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Editor’s key points

† Pre-clinical studies of
various species
demonstrate
anaesthetic-induced
neonatal neurotoxicity.

† In the current study, mice
of different ages were
anaesthetized with
isoflurane.

† Thereafter,
neuroapoptosis was
quantified in brain regions
which have different
age-related time courses
of neurogenesis.

† Susceptibility to apoptosis
appeared to parallel peaks
of neurogenesis, and
continued into adulthood
in some areas.

Background. General anaesthesia facilitates surgical operations and painful interventions in
millions of patients every year. Recent observations of anaesthetic-induced neuronal cell
death in newborn animals have raised substantial concerns for young children undergoing
anaesthesia. However, it remains unclear why some brain regions are more affected than
others, why certain neurones are eliminated while neighbouring cells are seemingly
unaffected, and what renders the developing brain exquisitely vulnerable, while the adult
brain apparently remains resistant to the phenomenon.

Methods. Neonatal (P7), juvenile (P21), and young adult mice (P49) were anaesthetized with
1.5% isoflurane. At the conclusion of anaesthesia, activated cleaved caspase 3 (AC3), a
marker of apoptotic cell death, was quantified in the neocortex (RSA), caudoputamen (CPu),
hippocampal CA1 and dentate gyrus (DG), cerebellum (Cb), and olfactory bulb (GrO) and
compared with that found in unanaesthetized littermates.

Results. After anaesthetic exposure, increased AC3 was detected in neonatal mice in RSA (11-
fold, compared with controls), CPu (10-fold), CA1 (three-fold), Cb (four-fold), and GrO (four-fold).
Surprisingly, AC3 continued to be elevated in the DG and GrO of juvenile (15- and 12-fold,
respectively) and young adult mice (two- and four-fold, respectively).

Conclusions. The present study confirms the findings of previous studies showing peak
vulnerability to anaesthesia-induced neuronal cell death in the newborn forebrain. It also
shows sustained susceptibility into adulthood in areas of continued neurogenesis, substantially
expanding the previously observed age of vulnerability. The differential windows of vulnerability
among brain regions, which closely follow regional peaks in neurogenesis, may explain the
heightened vulnerability of the developing brain because of its increased number of immature
neurones.

Keywords: anaesthesia, paediatric; anaesthetics volatile, isoflurane; brain, injury; safety, drug;
toxicity

Accepted for publication: 30 September 2013

For more than one-and-a-half centuries, general anaesthesia
has facilitated surgical operations and painful interventions
in millions of patients, from premature infants into old age.1

While hypnosis, analgesia, and immobility are transient
effects of anaesthesia, recent findings from newborn and
ageing animals have raised concerns that some anaesthetic
effects may be undesired and longer lasting. One of the most
concerning discoveries has been a widespread neuronal cell
death observed in newborn animals after exposure to all

common clinically used anaesthetics (reviewed in Istaphanous
and colleagues2 and Jevtovic-Todorovic).3

Neurones die via a process known as programmed cell
death or apoptosis. Neuroapoptosis is a normal part of brain de-
velopment in both animals and humans, and is important for
eliminating excess and inappropriately integrated neurones. Ex-
posure toanaesthetics, however, dramatically increasesthe rate
of neuroapoptosis in developing animals, and subsequent neu-
rocognitive impairment in these animals has heightened
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concerns for human patients. Reports of learning abnormalities
and language impairments in children after surgery with anaes-
thesia early in life support these concerns.4 –6 However, whether
similar neuronal cell death occurs during clinical anaesthesia
practice in humans remains uncertain.

Anaesthetic neuroapoptosis has been previously thought to
be limited to animals before 14 days of life, best characterized
in small rodents for the cerebral cortex and thalamus.7 8 More-
over, studies in adult animals have thus far failed to detect any
measurable cell death during anaesthetic exposure,9 which
has led to the interpretation that the phenomenon represents
an inherent vulnerability of the developing brain.

However, it remains unclear why anaesthesia-induced neu-
roapoptosis is limited to this very early postnatal age and
whether anaesthetic exposure affects all neurones similarly,
regardless of their location in the brain. Brain regions develop
on distinct trajectories of maturation and neurogenesis peaks
at separate time points, relative to gestation, for different
regions. Accordingly, we hypothesized that peak vulnerability
to anaesthesia-induced neuroapoptosis among brain regions
varies by age during exposure. This would predict that neuronal
populations developing earlier in life are also more vulnerable to
anaesthesia-induced neurodegeneration at an earlier develop-
mental stage, whereas delayed vulnerability would be expected
forbrainregionswithpeaksofneurogenesis later indevelopment.
Accordingly, the present study quantified the expression of
cleaved caspase 3, a marker of apoptotic cell death, in several
brain regions experiencing peaks in neurogenesis early in devel-
opment, such as retrosplenial cortex, caudoputamen, and hippo-
campal cornu ammonis layer I, and also regions with later peaks,
suchas cerebellum, dentate gyrus, and olfactorybulb in newborn,
juvenile, and young adult mice aftera 6 h anaesthetic exposure to
isoflurane, comparing them with their respective, unanaesthe-
tized littermates.

Methods
Animals

C57BL6/J mouse breeding pairs were housed on a 14/10 h light/
dark cycle at 228C and allowed free access to food and water.
Offspring either remained with the parents until treatment
on P7 (n¼18) or P21 (n¼17), or were weaned from the dam
on P28, housed as gender-matched pairs and allowed to spon-
taneously exercise in running wheels for 3 weeks before treat-
ment on P49 (n¼28). P0 was considered as the day of birth.
Immediately after anaesthetic exposure or fasting in room air,
animals were killed and brains removed for further analysis. All
experiments followed the National Institutes of Health guide-
lines, were approved by the Institutional Animal Care and Use
Committee of the Cincinnati Children’s Research Foundation,
andaimedtominimizethenumberofanimalsused.Theprotocol
was in accordance with the criteria of ARRIVE guidelines.

Anaesthesia exposure

On P7, P21, or P49, mice were randomly assigned to either a 6 h
exposure to 1.5% isoflurane in 30% oxygen (Anaesthesia) or to
fasting in room air (No Anaesthesia) using an online pseudo-
random number generator. Both female and male littermates

were used, since preliminary experiments did not demonstrate
any sex differences in neuroapoptosis (data not shown). Anaes-
thetic and oxygen concentrations were monitored using a gas
analyser (RGM 5250, Datex-Ohmeda, Inc., Louisville, CO, USA).
For treatment, animals were placed in padded acrylic containers
inside incubators warmed to 35.58C. Immediately after treat-
ment, mice were killed with an intraperitoneal injection of keta-
mine (20 mg kg21), acepromazine (0.5 mg kg21), and xylazine (1
mg kg21). Animals were then transcardially perfused by using
phosphate-buffered saline with 5% glycerol and 5% sucrose, fol-
lowed by 4% paraformaldehyde in phosphate-buffered saline
(PBS; pH ¼ 7.4), containing 5% glycerol and 5% sucrose
(PFA-GS). Brains were removed, fixed in PFA, and cryoprotected
in 20% and 30% sucrose solutions in PBS.

Histology

Brains were cryosectioned in the sagittal plane at 40 mm using
a Cryotome-SME (Thermo Electronics, Kalamazoo, MI, USA).
Sections were mounted to charged slides and stored at
2808C until use. Sections between 0.60 and 0.84 mm lateral
to the midline corresponding to figures 106–108 in Paxinos
and Franklin’s Mouse Brain Atlas10 were then stained for acti-
vated, cleaved caspase 3 (AC3), neuronal nuclei (NeuN), and
propidium iodide (PI). AC3 is the executioner caspase and a
marker of commitment to apoptotic cell death. NeuN repre-
sents a neurone-specific protein signifying a post-mitotic
stage of development. PI is a red-fluorescent nuclear and
chromosomal counterstain, and labels all cells.

All sections were incubated for 5 min at 1008C in a 1:10 dilu-
tion of sodium citrate buffer pH 6.0 (CB910 m; Biocare,
Concorde, CA, USA) in Coplin jars for antigen retrieval. After
this step, slides were incubated in 0.025% Trypsin for 3 min
and then in 2 M HCl at room temperature for 30 min. Then,
the slides were washed twice in phosphate buffer (pH¼8.5),
after which sections were blocked in 5% donkey serum, 0.5%
glycine, 0.5% non-fat dry milk, and 5% Tween-20 in PBS for 1
h at room temperature before primary antibodies were added.

Slide-mounted sections were incubated overnight at room
temperature with two primary antibodies to accommodate
combinations of compatible secondary antibodies. Sections
were stained with a 1:200 dilution of rabbit cleaved caspase 3
antibody (9661L; Cell Signaling Technology, Danvers, MA,
USA) and 1:200 mouse anti-NeuN monoclonal antibodies
(MAB377; Millipore, Temecula, CA, USA) in blocker. After
primary antibody incubation, slides were rinsed with 5%
Tween-20 in PBS followed by a 4 h incubation in 1:250 dilutions
of Alexa Fluor 488 donkey anti-rabbit (A21206; Invitrogen,
Eugene, OR, USA) and 647 donkey anti-mouse (A31571; Invi-
trogen), as appropriate for primary antibody species. Slides
were then incubated in coplin jars filled with 0.01% propidium
iodide (P3566; Invitrogen) in PBS for 5 min. After immunostain-
ing, sections were dehydrated in an ascending ethanol series,
washed in PBS, and mounted with Fluoro-Gel (Electron Micros-
copy Sciences, Hatfield, PA, USA).

Quantification of neuroapoptosis

To quantify neuronal apoptosis, three-channel confocal image
stacks of AC3, PI, and NeuN immunostaining were collected
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through the z depth of the tissue from the cerebral cortex,
hippocampus, caudoputamen, olfactory bulb, or cerebellar
white matter and granular layers in sagittal brain sections
using a confocal microscope (Leica TCS SP5 with LAS software,
LeicaMicrosystems, Wetzlar, Germany) equipped with a 63×
oil-immersion, 1.4 NA objective. Images were collected with
a ×1 optical zoom, in 1 mm steps, format 1024×1024, scan
speed 200 Hz, and a field size of 246×246 mm. AC3 immuno-
staining was excited using the 488 nm laser line, and emission
wavelengths between 495 and 550 nm were captured. NeuN
immunostaining was excited using the 633 nm laser line, and
emission wavelengths between 650 and 710 nm were col-
lected. Immunostaining for PI was excited using the 543 nm
laser line, and emission wavelengths between 583 and 622
nm were collected. The resulting image stackswere transferred
to image analysis software (Neurolucida v10.31, MBF Bio-
science, Williston, VT, USA) for assessment by an observer
unaware of group assignment. The number of apoptotic,
AC3-positive neurones was quantified using the optical dis-
sector method, as previously described.11 – 13 Densities of
apoptotic brain cells were quantified as caspase 3+ cells
mm23 of examined tissue foreachanimal and then group aver-
aged for the respective brain regions.

Statistical analysis

Data were analysed using Stata v10.1. Normality was tested
with the Kolmogorov–Smirnov test and statistical analysis
was performed using Student’s t-test for parametric data and
the Mann–Whitney U-test for non-parametric data. Data are
presented as the median and percentiles for all groups if any
of the data cells violated normality. Significance was accepted
at P,0.05.

Results
Mouse littermates were randomlyassigned to receive 6 h of iso-
flurane anaesthesia or to fast without anaesthesia at one of
the three different ages: as newborns (P7), as juveniles (P21),
or as young adults (P49). Apoptotic neuronal cell death, as
measured by the density of cells expressing AC3, was quanti-
fied in anaesthetized and unanaesthetized controls, collected
immediately after exposure for each age group. Seven brain
regions were examined, as follows: dentate gyrus (DG), the pyr-
amidal layer of the hippocampal cornu ammonis 1 (CA1)
region, the superficial layers 2/3 of the dorsal part of retrosple-
nial agranular cortex (RSA), the caudoputamen (CPu), the
granule cell layer of the olfactory bulb (GrO), cerebellar cortex
(Cb), and white matter (Cb wm). Caspase 3+ neurones were
observed at low levels in several brain regions of unanaesthe-
tized animals at all three ages, indicating the presence of nat-
urally occurring neuronal cell death (Fig. 1).

Newborn mice exhibit significant anaesthesia-induced
neuroapoptosis in all brain regions examined except
dentate gyrus

In 7-day-old mice, isoflurane exposure dramatically increased
the density of apoptotic neurones in RSA, CPu, and CA1 relative
to unanaesthetized age-matched littermates, as previously

reported. In addition, anaesthesia caused significant neuro-
apoptosis in Cb and GrO (Figs 1 and 2). However, in these
newborn animals, no significant increase in neuroapoptosis
was observed in DG.

Juvenile mice demonstrate significant
anaesthesia-induced neuroapoptosis in the olfactory
bulb, dentate gyrus, and cerebellum

In juvenile animals (P21), increased anaesthesia-induced cell
death was not observed in RSA, CPu, and CA1 when compared
with unanaesthetized controls. Surprisingly, however, at this
age, dentate granule cells became exquisitely sensitive to iso-
flurane exposure and neuroapoptosis was substantially
increased in this brain region, compared with unanaesthetized
littermates (Figs 1 and 3). Moreover, the olfactory bulb neu-
rones continued to demonstrate vulnerability at this age.
Increased apoptotic cell death was also still present in the cere-
bellum; however, the affected region shifted from the internal
granular layer to Cb wm, the deeper structures in the white
matter tracks (Fig. 3F).

Young adult mice exhibit persistent vulnerability to
anaesthesia-induced neuroapoptosis in the dentate
gyrus and olfactory bulb

Similar to juvenile animals, anaesthetic exposure in 49-day-old,
young adult animals did not lead to significant increases in
anaesthesia-induced neuroapoptosis in RSA, CPu, or CA1.
In addition, no increase in neuronal apoptosis was detected
in Cb or Cb wm (Fig. 1). Conversely, neurones in DG and GrO
remained vulnerable to anaesthesia-induced cell death even
at this older age; albeit at decreased levels compared with
juvenile animals (Figs 1 and 4).

Differential age windows of vulnerability
to anaesthesia-induced neuroapoptosis
dependent on brain region

Combined, our results demonstrate that many, but not all brain
regions examined were vulnerable to anaesthetic neuroapop-
tosis in neonatal animals, that neurotoxicity can extend
beyond this period, at least into young adulthood, for some
regions, and that, accordingly, differential windows of vulner-
ability to the phenomenon exist among brain regions (Fig. 5).

Discussion
After the initial discovery more than a decade ago that anaes-
thetic exposure results in brain cell losses during the early
stages of central nervous system development,14 numerous la-
boratory studies have now confirmed this phenomenon for all
routinely utilized anaesthetics in a wide variety of animal
species (for reviews, see Istaphanous and colleagues2 and
Jevtovic-Todorovic).3 Concerns have therefore been raised
that similar effects might also occur in humans, particularly
in very young children.15 Several important aspects of anaes-
thesia-induced neuroapoptosis remain unresolved, however,
such as what factors determine which neurones are going to
die during exposure and why certain brain regions are more
affected than others. The present study attempts to address
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some of these questions bydemonstrating that (i) regional sus-
ceptibility to anaesthesia-induced neuroapoptosis varies de-
pendent on the age during exposure, (ii) these windows of

vulnerability follow the regional peaks in neurogenesis and
natural cell death, and (iii) susceptibility in some areas
extends at least into young adulthood.
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Fig 1 Prolonged exposure to isoflurane triggers neuronal apoptotic cell death in several brain regions in newborn, juvenile, and young adult mice.
Boxplots represent density counts of dying cells, as assessed by expression of cleaved caspase 3, a marker of apoptotic cell death. Thick horizontal
lines signify respective group medians, boxes are 25th–75th percentiles, whiskers are 10th–90th percentiles, open circles and triangles depict out-
liers. Littermates were randomly assigned to 6 h of 1.5% isoflurane (Anaesthesia) or 6 h of room air (No Anaesthesia) at three different ages: as
newborns [post-natal day (P)7], as juveniles (P21), or as young adults (P49). Density of cleaved caspase 3-positive cells was assessed in superficial
layers II/III of the retrosplenial agranular cortex (RSA; A), caudoputamen (CPu; B), the pyramidal layer of cornu ammonis 1 (CA1; C), cerebellar cortex
(Cb; D), and white matter (Cb wm; E), the subgranular zone and granule cell layer of dentate gyrus (DG; F), and the granule layer of the olfactory bulb
(GrO; G). P7, Anaesthesia (n¼10), No Anaesthesia (n¼8); P21, Anaesthesia (n¼8), No Anaesthesia (n¼7); P49, Anaesthesia (n¼16), No Anaesthesia
(n¼13). *P,0.05, **P,0.01, ***P,0.001, compared with the respective No Anaesthesia group.
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Anaesthesia-induced neuroapoptosis not limited by
age of the animal

Previous studies have established that neuronal survival in the
developing animal brain is dramatically affected by anaesthet-
ic exposure. Jevtovic-Todorovic’s group has convincingly
demonstrated that cortical and subcortical neurones of the
forebrain are eliminated in substantial numbers in 7-day-old
rats during exposure to an anaesthetic combination of isoflur-
ane, nitrous oxide, and midazolam, but are not affected beyond
10 days of age.7 The present results confirm this window of sus-
ceptibility in mice exposed to isoflurane as a single agent by
demonstrating that neurones in RSA, CPu, and CA1 are
subject to widespread neuroapoptosis after anaesthetic ex-
posure on P7, but not in juvenile (P21) and young adult (P49)
animals.

Surprisingly, however, we found thatother neuronal popula-
tions followed a different trajectory, which extended beyond
this early window of vulnerability. Specifically, while dentate
granule cells were not significantly affected by anaesthetic ex-
posure at P7, substantial vulnerability was observed at P21.
Similarly, granule cells in the olfactory bulb and brain cells in
cerebellar white matter were still vulnerable in these juvenile
animals. Shifting regional patterns of neuronal injury have
also previously been observed after ketamine exposure in
fetal compared with newborn rhesus monkeys,16 and in P1–3
vs P4–7 rats.14 Importantly, however, the present study
further extends this finding to adult animals by demonstrating
that anaesthesia-induced neuroapoptosis is not limited to
newborn animals, but can still be observed in dentate granule
cells and olfactory bulb neurones, two brain regions with adult
neurogenesis, of young adult mice (P49).

Previous studies have not detected anaesthesia-induced
neurotoxicity in adult rats after 4 h of isoflurane;9 however,
impaired survival has recently been found in adult mice after
a 6 h propofol exposure,17 and after 6 h of isoflurane.18 These
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Fig 2 Exposure to prolonged anaesthesia induces significant neu-
roapoptosis in several brain regions in newborn mice. Representa-
tive high-power magnification photomicrographs of layers II/III of
the retrosplenial agranular cortex (RSA), caudoputamen (CPu), the
pyramidal layerof cornu ammonis region 1 (CA1), subgranular zone
and granule cell layer of dentate gyrus (DG), the granule layer of the
olfactory bulb (GrO) and cerebellar cortex (Cb), and both internal
granule layer (arrows) and external granule layer (arrow head)
from a newborn mouse (P7) anaesthetized for 6 h with 1.5% isoflur-
ane (Anaesthesia, A–F) and from an unanaesthetized and fasted lit-
termate (No Anaesthesia, G–L). Sections were stained with
propidium iodide (PI; red) to label all cells, for neuronal nuclei
(NeuN; blue) to label post-mitotic neurones, and for activated,
cleaved caspase 3 (AC3; green) to label apoptotic cells (arrows).
All brain regions shown demonstrated statistically significantly
increased neuroapoptosis after anaesthetic exposure, compared
with unanaesthetized littermates, except for the dentate gyrus,
which revealed no significantly increased cell death in newborn
animals. For quantification, see Figure 1. Scale bars¼50 mm.
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discrepancies most likely reflect the relatively low rate of
granule cell neurogenesis in adult animals, compared with
neonates, which renders the detection of increased apoptosis
in this population more difficult. To address this problem, adult
animals in the present study were allowed to voluntarily
exercise in running wheels before the anaesthetic exposure.
Physical exercise stimulates granule cell neurogenesis,
thereby increasing the number of newly born neurones, func-
tionally and phenotypically indistinguishable from adult-born
granule cells generated under normal housing conditions.19 20

Physical activity, however, does not stimulate neurones in the
olfactory bulb,20 suggesting that the anaesthesia-induced

neuroapoptosis observed in adult animals in the present
study was not limited to neurones induced by exercise.

Differential regional windows of vulnerability
to anaesthesia-induced neuroapoptosis

Our findings strongly support the existence of multiple
windows of susceptibility for anaesthesia-induced neuroapop-
tosis, with different brain regions being vulnerable at distinct
developmental times (Fig. 5). A potential explanation for this
novel finding would be the underlying differential timetable
of neurogenesis and natural apoptosis in the various brain
regions. In small rodents, peak neurogenesis in RSA, CPu, and
hippocampal CA1 occurs prenatally.21 Accordingly, we
observed peak vulnerability to anaesthesia-induced apoptosis
in these regions at P7, 1–2 weeks after these regions’ peak in
neurogenesis. This early window of vulnerability also applies
to neurones in the thalamus and amygdala, which are predom-
inantly formed before birth,21 which were not studied here, but
have previously been found to undergo substantial cell death
after exposure at P7.7 8 22 23

A

Anaesthesia No Anaesthesia

C

B D

Fig 4 Exposure to prolonged anaesthesia induces significant neu-
roapoptosis in the dentate gyrus and olfactory bulb of young adult
mice. Representative high-power magnification photomicrographs
of the subgranular zone and granule cell layer of the dentate gyrus
(DG) and the granule layer of the olfactory bulb (GrO) from a young
adult mouse (P49) anaesthetized for 6 h with 1.5% isoflurane (An-
aesthesia; A and B) and from an unanaesthetized and fasted litter-
mate (No Anaesthesia; C and D). Sections were stained with
propidium iodide (PI; red) to label all cells, for neuronal nuclei
(NeuN; blue) to label post-mitotic neurones, and for activated,
cleaved caspase 3 (AC3; green) to label apoptotic cells (arrows).
Of all the brain regions examined, the dentate gyrus and olfactory
bulb were the only regions in young adult animals demonstrating
significantly increased neuroapoptosis, compared with un-
anaesthetized littermates. For quantification, see Figure 1. Scale
bars¼50 mm.
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Fig 3 Exposure to prolonged anaesthesia induces significant neu-
roapoptosis in the dentate gyrus, olfactory bulb, and cerebellum of
juvenile mice. Representative high-power magnification photomi-
crographs of the subgranular zone and granule cell layer of dentate
gyrus (DG), the granule layerof the olfactory bulb (GrO) and cerebel-
lar white matter (Cb wm) from a juvenile mouse (P21) anaesthe-
tized for 6 h with 1.5% isoflurane (Anaesthesia; A–C) and from an
unanaesthetized, fasted littermate (No Anaesthesia; D–F). Sections
were stained with propidium iodide (PI; red) to label all cells, for
neuronal nuclei (NeuN; blue) to label post-mitotic neurones, and
for activated, cleaved caspase 3 (AC3; green) to label apoptotic
cells (arrows). Of all the brain regions examined, the dentate
gyrus, olfactory bulb, and cerebellar white matter were the only
regions demonstrating significantly increased neuroapoptosis in
juvenile animals, compared with unanaesthetized littermates.
For quantification, see Figure 1. Scale bars¼50 mm.
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Conversely, neuronal populations that experience their
neurogenic peak post-natally, such as the dentate gyrus and
olfactory bulb granule cells around P0–P11,21 were found in
the present study to exhibit substantial vulnerability beyond
the previously observed window of vulnerability, around P21,
again around 2 weeks after their regional neurogenic peak. Im-
portantly, since dentate granule cell and olfactory bulb neuro-
genesis continues throughout life, albeit at a lower rate,24

vulnerability in these regions would be expected to extend
into adulthood, which was indeed observed in our young
adult animals, where it was still detected at P49.

The notable exception to this window of vulnerability
after 1–2 weeks after the respective brain region’s peak in
neurogenesis was the cerebellum, where granule cell neuro-
genesis peaks between P4 and P14,21 but anaesthetic vulner-
ability was already observed in P7 animals. This seeming
discrepancy may be explained by the vastly different rates of
neuronal maturation and migration among brain regions,
ranging from 2 days for cerebellar granule cells to several
weeks for dentate granule cells.25 26

Neuronal cell death is a normal step of brain development,
eliminating 50–70% of some neuronal populations during

early ontogeny,27 28 peaking at early stages of neuronal devel-
opment.29 Intriguingly, the present results suggest that the re-
gional progression of isoflurane-induced cell death parallels
the progression of naturally occurring cell death. Natural apop-
tosis peaks in rats between P1 and P7 for neocortex, at P10 in
the cerebellar internal granule cell layer, and in the cerebellar
white matter and dentate gyrus by P21,29 very similar to the
isoflurane-induced neuroapoptosis observed in the present
study. These temporal and regional similarities between
physiological and anaesthesia-induced apoptosis suggest
that anaesthetics may trigger cell death in immature
neurones of a specifically vulnerable age, maturational stage,
or both throughout the brain, similar to our recent findings in
dentate granule cells,18 when their survival relies on trophic
factors and network activity, potentially byactivating the exist-
ing apoptotic machinery.

Limitations

The clinical implications of the present findings are unclear.30

While studies such as ours using small animal models are
crucial for examining the effects of anaesthetics in the
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anaesthesia-induced neuroapoptosis depicted as the median fold-increase over physiological apoptotic cell death, as observed in the respective
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adult mice (P49), compared with fasted, unanaesthetized littermates. Maximum vulnerability was observed in the neocortex, caudoputamen,
and CA1 at P7, whereas the number of vulnerable neurones peaked at P21 for the cerebellum, dentate gyrus, and olfactory bulb.
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developing brain, they are also subject to several limitations.31

Because of the limited size of these animals, physiological
monitoring could not be performed as stringently as in large
animal studies or during the perioperative care in humans.
Mortality and abnormalities in blood gas and glucose
homeostasis are common during prolonged anaesthetic expo-
sures in small rodents,11 23 yet are not routinely observed in
humans, raising the possibility that exposures may not be en-
tirely comparable between species. We have, however, previ-
ously found that hypoglycaemia, which has been observed
in neonatal mice, did not substantially affect anaesthetic neu-
roapoptosis. Moreover, the neuronal injury pattern observed
in the present study did not appear different from that
observed in previous studies of newborn rats, which lacked
these abnormalities,22 32 and those in non-human primates
with tighter control of physiological variables.33 This suggests
that physiological abnormalities did not substantially influ-
ence the observed outcome. Another dissimilarity compared
with common clinical practice was the lackof painful or inflam-
matory stimuli in the present study, which are frequently part
of operative procedures in humans. Painful stimuli induce a
variety of physiological changes, which may or may not affect
anaesthesia-induced neuroapoptosis.34 35

Regional and temporal patterns of vulnerability
in animals may direct targeted human studies into
potential anaesthetic susceptibility

Even though it remains entirely unclear whether this phenom-
enon also occurs in humans, the present findings of age-
dependent regional differences in vulnerability may suggest
a framework for future clinical studies. Small rodents are
born at a stage of considerable neurodevelopmental prema-
turity and maturation progresses rapidly during the first
2 weeks of life. Conversely, in humans, many critical steps of
brain development occur in utero and post-natal brain matur-
ation progresses much slower than in any other animal
species.36 Contemporary studies suggest for brain maturation
in 7-day-old rodents to correspond to human fetuses around
mid-gestation, while the P21 mouse brain resembles the
newborn or infant human brain.21 37 If our present results
were transferrable to humans, neocortex, caudoputamen,
CA1, thalamus, and amygdala may potentially be most vulner-
able during fetal surgery, while the hippocampal dentate
gyrus, parts of the cerebellum, and olfactory bulb could poten-
tially be susceptible during anaesthetic exposures in human
newborns, children, but also in adults, given the protracted
neurogenesis observed in these regions. Since dentate plays
an integral role in learning and memory,38 39 while highly
speculative, previously observed cognitive abnormalities in-
volving school performance and language function after
surgery with anaesthesia may potentially represent this
region’s vulnerability in young children.4 – 6 Similarly, memory
impairment observed after anaesthetic exposures in adult
patients may also be the functional correlate of a lesion in
the dentate gyrus.40 Clearly, future studies are warranted to
elucidate the mechanisms of this potentially clinically relevant

phenomenon and to further investigate the functional corre-
lates of anaesthetic exposure early in life.
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