line whereby the blood pressure recordings and arterial blood gas analyses were performed 

on repeated basis9. Despite the maintenance of proper homeostasis, it was confirmed that 

general anesthesia exposure at the peak of brain development caused neuroapoptotic damage 

to very young neurons thus confirming that close monitoring and maintenance of 

physiologic homeostasis has no bearings on the severity of anesthesia-induced neuronal 

damage. This line of rigorous assessment of the role of proper homeostasis during moderate 

plane of anesthesia has been carried forward to include non-human primates. Dr. Martin and 

colleagues36 examined the effects of three commonly used anesthetics (isoflurane, ketamine, 

and propofol) on physiologic parameters commonly monitored in clinical practice such as 

heart rate, blood pressure, respiratory rate, end-tidal carbon dioxide levels, oxygen 

saturation, and body temperature. The measurements were done every 15 min and venous 

blood was collected to determine blood gases and metabolic status at baseline and at regular 

intervals during a 5 h-anesthesia as well as 3 h-post-anesthesia. The authors concluded that 

the maintenance of all physiologic parameters was overall adequate and that among all three 

anesthetics, isoflurane caused more hypotensive episodes than propofol or ketamine thus 

necessitating an increased volume of intravenous fluids.
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V. Presently available evidence for behavioral and cognitive outcomes of an 

early exposure to general anesthesia: are rodent findings relevant to higher 

mammalian species?

Although above reviewed patho-morphological and functional changes in neuronal 

development are of scientific interest, a true test of practical relevance is in assessing long-

term behavioral sequelae. Researchers have devoted substantial attention to examining the 

development of cognitive abilities of animals exposed to general anesthetics at the peak of 

synaptogenesis and concluded that they lagged behind those of controls, with the gap 

widening into adulthood. Not only can a single long exposure to general anesthetics lead to 

cognitive deficits6,37,38 but the data suggest that multiple, shorter-lasting exposures to 

anesthesia during vulnerable periods cause significant impairments in neurocognitive 

development39,40.

An early studied performed at NCTR/FDA showed for the first time that ketamine, an 

intravenous anesthetic widely used in pediatric anesthesia when administered to rhesus 

monkeys during three stages of development - 122 days of gestation and 5 and 35 postnatal 

days - intravenously for 24 h to maintain a surgical plane of anesthesia, produced a 

significant increase in the number of apoptotic and necrotic neurons in the cortex of 

gestational and 5- but not 35-day old monkeys41. The authors concluded that earlier 

developmental stages (122 days of gestation and 5 postnatal day-old) appear more sensitive 

to ketamine-induced neuronal death than later ones (at 35 post-natal day) thus confirming 

previously reported observation with rodents that the timing, rather than a duration is the 

most important contributing factor9,10. The authors went on to examine the effects of this 

anesthesia regimen on behavioral development in primates. They reported that primates 

exposed to continuous infusion of ketamine (24h) at age 5 or 6 days exhibit long-term 

disturbances in cognitive development, including learning, psychomotor speed, concept 

formation, and motivation when examined over next few years42. These effects occurred 

despite an absence of physiological or metabolic derangements during anesthesia. Although 

24 hours of anesthetic exposure could be considered unusual, it certainly does occur, 

especially in critically ill children who are sedated in the intensive care unit. Interestingly, 

subsequent studies with ketamine showed that even substantially shorter exposures, i.e. for 

5h at either 120 days of gestation or at post-natal day 6 result in significant neuroapoptosis43 

when compared to age matched controls. Interestingly, the authors report that the fetal brain 

is more susceptible as shown by a 2.2-fold greater neuroapoptosis in fetal monkey brain 

compared to an infant brain.

In clinical practice, children may be exposed to multiple anesthetics during critical stages of 

brain development thus raising the concern that this practice could be detrimental. A 

monkey study suggests that this concern may not be unfounded. When Dr. Baxter and his 

colleagues44 exposed rhesus monkeys of both sexes to three sevoflurane anesthetics during 

the first month of their postnatal life and compared them to control monkeys six months 

later using human intruder test, they discovered a higher frequency of anxiety-related 

behaviors in sevoflurane-exposed monkeys, thus suggesting the impairment of emotional 

behavior. Interestingly, Dr. Baxter45 has previously reported that the thalamus, in particular 

Jevtovic-Todorovic Page 6

Anesthesiology. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



its mediodorsal nucleus, plays an important role in controlling plasticity and flexibility of 

prefrontal-dependent cognitive processes. Lesion studies have suggested that an injury to 

this brain region affects a wide array of subcortical relays thus damaging neuronal networks 

important for cognitive functioning. This is an interesting observation in view of the fact that 

commonly used general anesthetics are known to cause substantial neuroapoptotic damage 

to a variety of gray matter structures not only in rodents4–11 but importantly in baby 

monkeys as well29,31,32,33,43. Although anesthesia-induced damage is not focal in nature but 

rather encompasses many brain regions, the fact that the thalamus is a vulnerable gray 

matter raises some concerns that an early exposure to anesthesia may indeed impair a wide 

array of subcortical relays crucially important for cognitive development.

As we are learning more about the long-term behavioral and cognitive sequelae in non-

human primates, very recent evidence where a single 5-hour exposure to isoflurane was 

compared to multiple exposures (total of three times) confirms that when compared to 

controls, multiple- but not single-exposed monkeys- exhibited motor reflex deficits at 1 

month of age and responded to their new social environment with increased anxiety and 

affiliative/appeasement behavior at 12 months of age. The authors concluded that an early 

exposure to isoflurane results in long-lasting and detrimental effects on socioemotional 

development46.

It is noteworthy that although new pathomorphological data suggest that single shorter 

exposure to general anesthesia can result in apoptotic neurodegeneration33, there are no 

published reports to date examining the possibility that short exposure may result in 

cognitive and/or behavioral development.

VI. Scientific limitations

It is important to note that currently used animal models suffer from some important 

limitations. For one, they all expose healthy animals to general anesthesia whereas in clinical 

setting we often take care of ill children. Hence, comorbidities should be considered as a 

potential confounder, especially since those children get exposed to prolonged surgeries and 

often have complicated post-operative course marked by pain, anxiety, fluid imbalance and 

surgery-induced trauma.

This brings up another important consideration with currently used animal models - a lack of 

surgical and/or painful stimulations. At present, there is very limited number of animal 

studies and they seem to be conflicting on this issue. For example, a study by Dr. Shu and 

colleagues published in 201247 suggests that rat pups who received general anesthesia for 6 

hours and were subjected to surgical and chemical nociception with hind paw incision or 

formalin injection respectively, exhibited higher degree of neuroapoptosis in brain cortex 

and spinal cord and showed enhanced expression of the pro-inflammatory cytokine, IL-1β 
(in cortex). Additionally, when examined on learning paradigm in young adulthood, these 

subjects demonstrated worsened long-term cognitive impairments compared to age-matched 

animals exposed to anesthesia alone without nociceptive stimulus. The authors conclude that 

nociceptive stimulations and prolonged anesthesia are more detrimental than prolonged 

anesthesia exposure alone when it occurs during the peak of brain development. 
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Interestingly, a study by Liu et al. published the same year48 suggests that a 6-hour exposure 

of rat pups to general anesthesia with chemical nociception induced by complete Freund's 

adjuvant resulted in attenuated anesthesia-induced neuroapoptotic response although 

cognitive behavior later in life was not assessed. While it is difficult to discern the reason for 

these seemingly opposite observations, one possible explanation could be the difference in 

the choice of general anesthesia- the first study used a combined nitrous oxide and isoflurane 

anesthesia whereas the other was ketamine-based. Regardless of the point of view we may 

want to adopt, the fact is that the nociceptive and/or surgical stimulations are a complicated 

factor that may or may not potentiate anesthesia-induced developmental neurotoxicity. 

Importantly, it reminds us that the choice of anesthesia may play a critical role in 

morphological and behavioral outcomes.

As more animal evidence emerges attempting to improve clinical relevance to multiple 

exposures in humans, we should be cautious not to assume that multiple exposures using 

consecutive daily patterns in animals are as relevant to clinical setting where young children 

are less likely to be exposed on daily basis (unless exposed to prolonged sedation in the 

intensive care unit).

The preponderance of animal and in vitro findings show overwhelming evidence that young 

neurons and glia are vulnerable to anesthesia-induced morphological and functional 

impairments. Not only that significant apoptotic damage could be detected, but importantly, 

there is an evidence of synaptic dysfunction6, 17 and attrition19–21 as well as impaired 

connectivity and faulty formation of neuronal circuits27. Although there is a multitude of 

behavioral evidence suggesting the impairment of cognitive and emotional development, the 

scientific community has not been able to prove the relevance and causality between 

observed morphological and functional impairments at the cellular level and the impairments 

in behavioral development.

The translational value of many preclinical designs and models has lately been under 

scrutiny and the field of anesthesia-induced developmental neurotoxicity is no exception. In 

addition to important caveats discussed earlier, there are the concerns well-described in a 

recent review manuscript by Dr. Disma and his colleagues.49 The authors point at the fact 

that published animal studies are heterogeneous in terms of the type of general anesthetics 

examined, the duration and the timing of exposures, age of the animals and importantly, the 

level of physiological monitoring. This would suggest that establishing a clear relevance of 

the animal studies to clinical practice would be challenging. However, although these 

concerns are well-taken, the fact is that our clinical practice is very heterogeneous as well 

and the choice of anesthesia and the approach vary based on the child’s age and medical/

surgical history, type of surgical procedure and the duration, timing, and the nature of 

anesthesia exposure. In addition, although physiological monitoring is certainly more 

standardized in the clinical setting, it is not uniform and is guided by clinical judgement in 

any given situation. Importantly for us as practicing anesthesiologists, the use of anesthetics 

in various combinations is common so one can argue that the plethora of different 

experimental conditions and designs in preclinical studies in many ways mimics 

heterogeneity inherent to our clinical practice.
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VII. Conclusion Remarks

In clinical practice, the decision to anesthetize young children with general anesthetics or 

prolonged sedation is often necessary for life-saving interventions. Nevertheless, the latest 

FDA warning tells us that, ‘we should discuss with parents, caregivers, and pregnant women 

the benefits, risks, and appropriate timing of surgery or procedures requiring anesthetic and 

sedation drugs.’ The majority of animal studies on the topic would suggest that this is 

important, although the relevance of animal findings remains to be confirmed in humans. As 

physicians, it is our responsibility to relentlessly evaluate ways to make general anesthetics 

and sedatives safe for those children needing interventions that require administration of 

anesthetics and sedatives.
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Summary of key points

Recently, the FDA issued an official warning to all practicing physicians regarding 

potentially detrimental behavioral and cognitive sequelae of an early exposure to general 

anesthesia during in utero and an early postnatal life. The FDA concern is focused on 

children younger than three years of age who are exposed to clinically used general 

anesthetics and sedatives for three hours or longer. Although human evidence is limited 

and controversial, a large body of scientific evidence gathered from several mammalian 

species demonstrates that there is a potential foundation for concern. Considering this 

new development in public awareness, this review focuses on non-human primates 

because their brain development is the closest to humans in terms of not only timing and 

duration, but in terms of complexity as well. The review compares those primate findings 

to previously published work done with rodents.
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Summary Statement

Newest studies with monkeys confirm the large body of evidence presented by rodent 

studies and brings us a step closer to understanding the implications of early exposure to 

general anesthesia.

Jevtovic-Todorovic Page 14

Anesthesiology. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
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