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To The Question of Safety of Neonatal Anesthesia
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A rapidly increasing number of prematurely born and sick babies
with different pathophysiological conditions survive due to the progress
of modern medicine. Clinical procedures for most of these patients
require general anesthesia; frequently repeated exposures are needed.
Although, the advances in pediatric anesthesiology play a crucial role
in this success, numerous laboratory studies provide evidence that
exposure to general anesthesia of even healthy animals during the early
postnatal period may result in immediate and long-term brain related
abnormalities, such as neurodegeneration and impaired cognition
[1-5]. Even though these adverse effects of neonatal anesthesia were
demonstrated across various species, from rodents to non-human
primates, the results of human studies are not conclusive at this time.
Thus, on the one hand, signs of learning disabilities, developmental
and behavioral complications have been detected in children who
were exposed to general anesthetics before 4 years of age [6-8]. On
the other hand, other human studies were not able to find significant
differences in cognitive performance in children that were exposed to
general anesthesia early after birth and when compared to age-matched
counterparts that did not have such exposure [9-12]. All these human
studies were retrospective epidemiological assessments, and for this
reason suffer from lack of detailed planning and other weaknesses
discussed in detail in recent excellent reviews [13-15]. Specifically
designed human studies are definitely needed to better assess the risk
of long-term consequences that the youngest patients may face after
exposure to general anesthesia. It is plausible that neonates with (or
predisposed to) certain diseases that share mechanisms with the side
effects of general anesthetics are more vulnerable to the harmful effects
of general anesthetics than patients with other conditions. The problem
is that the mechanisms that mediate the adverse actions of general
anesthetics in the early stages after birth and the pathophysiological
conditions, which, in combination with the anesthetic actions, may
produce synergistic or additive adverse effects, are essentially unknown
even in animal models. A better understanding of such additive and
synergistic effects may allow the identification of groups of neonatal
patients to whom general anesthesia, especially with certain types of
anesthetics, may not be safe, and, on the other hand, may give a green
light to other patients who are tolerant of the long-term effects of the
anesthetics. Therefore, new laboratory investigations that identify
the whole spectrum of the side effects of neonatal anesthesia and
their underlying mechanisms can be an important component in the
combined efforts to answer the question whether neonatal anesthesia is
safe to human patients. One of the weaknesses of the published animal
studies investigating the side effects of general anesthetics is that they
all, almost exclusively, focus on neurodegeneration, neurogenesis,
synaptogenesis and a limited number of behavioral paradigms. Given
that pharmacologic targets for general anesthetics are present not only
in the central nervous system, it is plausible that the side effects that
the general anesthetics may cause in neonates and pathophysiological
conditions that specifically interact with those side effects are not
necessarily restricted to the brain.

As an example, let’s consider a hypothetical case involving GABA
receptors and aldosterone, a major target for general anesthetics
and an important component of the neuro-humoral perioperative

stress response, respectively [16]. High expression of the Na*-K*-2Cl
(NKCCI1) co-transporter in late embryonic and early neonatal cortical
neurons is a unique feature of neonatal physiology that may contribute
to increased susceptibility of neonates to the adverse effects of general
anesthetics. The NKCClactivity is responsible for the elevated levels
of intracellular CI' that provide the basis for the depolarizing and
excitatory action of GABA [17]. The GABA, receptor-mediated
excitation, especially when further enhanced by anesthetics, may
result in neurotoxic effects [4, 18]. However, the depolarizing action
of GABA is not restricted to the neonatal brain. GABA, receptor-
mediated depolarization also plays an important stimulatory role
in different peripheral tissues, for example in hormone synthesis by
the adrenal gland. Thus, isoflurane elicits catecholamine secretion by
activating GABA, receptors in bovine adrenal medullar chromaffin
cells [19]. The GABA machinery was also found in adrenal cortex
cells [20], which are responsible for synthesis of the mineralocorticoid
hormone aldosterone. These findings are indirectly supported by our
unpublished observations of a more than 30-fold increase in serum
levels of aldosterone in postnatal day 4-5 rats anesthetized with
sevoflurane for 6 hrs. Regardless of the exact mechanisms whereby
sevoflurane stimulates the production of aldosterone in neonatal rats,
the increase in aldosterone levels may represent a potential peripheral
component in the neonatal anesthesia-caused side effects. Aldosterone
is known to induce oxidative stress, inflammation and apoptosis
[16, 21-23]. Importantly, aldosterone is more likely to produce these
effects in neonatal brain than in adult brain because high expression
of the enzyme 11-B-hydroxysteroid dehydrogenase 2 in this period
provides conditions for modulation of mineralocorticoid receptors by
aldosterone by removing the glucocorticoid shield [23]. Furthermore,
aldosterone-induced oxidative stress and inflammation [24],
profound peripheral effects contributing to cardiovascular disorders,
insulin resistance, obesity and other disease states [16, 21-23].
Therefore, it is plausible that neonates with higher plasma aldosterone
levels, such as low birth weight preterm infants [25-27], or those
predisposed to the above mentioned disorders may be more vulnerable
to the anesthetics with GABA, receptor agonistic properties (such as
sevoflurane or isoflurane) when compared to those that have minimal
or no effect on GABA, receptors (such as xenon).

have

This hypothetical case should serve as an invitation to look at the
neonatal anesthesia toxicity phenomenon not as strictly brain related,
but rather as a systemic phenomenon which includes the possibility
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that neonatal anesthesia may specifically exacerbate some disease states
more than others. A multidisciplinary approach would help to expedite
the resolution of this startling and potentially dangerous problem. An
open access platform, such as the one provided by the Journal of Pain
and Relief, can facilitate attracting clinical and basic science researchers
with the requisite diversified expertise.

References

1.

Jevtovic-Todorovic V, Hartman RE, Izumi Y, Benshoff ND, Dikranian K, et
al. (2003) Early exposure to common anesthetic agents causes widespread
neurodegeneration in the developing rat brain and persistent learning deficits.
J Neurosci 23: 876-882.

Satomoto M, Satoh Y, Terui K, Miyao H, Takishima K, et al. (2009) Neonatal
exposure to sevoflurane induces abnormal social behaviors and deficits in fear
conditioning in mice. Anesthesiology 110: 628-637.

Stratmann G, May LD, Sall JW, Alvi RS, Bell JS, et al. (2009) Effect of
hypercarbia and isoflurane on brain cell death and neurocognitive dysfunction
in 7-day-old rats. Anesthesiology 110: 849-861.

Edwards DA, Shah HP, Cao W, Gravenstein N, Seubert CN, et al. (2010)
Bumetanide alleviates epileptogenic and neurotoxic effects of sevoflurane in
neonatal rat brain. Anesthesiology 112: 567-575.

Istaphanous GK, Howard J, Nan X, Hughes EA, McCann JC, et al. (2011)
Comparison of the neuroapoptotic properties of equipotent anesthetic
concentrations of desflurane, isoflurane, or sevoflurane in neonatal mice.
Anesthesiology 114: 578-587.

Dimaggio C, Sun LS, Kakavouli A, Byrne MW, Li G (2009) A retrospective
cohort study of the association of anesthesia and hernia repair surgery with
behavioral and developmental disorders in young children. J Neurosurg
Anesthesiol 21: 286-291.

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

Dimaggio C, Sun LS, Li G (2011) Early Childhood Exposure to Anesthesia
and Risk of Developmental and Behavioral Disorders in a Sibling Birth Cohort.
Anesth Analg 113: 1143-1151.

Kalkman CJ, Peelen L, Moons KG, Veenhuizen M, Bruens M, et al. (2009)
Behavior and development in children and age at the time of first anesthetic
exposure. Anesthesiology 110: 805-812.

10. Bartels M, Althoff RR, Boomsma DI (2009) Anesthesia and cognitive

performance in children: no evidence for a causal relationship. Twin Res Hum
Genet 12: 246-253.

11. Sprung J, Flick RP, Wilder RT, Katusic SK, Pike TL, et al. (2009) Anesthesia for

cesarean delivery and learning disabilities in a population-based birth cohort.
Anesthesiology 111: 302-310.

12. Hansen TG, Pedersen JK, Henneberg SW, Pedersen DA, Murray JC, et al.

(2011) Academic performance in adolescence after inguinal hernia repair in
infancy: a nationwide cohort study. Anesthesiology 114: 1076-1085.

13. Davidson AJ (2011) Anesthesia and neurotoxicity to the developing brain: the

clinical relevance. Paediatr Anaesth 21: 716-721.

14. Hudson AE, Hemmings HC Jr (2011) Are anaesthetics toxic to the brain? Br J

Anaesth 107: 30-37.

15. Stratmann G (2011) Review article: Neurotoxicity of anesthetic drugs in the

developing brain. Anesth Analg 113: 1170-1179.

16. Tirosh A, Garg R, Adler GK (2010) Mineralocorticoid receptor antagonists and

the metabolic syndrome. Curr Hypertens Rep 12: 252-257.

17. Dzhala VI, Talos DM, Sdrulla DA, Brumback AC, Mathews GC, et al. (2005)

NKCC1 transporter facilitates seizures in the developing brain. Nat Med 11:
1205-1213.

18. Zhao YL, Xiang Q, Shi QY, Li SY, Tan L, et al. (2011) GABAergic excitotoxicity

injury of the immature hippocampal pyramidal neurons’ exposure to isoflurane.
Anesth Analg 113: 1152-1160.

20.

21.

22.

23.

24.

25.

26.

27.

. Xie Z, Currie KP, Cahill AL, Fox AP (2003) Role of CI" co-transporters in the

excitation produced by GABAA receptors in juvenile bovine adrenal chromaffin
cells. J Neurophysiol 90: 3828-3837.

Metzeler K, Agoston A, Gratzl M (2004) An Intrinsic gamma-aminobutyric acid
(GABA)ergic system in the adrenal cortex: findings from human and rat adrenal
glands and the NCI-H295R cell line. Endocrinology 145: 2402-2411.

Gilbert KC, Brown NJ (2010) Aldosterone and inflammation. Curr Opin
Endocrinol Diabetes Obes 17: 199-204.

Walczak C, Gaignier F, Gilet A, Zou F, Thornton SN, et al. (2011) Aldosterone
increases VEGF-A production in human neutrophils through PI3K, ERK1/2 and
p38 pathways. Biochim Biophys Acta 1813: 2125-2132.

Young MJ, Rickard AJ (2011) Mechanisms of mineralocorticoid salt-induced
hypertension and cardiac fibrosis. Mol Cell Endocrinol Sep 10. [Epub ahead
of print].

Geerling JC, Loewy AD (2009) Aldosterone in the brain. Am J Physiol Renal
Physiol 297: 559-576.

Nader PJ, Procianoy RS (1996) Hyperkalemia in very low birthweight infants:
incidence and associated factors. J Pediatr (Rio J) 72: 143-150.

Semama DS, Martin-Delgado M, Gouyon JB (2007) Metabolism of potassium
in preterm infants. Arch Pediatr 14: 249-253.

Mildenberger E, Versmold HT (2002) Pathogenesis and therapy of non-oliguric
hyperkalaemia of the premature infant. Eur J Pediatr 161: 415-422.

J Pain Relief
ISSN: 2167-0846 JPAR, an open access journal

Volume 1+ Issue 1« 1000e104


http://www.ncbi.nlm.nih.gov/pubmed/12574416
http://www.ncbi.nlm.nih.gov/pubmed/12574416
http://www.ncbi.nlm.nih.gov/pubmed/12574416
http://www.ncbi.nlm.nih.gov/pubmed/12574416
http://www.ncbi.nlm.nih.gov/pubmed/19212262
http://www.ncbi.nlm.nih.gov/pubmed/19212262
http://www.ncbi.nlm.nih.gov/pubmed/19212262
http://www.ncbi.nlm.nih.gov/pubmed/19293696
http://www.ncbi.nlm.nih.gov/pubmed/19293696
http://www.ncbi.nlm.nih.gov/pubmed/19293696
http://www.ncbi.nlm.nih.gov/pubmed/20124973
http://www.ncbi.nlm.nih.gov/pubmed/20124973
http://www.ncbi.nlm.nih.gov/pubmed/20124973
http://www.ncbi.nlm.nih.gov/pubmed/21293251
http://www.ncbi.nlm.nih.gov/pubmed/21293251
http://www.ncbi.nlm.nih.gov/pubmed/21293251
http://www.ncbi.nlm.nih.gov/pubmed/21293251
http://www.ncbi.nlm.nih.gov/pubmed/19955889
http://www.ncbi.nlm.nih.gov/pubmed/19955889
http://www.ncbi.nlm.nih.gov/pubmed/19955889
http://www.ncbi.nlm.nih.gov/pubmed/19955889
http://www.ncbi.nlm.nih.gov/pubmed/19293700
http://www.ncbi.nlm.nih.gov/pubmed/19293700
http://www.ncbi.nlm.nih.gov/pubmed/19293700
http://www.ncbi.nlm.nih.gov/pubmed/21415431
http://www.ncbi.nlm.nih.gov/pubmed/21415431
http://www.ncbi.nlm.nih.gov/pubmed/21415431
http://www.ncbi.nlm.nih.gov/pubmed/19293699
http://www.ncbi.nlm.nih.gov/pubmed/19293699
http://www.ncbi.nlm.nih.gov/pubmed/19293699
http://www.ncbi.nlm.nih.gov/pubmed/19456216
http://www.ncbi.nlm.nih.gov/pubmed/19456216
http://www.ncbi.nlm.nih.gov/pubmed/19456216
http://www.ncbi.nlm.nih.gov/pubmed/19602960
http://www.ncbi.nlm.nih.gov/pubmed/19602960
http://www.ncbi.nlm.nih.gov/pubmed/19602960
http://www.ncbi.nlm.nih.gov/pubmed/21368654
http://www.ncbi.nlm.nih.gov/pubmed/21368654
http://www.ncbi.nlm.nih.gov/pubmed/21368654
http://www.ncbi.nlm.nih.gov/pubmed/21466608
http://www.ncbi.nlm.nih.gov/pubmed/21466608
http://www.ncbi.nlm.nih.gov/pubmed/21616941
http://www.ncbi.nlm.nih.gov/pubmed/21616941
http://www.ncbi.nlm.nih.gov/pubmed/21965351
http://www.ncbi.nlm.nih.gov/pubmed/21965351
http://www.ncbi.nlm.nih.gov/pubmed/20563672
http://www.ncbi.nlm.nih.gov/pubmed/20563672
http://www.ncbi.nlm.nih.gov/pubmed/16227993
http://www.ncbi.nlm.nih.gov/pubmed/16227993
http://www.ncbi.nlm.nih.gov/pubmed/16227993
http://www.ncbi.nlm.nih.gov/pubmed/21918167
http://www.ncbi.nlm.nih.gov/pubmed/21918167
http://www.ncbi.nlm.nih.gov/pubmed/21918167
http://www.ncbi.nlm.nih.gov/pubmed/12968012
http://www.ncbi.nlm.nih.gov/pubmed/12968012
http://www.ncbi.nlm.nih.gov/pubmed/12968012
http://www.ncbi.nlm.nih.gov/pubmed/14726441
http://www.ncbi.nlm.nih.gov/pubmed/14726441
http://www.ncbi.nlm.nih.gov/pubmed/14726441
http://journals.lww.com/co-endocrinology/Abstract/2010/06000/Aldosterone_and_inflammation.5.aspx
http://journals.lww.com/co-endocrinology/Abstract/2010/06000/Aldosterone_and_inflammation.5.aspx
http://www.ncbi.nlm.nih.gov/pubmed/21803079
http://www.ncbi.nlm.nih.gov/pubmed/21803079
http://www.ncbi.nlm.nih.gov/pubmed/21803079
http://www.ncbi.nlm.nih.gov/pubmed/21930186
http://www.ncbi.nlm.nih.gov/pubmed/21930186
http://www.ncbi.nlm.nih.gov/pubmed/21930186
http://ajprenal.physiology.org/content/297/3/F559.short
http://ajprenal.physiology.org/content/297/3/F559.short
http://www.ncbi.nlm.nih.gov/pubmed/14688946
http://www.ncbi.nlm.nih.gov/pubmed/14688946
http://www.ncbi.nlm.nih.gov/pubmed/17188852
http://www.ncbi.nlm.nih.gov/pubmed/17188852
http://www.ncbi.nlm.nih.gov/pubmed/12172823
http://www.ncbi.nlm.nih.gov/pubmed/12172823

	Title
	Corresponding author
	References



