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ABSTRACT

Background: Adult neurogenesis occurs in the hippocampus 
of most mammals, including humans, and plays an impor-
tant role in hippocampal-dependent learning. !is process 
is highly regulated by neuronal activity and might therefore 
be vulnerable to anesthesia. In this article, the authors inves-
tigated this possibility by evaluating the impact of propofol 
anesthesia on mouse hippocampal neurons generated during 
adulthood, at two functionally distinct maturational stages 
of their development.
Methods: Adult-born hippocampal neurons were identified 
using the cell proliferation marker bromodeoxyuridine or a 
retroviral vector expressing the green fluorescent protein in 
dividing cells and their progenies. Eleven or 17 days after 
the labeling procedure, animals (n = 3–5 animals per group) 
underwent a 6-h-long propofol anesthesia. Twenty-one days 
after labeling, the authors analyzed the survival, differentia-
tion, and morphologic maturation of adult-born neurons 
using confocal microscopy.

Results: Propofol impaired the survival and maturation of 
adult-born neurons in an age-dependent manner. Anesthe-
sia induced a significant decrease in the survival of neu-
rons that were 17 days old at the time of anesthesia, but 
not of neurons that were 11 days old. Similarly, propofol 
anesthesia significantly reduced the dendritic maturation 
of neurons generated 17 days before anesthesia, without 
interfering with the maturation of neurons generated 11 
days before anesthesia.
Conclusions: !ese results reveal that propofol impairs the 
survival and maturation of adult-born hippocampal neurons 
in a developmental stage-dependent manner in mice.

A DULT neurogenesis results in the continuous genera-
tion of new neurons (referred to as adult-born neurons) 

which integrate into the brain circuitry throughout adult-
hood.1 In most mammalian species, including humans,2 
adult neurogenesis occurs in two brain areas: the hippo-
campus and the olfactory bulb. In the hippocampus, adult 
neurogenesis plays a role in cognition: the experimental 
reduction of adult neurogenesis in rodents results in learning 
and memory impairment,3–5 and inversely, learning tasks and 
antidepressants increase adult neurogenesis,6,7 which in turn 
increase learning performances.8 Adult neurogenesis consists 
of five discrete processes, which are regulated independently: 
(1) proliferation of the stem cells, (2) differentiation of the 
progenies into neuronal lineage, (3) migration of the new 
cells into the granule cell layer, (4) survival of the new cells, 
and finally (5) maturation/integration of the new cells into 
the existing neuronal network.9 Interestingly, neuronal activ-
ity plays a strong regulatory role on each of these steps of 
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What We Already Know about This Topic

General anesthetics have powerful effect on neuronal devel-
opment and differentiation in young animals, but their effects 
on adult neurogenesis are less certain
Neurogenesis in the adult hippocampus plays an important 
role in learning and memory and might be sensitive to anes-
thesia exposure

What This Article Tells Us That Is New

Adult-born mouse hippocampal neurons are vulnerable to 
propofol anesthesia, which reduced neuron survival and den-
dritic maturation in vivo
Effects on hippocampal neurogenesis could potentially result 
in neurocognitive deficits after anesthesia
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oligodendrocyte white matter precursors in the rapidly de-
veloping premature neonatal brain are vulnerable to injury
from hypoxia-ischemia.18,19 The peak numbers of these im-
mature oligodendrocytes is at 23 to 32 weeks, which corre-
sponds to the peak period of WMI in premature infants.22

Patients with CHD and immature brains could thus have
their period of peak vulnerability extended to later than 32
weeks, into the period when neonatal cardiac surgery with
bypass is commonly performed. Inflammation associated
with pre- or postnatal infections also damages white matter
in premature infants18; it is possible that the inflammatory re-
sponse from CPB contributes to the WMI in CHD patients.23

The neurodevelopmental delays in both CHD and in
premature infants are qualitatively similar and include atten-
tion deficit disorder, problems with language and fine motor
function, and visual-motor integration.2 These problems
may be explained by a common mechanism of brain injury,
namely WMI. Galli and colleagues24 also found that WMI is
frequent in neonates with CHD having surgery, observing

a 54% incidence of WMI on postoperative brain MRI versus
only 6% in infants aged 1 to 6 months at the time of
surgery.24 In another important finding from our study, brain
immaturity was associated with late death in our SV cohort,
suggesting that this factor could also play a role in the
pathophysiology of these patients’ death.

We found a 36% incidence of new acute postoperative
MRI changes consisting of WMI, infarction, and intraparen-
chymal hemorrhage; 15% of patients had new WMI. In
previous studies, Mahle and associates6 reported 24 neo-
nates receiving pre- and postoperative brain MRI after
cardiac surgery: 67% of patients had new postoperative
brain lesions, including 42% with new WMI. Eighty-eight
percent of these patients were exposed to DHCA, and low-
flow CPB was used in the remainder, with a median
DHCA time of 50 minutes. Dent and colleagues5 studied
15 neonates having Norwood stage I palliation with ACP,
and 11 patients (73%) had new lesions, including 47%
with WMI, on postoperative MRI. Compared with patients

FIGURE 1. A, Preoperative sagittal T1-weighted magnetic resonance image (MRI) of a 35-week gestational-age infant with hypoplastic left heart syndrome.

Extensive white matter injury (WMI) is present in the periventricular areas (arrows). B, Preoperative axial proton-density T2-weighted image. Again note

extensive WMI (arrows). C, Seven-day postoperative T1 sagittal MRI after Norwood stage I palliation. Note new intraparenchymal/intraventricular hemor-

rhage and infarction in the left peritrigonal region (arrow). D, Proton density T2-weighted image. Again note WMI and new hemorrhage (arrow). This patient

had the single highest injury score on both preoperative and postoperative MRI injury scale, at 11 points preoperatively and 21 points postoperatively. Brain

total maturity score was 8, equivalent to a 33-week gestational age infant. (Refer to MRI scoring table in Appendix 3.)

Congenital Heart Disease Andropoulos et al

548 The Journal of Thoracic and Cardiovascular Surgery c March 2010

C
H

D



susceptible to glutamate-mediated excitotoxicity, whereas
females may be more at risk for injury via the caspase
3–dependent pathway.

PVL results from hypoxic ischemic injury to susceptible
immature premyelinating oligodendrocytes.19 Although
premature infants are at highest risk for PVL,10 many
studies demonstrate that neonates with complex CHD are

also at increased risk.8,9,12,13 In agreement with this
study’s findings, a recent study suggested that one of
the strongest predictors of both preoperative and
postoperative PVL9 was brain maturation, as measured
with the TMS scale. TMS is an observational scale that
was first described in premature neonates,15 and this scale
was modified for use in term neonates with CHD.13 Genetic

FIGURE 1. Four patients with hypoplastic left heart syndrome had stroke (white arrows) on preoperative brain magnetic resonance imaging: images read

left to right. A, Coronal and axial T2 demonstrating hyperintense signal in the right temporal lobe, involving the cortex, hemorrhage seen as a hypointensity

on T2 and hyperintensity on axial T1 (third image on right). B, Similar to A, coronal T2 (left) shows hemorrhage inside stroke, diffusion-weighted imaging

(DWI) showing restriction of water diffusion (center) with apparent diffusion coefficient confirmation (right). C, DWI demonstrating multifocal infarcts in

the right temporal lobe. D, Head of the caudate nucleus stroke seen on coronal and axial T2 (left and center) with confirmation of restriction of water

diffusion on axial DWI.
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Summary

Background: Adverse neurodevelopmental outcomes are observed in up to
50% of infants after complex cardiac surgery. We sought to determine the
association of perioperative anesthetic exposure with neurodevelopmental
outcomes at age 12 months in neonates undergoing complex cardiac surgery
and to determine the effect of brain injury determined by magnetic resonance
imaging (MRI).
Methods: Retrospective cohort study of neonates undergoing complex
cardiac surgery who had preoperative and 7-day postoperative brain MRI
and 12-month neurodevelopmental testing with Bayley Scales of Infant and
Toddler Development, Third Edition (Bayley-III). Doses of volatile anesthet-
ics (VAA), benzodiazepines, and opioids were determined during the first
12 months of life.
Results: From a database of 97 infants, 59 met inclusion criteria. Mean ! SD

composite standard scores were as follows: cognitive = 102.1 ! 13.3,
language = 87.8 ! 12.5, and motor = 89.6 ! 14.1. After forward stepwise
multivariable analysis, new postoperative MRI injury (P = 0.039) and higher
VAA exposure (P = 0.028) were associated with lower cognitive scores. ICU
length of stay (independent of brain injury) was associated with lower perfor-
mance on all categories of the Bayley-III (P < 0.02).
Conclusions: After adjustment for multiple relevant covariates, we demon-
strated an association between VAA exposure, brain injury, ICU length of
stay, and lower neurodevelopmental outcome scores at 12 months of age.
These findings support the need for further studies to identify potential modi-
fiable factors in the perioperative care of neonates with CHD to improve neu-
rodevelopmental outcomes.

© 2014 John Wiley & Sons Ltd

Pediatric Anesthesia 24 (2014) 266–274

266

Pediatric Anesthesia ISSN 1155-5645

ORIGINAL ARTICLE

The association between brain injury, perioperative
anesthetic exposure, and 12-month neurodevelopmental
outcomes after neonatal cardiac surgery: a retrospective
cohort study
Dean B. Andropoulos1,2,3, Hasan B. Ahmad1,2,4, Taha Haq1,2, Ken Brady1,2,3, Stephen A. Stayer1,2,3,
Marcie R. Meador1,2,3, Jill V. Hunter5,6, Carlos Rivera2,7, Robert G. Voigt2,8, Marie Turcich2,8,
Cathy Q. He1,2, Lara S. Shekerdemian2,9, Heather A. Dickerson2,10, Charles D. Fraser11,12,
E. Dean McKenzie11,12, Jeffrey S. Heinle11,12 & R. Blaine Easley1,2,3

1 Department of Anesthesiology, Baylor College of Medicine, Houston, TX, USA

2 Department of Pediatrics, Baylor College of Medicine, Houston, TX, USA

3 Pediatric Cardiovascular Anesthesiology, Texas Children’s Hospital, Houston, TX, USA

4 Edward Via College of Osteopathic Medicine, Blacksburg, VA, USA

5 Department of Radiology, Baylor College of Medicine, Houston, TX, USA

6 Pediatric Neuroradiology, Texas Children’s Hospital, Houston, TX, USA

7 Pediatric Neurology, Texas Children’s Hospital, Houston, TX, USA

8 Developmental Pediatrics, Texas Children’s Hospital, Houston, TX, USA

9 Pediatric Critical Care, Texas Children’s Hospital, Houston, TX, USA

10 Pediatric Cardiology, Texas Children’s Hospital, Houston, TX, USA

11 Department of Surgery, Baylor College of Medicine, Houston, TX, USA

12 Congenital Heart Surgery, Texas Children’s Hospital, Houston, TX, USA

Keywords

congenital heart disease; neonate;

neurodevelopment; inhaled agents;

intravenous agents; general anesthesia

Correspondence

Dean Andropoulos, 6621 Fannin, W 17417,

Houston, TX 77030, USA

Email: dra@bcm.edu

Accepted 17 December 2013

doi:10.1111/pan.12350

This work was presented in part at the

American Society of Anesthesiologists’

Annual Meeting, 14 and 16 October 2012,

Washington, DC, USA.

Summary

Background: Adverse neurodevelopmental outcomes are observed in up to
50% of infants after complex cardiac surgery. We sought to determine the
association of perioperative anesthetic exposure with neurodevelopmental
outcomes at age 12 months in neonates undergoing complex cardiac surgery
and to determine the effect of brain injury determined by magnetic resonance
imaging (MRI).
Methods: Retrospective cohort study of neonates undergoing complex
cardiac surgery who had preoperative and 7-day postoperative brain MRI
and 12-month neurodevelopmental testing with Bayley Scales of Infant and
Toddler Development, Third Edition (Bayley-III). Doses of volatile anesthet-
ics (VAA), benzodiazepines, and opioids were determined during the first
12 months of life.
Results: From a database of 97 infants, 59 met inclusion criteria. Mean ! SD

composite standard scores were as follows: cognitive = 102.1 ! 13.3,
language = 87.8 ! 12.5, and motor = 89.6 ! 14.1. After forward stepwise
multivariable analysis, new postoperative MRI injury (P = 0.039) and higher
VAA exposure (P = 0.028) were associated with lower cognitive scores. ICU
length of stay (independent of brain injury) was associated with lower perfor-
mance on all categories of the Bayley-III (P < 0.02).
Conclusions: After adjustment for multiple relevant covariates, we demon-
strated an association between VAA exposure, brain injury, ICU length of
stay, and lower neurodevelopmental outcome scores at 12 months of age.
These findings support the need for further studies to identify potential modi-
fiable factors in the perioperative care of neonates with CHD to improve neu-
rodevelopmental outcomes.

© 2014 John Wiley & Sons Ltd

Pediatric Anesthesia 24 (2014) 266–274

266

Pediatric Anesthesia ISSN 1155-5645

















modified from Loepke AW & Davidson AJ:
Chapter 23: Surgery, Anesthesia, and the Immature Brain.
in Coté et al., A Practice of Anesthesia for Infants and Children, 5th Ed.

Developmental Equivalency

0 10 20 2Birth 4 61 3 5

Gestation (weeks) Postnatal period (months)Age

30

A
ne

st
he

si
a-

in
du

ce
d

ne
ur

oa
po

pt
os

is
 (

%
 a

t n
at

ur
al

 a
po

pt
os

is
)

0

2000

1000

4000

3000

Elsevier Author ISBN #

Fig. #

Artist

B x W 2/C 4/C

Document name

Date

Check if revision

Cote 978-1-4377-2792-0

23-04 F23-04-9781437727920.eps

DPI/MM
08/22/12

X

X

Philadelphia Illustration Dept./Elsevier

Author’s review
(if needed)

Initials Date

OK Correx

CE’s review

Initials Date

OK Correx





Anesthesia is Associated with 
Learning Impairment



Jevtovic-Todorovic et al., J Neurosci 2003

Long-term Learning Impairment

Paule et al., Neurotoxicol Teratol 2011



Diminished Academic Performance



Epidemiological Studies
Anesthetic Surgery Abnormalities Assessment Reference

Halothane, N2O,
and/or ketamine any (    )

2 exposures >2 h school records Wilder et al., 
2009

not specified inguinal hernia 
repair

developmental/ 
behavioral 
disorders

DiMaggio et 
al., 2009

not specified any (    )
2 exposures

developmental/ 
behavioral 
disorders

DiMaggio et 
al., 2011

Halothane, N2O,
and/or ketamine any (    )

2 exposures school records Flick et al., 
2011

not specified any language, cognitive, 
vocabulary tests Ing et al., 2013



 602

ABSTRACT

Background: Adult neurogenesis occurs in the hippocampus 
of most mammals, including humans, and plays an impor-
tant role in hippocampal-dependent learning. !is process 
is highly regulated by neuronal activity and might therefore 
be vulnerable to anesthesia. In this article, the authors inves-
tigated this possibility by evaluating the impact of propofol 
anesthesia on mouse hippocampal neurons generated during 
adulthood, at two functionally distinct maturational stages 
of their development.
Methods: Adult-born hippocampal neurons were identified 
using the cell proliferation marker bromodeoxyuridine or a 
retroviral vector expressing the green fluorescent protein in 
dividing cells and their progenies. Eleven or 17 days after 
the labeling procedure, animals (n = 3–5 animals per group) 
underwent a 6-h-long propofol anesthesia. Twenty-one days 
after labeling, the authors analyzed the survival, differentia-
tion, and morphologic maturation of adult-born neurons 
using confocal microscopy.

Results: Propofol impaired the survival and maturation of 
adult-born neurons in an age-dependent manner. Anesthe-
sia induced a significant decrease in the survival of neu-
rons that were 17 days old at the time of anesthesia, but 
not of neurons that were 11 days old. Similarly, propofol 
anesthesia significantly reduced the dendritic maturation 
of neurons generated 17 days before anesthesia, without 
interfering with the maturation of neurons generated 11 
days before anesthesia.
Conclusions: !ese results reveal that propofol impairs the 
survival and maturation of adult-born hippocampal neurons 
in a developmental stage-dependent manner in mice.

A DULT neurogenesis results in the continuous genera-
tion of new neurons (referred to as adult-born neurons) 

which integrate into the brain circuitry throughout adult-
hood.1 In most mammalian species, including humans,2 
adult neurogenesis occurs in two brain areas: the hippo-
campus and the olfactory bulb. In the hippocampus, adult 
neurogenesis plays a role in cognition: the experimental 
reduction of adult neurogenesis in rodents results in learning 
and memory impairment,3–5 and inversely, learning tasks and 
antidepressants increase adult neurogenesis,6,7 which in turn 
increase learning performances.8 Adult neurogenesis consists 
of five discrete processes, which are regulated independently: 
(1) proliferation of the stem cells, (2) differentiation of the 
progenies into neuronal lineage, (3) migration of the new 
cells into the granule cell layer, (4) survival of the new cells, 
and finally (5) maturation/integration of the new cells into 
the existing neuronal network.9 Interestingly, neuronal activ-
ity plays a strong regulatory role on each of these steps of 
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of the granule cell layer and multiplied it by the thickness of 
the sections. For colocalization of BrdU and Neu-N, 20–40 
BrdU-immunoreactive cells per animal were examined using 
confocal microscopy and colocalization of both markers was 
confirmed on single optical sections. !e proportion of dou-
ble-immunopositive (BrdU and Neu-N) was obtained for 
each animal and then averaged for each group.

Retrovirus-mediated Labeling
We used a retroviral vector derived from the Moloney murine 
leukemia virus containing a green fluorescent protein expres-
sion cassette under the control of the cytomegalovirus early 
enhancer and chicken beta-actin promoter (cag), as previously 
described.17,20 !e concentrated viral solution was prepared 
using Human Embryonic Kidney 293T cells as a package cell 
line and collected through ultraspeed centrifugation. Further 
purification was performed using acrodisc units with Mustang 
Q membrane (VWR International AG, Schlieren, Switzer-
land). !e final virus titer was 108 pfu/ml, as measured by green 
fluorescent protein–expressing colony formation on 293T cells. 
Mice were anesthetized with isoflurane using an anesthetic 
mask (Narishige, London, United Kingdom), and 1 µl of virus 
was injected into the dentate gyrus of either one or two hip-
pocampi of the mouse (stereotaxic coordinates from Bregma: 
−2 mm anteroposterior; −1.75 mm lateral; −2.25 mm ventral).

Brain sections of one-in-two series were selected for 
analysis. Green fluorescent protein signal was amplified by 
immunohistochemistry using chicken anti-green fluorescent 
protein IgG (Aves Labs, Tigard, OR; 1:1000) and DyLight 
488 goat anti-chicken IgY (Jackson ImmunoResearch 
Europe Ltd., Suffolk, United Kingdom; 1:250). 4,6 
Diamidino-2-phenylindole was used to reveal nuclei. One 
of the mice anesthetized at 11 dpi did not show any labeled 
neurons (the injection site was out of the dentate gyrus). We 
therefore could not analyze it.

DiI Labeling of Dendrites
!e mice were perfused as described before.19 Immediately 
after perfusion, 50-μm thick vibratome sections were stained 

by placing small crystals of a DiI cell-labeling solution (Invi-
trogen) in the inner molecular layer of the dentate gyrus. 
Labeled dendrites were imaged shortly thereafter.

Iontophoretic Intracellular Injections
Granule cells from the most external part of the granule layer of 
the dentate gyrus were injected iontophoretically with a Luci-
fer yellow solution and immunostained against Lucifer yellow 
on coronal mouse brain sections as described previously.21

Confocal Microscopy and Analysis
Hippocampal sections were imaged using a Leica SP5 AOBS 
laser scanning microscope (Chalmers University of Technol-
ogy, Gothenburg, Sweden). Global views of green fluores-
cent protein–labeled adult-born neurons were imaged with a 
40× oil lens and a z-step of 5 µm, and dendrites were imaged 
with a 63× oil lens and a z-step of 0.38 µm. Two-dimensional 
maximum intensity projections of each z-series were created 
with Fiji software.# Dendritic length and spine density were 
measured with Fiji and Trace software.** !e perimeter and 
the area of the mossy fiber terminals were determined using 
Fiji software on maximal intensity projections. !e circular-
ity of the terminals was calculated with the following for-
mula: circularity = 4 × π × area/(perimeter)2.

Statistical Analysis
!e following morphologic parameter estimations were 
compared between control and anesthesia groups (11 dpi 
and 17 dpi): number of immunoreactive cells, maximal 
extent of their dendritic arbor, dendritic spine density, pro-
jection area, circularity, and number of filopodia per bouton.

Hypothesis testing was two-tailed. All analysis were 
performed using R 2.15.1 software (R foundation 
for statistical computing, Institute for Statistics and 
Mathematics, Vienna, Austria) and GraphPad Prism 6 
(Graphpad software Inc., La Jolla, CA). First, Shapiro-
Wilk tests were performed on each group of data to test 
for distribution normality. When the distribution was not 
normal, nonparametric Kruskal-Wallis test was applied. 
Otherwise, the analysis was performed using parametric 
tests (one-way ANOVA followed by a post hoc unpaired 
t test and a Bonferroni correction). For two-sample 
comparisons, the equality of variances of the groups was 
tested and the adequate unpaired t test was used. !e 
frequency distributions of the dendritic extensions (bins 
from 30 to 100% dendritic extension) were compared 
using contingency tables and a Mantel-Haenszel chi-square 
test (χ2). Data are presented as mean ± SEM.

Results
To measure the effect of propofol anesthesia on new cell 
survival and differentiation, we labeled dividing cells 
with BrdU and identified the newly formed neurons with 

Table 1. Blood Physiologic Parameters Remain within 
Normal Range during Anesthesia

Control Propofol

pH 7.35 ± 0.04 7.35 ± 0.04
pCO2 (kPa) 6.76 ± 0.4 6.55 ± 0.6
Glucose (mg dl−1) 9.75 ± 0.6 9.48 ± 1
Hemoglobin (g dl−1) 10.1 ± 0.6 9.8 ± 0.6

After 6 h of propofol anesthesia or vehicle injection, blood param-
eters were similar between groups (P > 0.1, unpaired two-tailed 
Student t test, n = 4). Data are expressed as mean values ± SEM.

# Freely available at http://fiji.sc/. Accessed November 20, 2012.

** Freely available at http://synapses.clm.utexas.edu/tools/trace/
trace.stm. Accessed November 20, 2012.

Experiments:
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GABA A receptors,31 exposure to these drugs could impede the 
physiologic neural activity patterns required for the maturation 
and integration of adult-born neurons. To elucidate this 
hypothesis, we focused on propofol because this drug is a 
powerful potentiator of GABAergic neurotransmission and is 
widely used in clinical practice. Further studies will determine 
whether other general anesthetics exert similar effects on adult 
hippocampal neurogenesis.

We found that exposure to propofol significantly decreased 
the survival of adult-born neurons in a developmental stage-
dependent manner. "ese results are seemingly contradictory 
to recent observations indicating that the general anesthetic 
isoflurane does not affect the survival of adult-born neurons 
in the hippocampus of aged rats.32 Although we cannot 
formally exclude that these two anesthetics differentially affect 
hippocampal neurogenesis, we believe that targeting different 
stages of neurogenesis might better explain the discrepancies 
between these studies. Indeed, by exposing animals to 
anesthesia and immediately thereafter evaluating the impact 
of this treatment on neurogenesis using BrdU pulse-chase 
paradigms, Stratmann et al.32 investigated how anesthesia 
interferes with neuronal proliferation, differentiation, and 
survival. In our study, in contrast, we labeled adult-born 
neurons several days before anesthesia and examined the effect 
of general anesthesia on already differentiated adult-born 

neurons. "is strategy is fundamentally different as it is based 
on pulse-labeling a population of proliferating progenitors. 
It enables us to track the differentiation of this labeled 
population over time and evaluate the effects of propofol 
on the differentiation and survival of these cells at distinct 
maturational stages. Results using this approach revealed 
a differential effect of propofol on 17-day-old neurons 
compared with 11-day-old neurons, where propofol reduced 
the maturation and survival rate of 17-day-old neurons 
but not of 11-day-old neurons. Several mechanisms might 
account for these effects. "is developmental stage-dependent 
susceptibility to propofol may result from the expression of 
the KCC2 chloride transporters, which occurs at around 14 
days after cell division in adult-born neurons.12 "e expression 
of KCC2 transporters results in GABA receptor activity to 
switch from depolarizing to hyperpolarizing and thus to invert 
the effect of GABA or its agonists on neurons.33 Interestingly, 
knocking down the NKCC1 transporter, which results in 
a premature hyperpolarizing effect of GABA, induces a 
maturation delay of adult-born neurons similar to the effect 
observed in our study.12 "is supports the view that GABA 
receptor activity is required for the proper maturation of 
adult-born neurons11,27–30,34 and that the exposure of immature 
neurons to propofol may induce maturation defects. However, 
the maturation of adult-born neurons involves several other 

Fig. 2. Anesthesia reduces the dendritic extension of adult-born neurons. (A). Confocal micrographs of the dentate gyrus of 
vehicle-treated animals (A1), animals anesthetized at 11 dpi (A2), and animals anesthetized at 17 dpi (A3). (B). Schematic il-
lustration of the morphometric analyses: dendritic extension = a/b × 100 (a is the distance between the center of the cell body 
and the tip of the longest dendrite; b is the distance between the center of the cell body and the end of the molecular layer). (C). 
Histogram showing the relative frequency of neurons per dendritic extension range. Chi-square test; control versus 17 dpi: P < 
0.001 (***); control versus 11 dpi: P = 0.27, n = 3 –4. ML = molecular layer; GCL = granule cell layer.

Krzisch et al., Anesthesiology 2013



Birthdating Neurons

M
G2

G1
S

Time

G2/M
S

G1/S

G2

G2/M

M/G1

S

Phase ordered Sort by phase

Repeat analysis on 
randomized data and 
set cut o!s

Cells in culture

Cell cycle synchronization

Collection of time points
Preparation of RNA

Microarray 
hybridization

Ex
pr

es
si

on
 le

ve
ls

G2 DNA damage 
checkpoint
DNA damage checkpoints exist 
to monitor the accuracy of 
replication fidelity and genome 
instability that might be caused 
by errors in replication, 
metabolic by-products, 
exogenous agents or extrinsic 
sources such as ultraviolet light 
or ionizing radiation. The 
checkpoint delays cell-cycle 
progression to allow the cell 
time for repair of the damaged 
DNA. The G2 DNA damage 
checkpoint arrests cells in G2 
phase, stopping the cells from 
entering mitosis. 

of the three S. pombe datasets found 170 genes that 
were cell-cycle-regulated30. Based on a comparison of 
genes that were found to be cell-cycle-regulated in both 
S. pombe and S. cerevisiae31, the number of genes that 
regulate ‘core’ cell-cycle machinery in yeast might 
include 140–170 genes.

The identification of cell-cycle-regulated genes in 
mammalian cells has proven more difficult than in yeast. 
In yeast, convenient, temperature-sensitive mutants, as 
well as drugs and physical methods, can be used to study 
cell-cycle genes. In mammalian cells, less physiologi-
cally relevant methods are used to study cell-cycle-gene 
regulation. The first glimpse into the gene expression 
patterns associated with cell division in human cells 
came from serum stimulation experiments using fibro-
blasts29. These cells were first induced to enter a resting 
state, termed G0, through culture in low growth-factor 
conditions, and were then stimulated to re-enter the cell 
cycle by the addition of growth factors or serum. mRNA 
was then collected at different time points and expres-
sion levels were analysed by microarray hybridization. 

Although this method did synchronize cells, serum 
stimulation induces additional biological processes, 
such as a prominent wound-healing response. This 
makes it difficult to differentiate genes that are regulated 
by the cell cycle from those that are involved in other 
cell functions29,32. However, recent studies have shown 
that the expression of serum-induced genes that are not 
cell-cycle-regulated can also be associated with tumour 
progression, so various markers that have been identi-
fied through this method of cell synchronization have 
been useful predictors of cancer prognosis32,33.

Several groups have performed studies of cell-cycle-
regulated gene expression using serum-independent 
methods. Cells can be synchronized using drugs that 
induce arrest at specific points in the cell cycle, followed 
by release of the cells back into the cell cycle and the 
collection of samples as they progress through multi-
ple, synchronous cell cycles (FIG. 1; BOX 1). These drugs 
include metabolic inhibitors that arrest cells in S phase, 
such as thymidine34, hydroxyurea35 or aphidicolin36; 
drugs that arrest cells in mitosis, such as nocodazole37; 
and physical methods that are used to select cells at 
specific points in the cell cycle, such as mitotic selec-
tion38,39 or centrifugal elutriation40 (BOX 1). These meth-
ods of synchronization avoid the confounding responses 
generated by serum stimulation. It has been suggested, 
however, that these methods do not actually synchronize 
cells, and the oscillatory gene-expression patterns that 
result are artificial and are not physiologically relevant 
— this topic has been extensively debated in the litera-
ture41–45. Nevertheless, the correlation between the genes 
that were identified as cell-cycle-regulated and those that 
were found to be highly expressed in rapidly growing 
tumours is remarkable and will probably be explained 
by a common and important biology22.

How many and which genes are cell-cycle-regulated 
in mammalian cells? A study of gene expression patterns 
that oscillate during the cell division cycle in the cervical 
carcinoma cell line HeLa identified more than 850 genes 
that show periodic expression across multiple, synchro-
nous cell cycles22 (FIG. 1). Additionally, approximately 700 
cell-cycle-regulated genes were identified in human fore-
skin fibroblasts26, and 578 cell-cycle-regulated genes were 
identified in mouse embryonic fibroblasts23. Surprisingly, 
there is little overlap between the genes identified in the 
HeLa epithelial cancer cell line22 and those identified 
in normal human fibroblasts26; this could result from 
differences in cell-type-specific cell-cycle-regulated 
gene expression, differences in the analysis methods, 
or differences in the microarray platform used. A study 
of the G2 DNA damage checkpoint in HeLa cells found 
a delay in the expression of G2-phase genes, probably 
resulting from a delay of entry into mitosis by the cells 
under study46. Many of the genes affected by the ionizing 
radiation treatment were expressed at G2/M phase in 
the study of HeLa cells22. A comprehensive re-analysis 
of all of these gene expression datasets using the same 
computational algorithm is needed.

Each of the cell-cycle-regulated genes identified in 
the above studies show peak expression during a spe-
cific phase of the cell cycle, such as during G1/S phase, 

Figure 1 | The identification of cell-cycle-regulated genes. This diagram outlines 
the experimental design scheme used for the identification of cell-cycle-regulated 
genes. Cells in culture are synchronized using a cell-cycle-arrest agent (BOX 1), 
released from the synchronizing arrest, and collected at intervals. RNA is prepared 
and hybridized to DNA microarrays. Genes that are cell-cycle-regulated (sinusoidal 
patterns of expression levels over time), such as those that are upregulated during 
G2/M phase (red) or S phase (blue), are selected mathematically using Fourier analysis 
and autocorrelations. To estimate a false-positive rate, the data is randomized and the 
entire analysis repeated to establish the number of genes that would receive similar 
scores by chance, and a cutoff is established that gives a 1–5% false-positive rate. The 
genes are then sorted in a table and organized by which phase of the cell cycle their 
expression is at its highest level. Because it is difficult for the human eye to spot 
trends in this table, each gene expression value is converted to a coloured intensity 
value (highest expression levels in red, lowest expression levels in green). Using this 
format, expression of a gene that is cell-cycle-regulated can be easily observed to 
‘oscillate’, peaking once each cell division cycle. When the data are displayed in the 
pseudo-colour format, we observe a banding pattern that is indicative of cell-cycle-
regulated genes The 1,134 cell cycle-regulated genes that were identified by 
Whitfield et al.22 are shown. The exact position of each gene can be found in the 
supplemental material of REF. 22 (the Human HeLa Cell-Cycle Study)
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immunostaining for the neuron-specific marker Neu-N. A 
total of 24 mice were administered two doses of 50 mg/kg of 
BrdU at 2-h interval and were anesthetized for 6 h at either 11 
(n = 5) or 17 (n = 5) days after BrdU injection (days postin-
jection, dpi). !is experimental design therefore enabled us 
to test the effect of anesthesia on adult-born neurons at two 
different maturation stages. Control mice were intraperi-
toneally injected with the equivalent regimen of vehicle at 
the same time points: four mice received three injections of 
vehicle and three mice received a single injection of vehicle. 
In a separate experiment aimed at examining the effect of this 
anesthesia paradigm on cardiorespiratory function, we found 
that 6 h propofol anesthesia did not modify pH, pCO2, pO2, 
glucose level, and hemoglobin level (table 1). Twenty-one 
days after BrdU injection, all mice were perfused, and one 
of six hippocampal sections was immunostained for BrdU 
and Neu-N. Using Neu-N immunostaining to determine 
the contour of the granule cell layer, we found that the vol-
ume of the granule cell layer was unchanged between groups 
(ANOVA F(2.21) = 0.6, P = 0.55). All BrdU-immunoreac-
tive cells were counted in the entire thickness of the sections 
to yield an average of cells/slice for each animal (fig. 1A). 
!e number of BrdU-immunoreactive cells was significantly 
reduced in the group anesthetized at 17 dpi compared with 
the control group (17 dpi: 18.86 ± 0.57; Ctrl: 23.38 ± 0.77; 

multiple-comparison ANOVA test: F2,21 = 6.14, P = 0.008, 
Bonferroni correction P < 0.01; fig. 1B), indicating that pro-
pofol anesthesia at this developmental time-point decreased 
the survival of adult-born cells. Coexpression of BrdU and 
Neu-N was then analyzed on single confocal planes. In all 
experimental groups, the proportion of BrdU-immunoreac-
tive cells that coexpressed Neu-N was similar between con-
ditions (Ctrl: 94.2 ± 1; 11dpi: 95.4 ± 1.4; 17dpi: 94.7 ± 1.6; 
one-way ANOVA: F2,21 = 0.21; P = 0.8; fig. 1, C and D), 
indicating that propofol anesthesia did not interfere with 
neuronal differentiation. !e results of the four control 
groups were comparable, and the corresponding data were 
subsequently pooled. !us, propofol anesthesia reduced the 
survival, but not the differentiation of neurons generated 17 
days before anesthesia, and did not affect the differentiation 
or survival of neurons generated 11 days before anesthesia.

To test whether propofol anesthesia also interfered with 
the maturation of adult-born neurons, we examined their 
dendritic arbor. We identified adult-born neurons with 
retroviral-mediated green fluorescent protein expression, 
thereby enabling the visualization of the whole architec-
ture of adult-born neurons20,22 (fig. 2A). For each neuron 
(90–200 neurons per mouse, three to four mice per group), 
we measured the maximal extent of its dendritic arbor as 
a percentage of the full extent of the molecular layer at 21 

Fig. 1. Anesthesia decreases the survival of adult-born neurons. (A). Experimental timeline: All mice were injected with either 
BrdU or retrovirus at day 0 (0 dpi). Propofol or vehicle was then injected 11 or 17 days later, followed by perfusion and histology 
at 21 dpi. (B). Confocal micrographs of the dentate gyrus stained for NeuN (green) and BrdU (red). All values are presented as 
mean ± SEM. **P < 0.01. (C). Histogram showing the number of BrdU-immunostained cells per slice. ANOVA between groups 
F(2,21) = 6.14, P = 0.0079, Bonferroni post hoc test between groups P < 0.01. (D). Proportion of BrdU-stained cells that ex-
pressed the neuronal marker Neu-N. ANOVA between groups F(2,21) = 0.21, P = 0.81. BrdU = bromodeoxyuridine.

Krzisch et al., Anesthesiology 2013



Cell Death to Isoflurane is 
Neuronal Age-Dependent

Hofacer et al., Ann Neurol 2013

maturational stage of apoptotic, caspase 3–positive neu-
rons was characterized immunohistochemically. During
their maturation, DGCs transiently express (1) Sox2 as
radial glialike progenitors, (2) NeuroD1 as late progeni-
tors, (3) calretinin as immature granule cells, and (4) cal-
bindin as mature granule cells.22–24 Both in juvenile and
adult mice (see Fig 3E and K, respectively), apoptotic
neurons were most frequently identified as late progeni-
tors (NeuroD11) and immature granule cells
(calretinin1). Regardless of the age of the animal, earlier
stages, such as Sox2-positive, radial glialike progenitors

(type 1) or more mature calbindin-expressing granule
cells, were not substantially affected. These results suggest
that vulnerability to anesthetic neurotoxicity is deter-
mined by neuronal age and maturational stage, not by
the age of the organism.

Anesthetic Neurotoxicity Similarly Affects
Young Neurons in Olfactory Bulb
To determine whether vulnerability to anesthesia-induced
cell death is similarly delayed in another brain region
exhibiting significant neurogenesis beyond the neonatal

FIGURE 2: Dentate granule cell vulnerability to anesthesia-induced neuroapoptosis is dependent on neuronal age and peaks
approximately 2 weeks after the cells are born. Animals were injected with the S-phase marker bromodeoxyuridine (BrdU) at 4
time points: 3 to 5, 8 to 10, 13 to 15, or 18 to 20 days prior to an anesthetic exposure of 1.5% isoflurane for 6 hours on postnatal
day 21 (P21) or P49. (A) Graph depicts the fraction of birth-dated cells from each injection point that were vulnerable to anesthe-
sia-induced apoptosis by dividing the number of caspase 31/BrdU1 double-positive cells by the number of all BrdU1 cells (n 5 17–
32 animals for each time point; *p 5 0.008 compared with cells older than 18 days; other comparisons were not significant, Mann–
Whitney U test). (B–D) Representative high-magnification photomicrograph composite images of dentate granule cells from a ju-
venile mouse following anesthetic exposure shows neurons positive for the apoptotic marker activated caspase 3 (green, B), the
S-phase marker BrdU (red, C), and a merged image (D). Arrows mark 2 cells double-positive for caspase 3 and BrdU, as quantified
in A. (E-G) Similar representative images from a young adult, P49 mouse, which was injected with BrdU from P39 to P41, identify-
ing the double-labeled neuron (arrows) as being an adult-generated dentate granule cell, between 8 and 10 days old during the
anesthetic exposure on P49; note 2 neighboring neurons of similar age (BrdU1), but not colocalizing with caspase 3. Scale
bars 5 30lm. [Color figure can be viewed in the online issue, which is available at www.annalsofneurology.org.]
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Immature Neurons Are Vulnerable 
During Isoflurane Anesthesia
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FIGURE 3: Anesthesia triggers cell death in newly generated dentate granule cells (DGCs), as identified by their location and
phenotypic markers, irrespective of the age of the animal. (A-D) Representative photomicrograph composites of dentate gyrus
from a 21-day-old (P21) mouse, following an isoflurane anesthetic, stained for the apoptotic marker caspase 3 (green, A), the
mature granule cell marker calbindin (red, B), the immature granule cell marker calretinin (blue, C), and a merged image (D).
Caspase 31, apoptotic neurons are predominantly located in the subgranular zone (arrows), and express the immature marker
calretinin but not the mature marker calbindin. (E) Bar graphs represent the fraction of apoptotic, caspase 31 DGCs colocaliz-
ing the respective maturational stage-specific markers (caspase 31 cells colabeled with 1 of the 4 respective markers divided
by the total number of caspase 31 cells). Apoptotic DGCs are identified as late progenitors (349 of 586 caspase1 cells were
NeuroD11; *p < 0.0001 compared with Sox21 by Pearson chi-square test) and immature granule cells (849 of 1,587 caspase1

cells were calretinin1; #p < 0.0001 compared with calbindin1 by Pearson chi-square test), but not as radial glialike progenitors
(0 of 279 caspase1 cells were Sox21) or mature neurons (11 of 1587 caspase1 cells were calbindin1; n 5 18 animals). (F) Sche-
matic demonstrating DGC maturation progressing from radial glialike progenitor cells, located close to the hilus and express-
ing Sox2, to transient amplifying cells and neuroblasts, located in the subgranular zone (SGZ) and expressing NeuroD1, to
immature neurons with small dendritic trees, located in the SGZ and expressing calretinin, and lastly to calbindin-expressing
mature neurons migrating into the granule cell layer (GCL) and extending dendrites into the molecular layer (ML). (G–J) Similar
composite photomicrographs from a young adult mouse (P49), and (K) bar graphs of characterization identifying apoptotic
cells as late progenitors (NeuroD1 [116 of 358]; *p < 0.0001 compared with Sox21 [0 of 160] by Pearson chi-square test) and
immature granule cells (calretinin1 [76 of 288]; #p < 0.0001, compared with calbindin1 [3 of 288] by Pearson chi-square test;
n 5 16 animals). All scale bars 5 50lm. [Color figure can be viewed in the online issue, which is available at
www.annalsofneurology.org.]
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