
Anesthesia-Induced Neurodegeneration in Fetal Rat Brains
SHOUPING WANG, KELLY PERETICH, YIFAN ZHAO, GE LIANG, QINGCHENG MENG, AND HUAFENG WEI

Department of Anesthesiology and Critical Care [S.W., K.P., Y.Z., G.L., Q.M., H.W.], University of Pennsylvania, Philadelphia,
Pennsylvania 19104; Department of Anesthesia [S.W., Y.Z.], Second Affiliated Hospital of Sun Yat-sen University, Guangzhou 510120,

China; Drexel University College of Medicine [K.P.], Philadelphia, Pennsylvania

ABSTRACT: We investigated the extent of isoflurane-induced neu-
rodegeneration on the fetuses of pregnant rats exposed in utero.
Pregnant rats at gestational d 21 were divided into three experimental
groups. Rats in the control group spontaneously breathed 100%
oxygen for 1 h. Rats in the treatment groups breathed either 1.3 or 3%
isoflurane in 100% oxygen through an endotracheal tube, with me-
chanical ventilation for 1 h. Rat pups were delivered by cesarian
section 6 h after treatment, and fetal blood was sampled from the left
ventricle of each fetal heart and evaluated for S100�. Fetal brains
were then evaluated for apoptosis, using caspase-3 immunohisto-
chemistry in the CA1 region of the hippocampus and the retrosplenial
cortex (RS). The 3% isoflurane treatment group showed significantly
higher levels of S100� levels and significantly increased average den-
sities of total caspase-3–positive cells in the CA1 hippocampus and RS
cortex compared with the control and the 1.3% isoflurane groups. There
were no differences in S100� levels or densities of caspase-3–positive
cells between the control and 1.3% isoflurane groups. Isoflurane at a
concentration of 3% for 1 h increased neurodegeneration in the hip-
pocampal CA1 area and the retrosplenial cortex in the developing brain
of fetal rats. (Pediatr Res 66: 435–440, 2009)

Increasing evidence suggests that commonly used inhala-
tional anesthetics, especially isoflurane, dose- and time-

dependently induce damage in various types of tissues and
cells, including hippocampal slices (1), lymphocytes (2,3),
neuroglioma (4), liver cells (5), gingival fibroblasts (6), neu-
rosecretory PC12 cells (7,8), and primary cortical and striatal
neurons (2,7,8). In animal studies, isoflurane, alone or in
combination with midazolam or nitrous oxide, caused wide-
spread neurodegeneration in the 7-d-old rodent brain and was
associated with subsequent cognitive impairment (9,10). In
the elderly rodent, isoflurane exposure also caused persistent
memory impairment (11). Recent clinical studies suggest a
greater incidence of learning disabilities in children exposed
to anesthesia during surgery before the age of 3, especially in
children over the course of multiple surgeries (12,13).
Pregnant women sometimes require general anesthesia for

various surgeries, such as cesarian sections and fetal surgeries.

Because anesthetics easily cross the placenta, these interven-
tions expose developing fetal brains to inhalational anesthetics
as well. Because neurons in the developing brains are espe-
cially vulnerable to anesthesia-mediated neurodegeneration
(9), it is possible that inhalational anesthetics administered to
pregnant mothers can harm the developing fetal brains (14).
We have previously shown that 1.3% isoflurane administered
during late pregnancy did not produce detectable injury to the
rat fetal brains (15). However, in the case of fetal surgery used
to correct various congenital malformations during mid-
gestation (18–25 wk) (16), the fetal brain can be exposed to
2–3 times (2.5–3 minimal alveolar concentration [MAC]) the
normally used clinical concentrations of inhaled anesthetics to
both relax uterine smooth muscle and provide adequate anes-
thesia (16). Fetal surgery is a rapidly growing and evolving
area and may become the standard therapy for most disabling
malformations that are usually treated in young infants
(16,17). Considering the dose-dependent characteristics of
anesthesia-mediated neurodegeneration in both cell cultures
(2,18) and animal models (9), it is important and urgent to
know whether the high concentrations of inhalational anes-
thetics normally used during fetal surgery will cause neuro-
degeneration in the developing fetal brain. Following up on
the use of a low concentration of isoflurane in our previous
study (15), this study further investigated whether the high
concentrations of isoflurane inhaled by pregnant mothers dur-
ing fetal surgery would cause neurodegeneration in develop-
ing fetal rat brains.

METHODS

Animals. The Institutional Animal Care and Use Committee (IACUC) at
the University of Pennsylvania approved all experimental procedures and
protocols used in this study. All efforts were made to minimize the number of
animals used and their suffering. Sprague-Dawley pregnant rats (Charles
River Laboratories, Wilmington, MA) were housed in polypropylene cages,
and the room temperature was maintained at 22°C, with a 12-h light–dark
cycle. Pregnant rats at gestational d 21 (E21) were used for all experiments,
as in our previous study (15), because this time corresponds approximately to
mid-gestation in human beings (9,19) and is a common time for most fetal
surgeries (18–25 wk) (16).

Experimental protocol. Our previous study demonstrated that 1.3% isoflu-
rane for 6 h is the maximum exposure that would not cause a detrimental
effect on arterial blood gas values, without tracheal intubation. For the
purpose of the experimental design, we first performed a pilot study, using
eight pregnant rats, to determine the maximum exposure time that �2 MAC
of isoflurane (3%) can be used without decreasing arterial blood pressure and
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worsening arterial blood gas (ABG) values, even with tracheal intubation and
mechanical ventilation. The results from our pilot study indicated that a
maximum duration of exposure of 3% isoflurane was 1 h, and that the 100%
oxygen was also necessary to prevent hypoxia during the treatment. There-
fore, in our formal experimental design as demonstrated in Figure 1, we
divided the animals into three groups: control, low concentration of isoflurane
(1.3%), and high concentration of isoflurane (3%) treatment groups. Pregnant
rats in the control group inhaled only humidified 100% O2 for 1 h in a
chamber, with monitoring and maintenance of their rectal temperature at 37 �
0.5°C, using a deltaphase isothermal pad (Braintree Scientific, Inc., Braintree,
MA). The oxygen and carbon dioxide levels in the chamber were also
monitored and maintained using a Datex-Ohmeda Capnomac Ultima ULT-
1A-27–08 anesthesia monitor (Instrumentarium Corp., Helsinki, Finland) as
described in our previous study (15). Pregnant rats in the treatment groups
were first anesthetized with inhalation of 1.3% isoflurane, and their trachea
were intubated with an endotracheal tube (i.v. angiocatheter #14), followed by
mechanical ventilation, using an MR1–1 ventilator (CWE, Inc., Ardmore,
PA). The rectal temperature was monitored continuously throughout the
experiment by a thermometer (Fischer Scientific, Pittsburgh, PA) for both
treatment groups and was maintained at 37 � 0.5°C, using a Hospital Heating
Pad (The Davol Rubber Company, Providence, RI). An arterial catheter was
placed in the left femoral artery for continuous monitoring of mean arterial
blood pressure (MAP) and collection of blood samples for the arterial blood
gases (ABG). We obtained baseline MAPs and ABGs in pregnant rats after
placement of an arterial catheter in the left femoral artery while the animals
were anesthetized with 1.3% isoflurane. Thereafter, pregnant rats in the two
treatment groups inhaled either low (1.3%) or high (3%) concentrations of
isoflurane for 1 h. The MAP was continuously monitored throughout the
experiments and the arterial blood from the left femoral arterial catheter was
collected periodically to determine ABG values. For pregnant rats receiving
the 3% isoflurane treatment, occasional i.v. bolus injections of phenylephrine
at 0.3 mg/kg via the left femoral vein were used to maintain MAP and ABG
values within the normal physiologic range, without significant differences
comparing to the low concentration (1.3%) isoflurane treatment (Table 1; Fig.
2). These injections mimic a scenario of clinical practice during fetal surgery.
Because, in obstetrics, phenylephrine is the recommended vasopressor to
maintain arterial blood pressure within normal limits (20) and is an important
factor in maintaining uterine blood flow. To our knowledge, no study has
clearly demonstrated that phenylephrine itself can induce neurodegeneration
in developing fetal brains. Blood glucose was simultaneously measured with
a glucometer (ACCU-CHECK Advantage, Roche Diagnostics Corporations,
Indianapolis, IN) to detect and treat hypoglycemia. Our previous study
demonstrated that isoflurane administered to pregnant mothers quickly passes
the blood-brain barrier and that isoflurane concentrations measured in the fetal

brains rapidly equilibrated with the inhaled isoflurane concentrations of their
pregnant mothers (15). We did not further measure the concentrations of
isoflurane in the fetal brains for this study.

Blood and brain tissue preparation. At 6 h after cessation of 1 h of either
1 or 3% isoflurane treatment or 100% oxygen inhalation in the case of control
group, pregnant rats were anesthetized with sodium pentobarbital intraperi-
toneally (i.p. 100 mg/kg), and the pups were delivered via cesarean section.
Two pups from each pregnant mother were randomly chosen for obtaining
blood and brain tissue to study the extent of neurodegeneration. We elected to
perform the C-section for obtaining fetal blood and brains at 6 h after
cessation of 1 h anesthesia treatment because the developing brains of
newborn rodents clearly demonstrated anesthesia-induced early neurodegen-
eration about 5–8 h after onset of anesthesia treatment in previous studies.
Therefore, 7 h (1 h anesthesia treatment plus 6 h postanesthesia duration) after
beginning anesthesia treatment was considered a sensitive point in time to
detect early neurodegeneration and was used in this study (9,15). Pentobar-
bital has widely been used for the sacrifice of animals and should not
significantly influence the extent of neurodegeneration in this study because
the brains were removed immediately after the use of pentobarbital. Blood

Figure 1. Nomogram illustrating distribution
of pregnant mothers and their fetuses among
different experimental groups.

Figure 2. Changes of MAP during the treatment of isoflurane at different
concentrations. Solid circle, 3% isoflurane; open square, 1.3% isoflurane. n �
6 for each time point.

Table 1. Arterial blood gas measurements

Baseline 30 min 60 min

1.3% ISO 3.0% ISO 1.3% ISO 3.0% ISO 1.3% ISO 3.0% ISO

pH 7.45 � 0.02 7.41 � 0.02 7.44 � 0.04 7.36 � 0.02 7.37 � 0.03 7.30 � 0.01
PaCO2 (mm Hg) 41.1 � 2.01 40.9 � 1.75 40.8 � 2.03 45.3 � 4.97 45.4 � 4.66 45.3 � 3.01
PaO2 (mm Hg) 328.9 � 29.5 364.1 � 28.4 347.5 � 46.3 340.5 � 37.0 369.7 � 39.7 362.2 � 42.6
HCO3

� (mmol/L) 26.9 � 1.25 26.6 � 1.17 26.8 � 1.15 26.7 � 2.80 27.9 � 1.35 26.9 � 1.27
BG (mg/dL) 89.2 � 2.24 98.6 � 3.54 91.2 � 3.24 103.8 � 7.26 86.0 � 5.74 96.0 � 6.06

Values are mean � SE. N � 6 for each group.
ISO, isoflurane.
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(0.1 mL) was collected from the fetal left ventricle for determination of
S100�, a recommended useful biomarker for fetal brain damage during
pregnancy (21). Thereafter, the fetal brains were perfused transcardially with
ice-cold normal saline followed by 4% paraformaldehyde in PBS (pH 7.4).
The brains were then removed and postfixed overnight in the same fixative at
4°C and cryoprotected in 30% (wt/vol) sucrose at 4°C for 24 h. The brains
were then frozen in isopentane at �20°C and stored at �80°C until use. Serial
coronal sections (10 �m) were cut in a cryostat (Dolbey-Jamison Optical
Company, Inc., Pottstown, PA), then mounted on gelatin-coated slides and
stored at �80°C until use.

Determination of S100ß in fetal blood. S100� levels in blood may be a
useful predictor of fetal brain damage during pregnancy (21). We measured
S100� levels in the fetal blood, using Sangtec 100 ELISA kits (DiaSorin, Inc.,
Stillwater, MN), following the manufacturer’s protocol as described previ-
ously (22). Briefly, 50 �L of plasma was placed in each well of a 96-well plate
and mixed, with 150 �L tracer from kit and incubated for 2 h. This was then
followed by (3,3�,5,5� tetramethylbenzidine, TMB) substrate and stop solu-
tion. The OD was read at 450 nm. The sensitivity was determined by plotting
the standard curve and concentration, using it to determine the concentrations
of the samples. We used only two fetal blood samples for each pregnant
mother because of difficulties in obtaining enough blood (0.1 mL) from every
fetus for adequate measurement of the S100� level.

Immunohistochemistry for caspase-3. Caspase-3–positive cells were
measured in the hippocampal CA1 region and retrosplenial cortex, using
immunohistochemical methods that we and others have described previously
(15). These two brain regions were chosen because they are particularly
vulnerable to anesthesia-mediated neurodegeneration (9,15) and are important
to memory and learning. Briefly, brain sections were first incubated in 3%
hydrogen peroxide in methanol for 20 min to block endogenous peroxidase
activity. Sections were then incubated with blocking solution containing 10%
normal goat serum in PBS containing 0.1% Tween 20 (PBST) for 1 h at room
temperature after washing with 0.1% PBST. The antiactivated caspase-3
primary antibody (1/200, Cell Signaling Technology, Inc., Danvers, MA) was
then applied in blocking solution and incubated at 4°C overnight. Tissue
sections were biotinylated with goat anti-rabbit antibody (1/200, Santa Cruz
Biotechnology, Inc., Santa Cruz, CA) in 0.1% PBST for 40 min, followed by
incubation with the avidin-biotinylated peroxidase complex (Vectostain
ABC-Kit, Vector Lab, Burlingame, CA) for 40 min. Tissue sections were
colorized with diaminobenzidine (DAB, Vector Laboratories, Burlingame,
CA) for 8 min and counterstained with modified hematoxylin. Negative
control sections were incubated in blocking solution that did not contain
primary antibody. Images were acquired and assessed at 200� using IP lab
7.0 software linked to Olympus IX70 microscope (Olympus Corporation,
Japan) equipped with a Cooke SensiCam camera (Cooke Corporation, Ro-
mulus, MI). Three brain tissue sections at 10 �m, corresponding to the Atlas
of the Developing Rat Nervous System, Figure 105 (23), were chosen from
each animal and analyzed for caspase-3–positive cells in the two brain
regions. Two individuals blinded to the treatments counted the total number
of caspase-3–positive cells in the hippocampal CA1 region and retrosplenial
cortex. The areas of the hippocampus CA1 region and retrosplenial cortex
were defined according to the Atlas of the Developing Rat Nervous System,
Figure 105 (23) and the area measured using IPLab Suite v3.7 imaging
processing and analysis software (Biovision Technologies, Exton, PA; www.
BioVis.com.). The density of caspase-3–positive cells in a particular brain
region was calculated by dividing the number of caspase-3–positive cells by
the area of that brain region.

Statistical analysis. We averaged the data from two fetuses randomly
chosen from the same mother and used this average as a single sample for all
the data analysis derived from the fetuses to reduce variance from different-
sized litters as was also done for our previous study (15). Six pregnant
mothers were used for each group of anesthesia treatments, therefore the n
value used for the statistical analysis of MAP and ABG values for each
experimental group was 6. Because the fetal data were averaged from two
fetuses from the same mother to form one data point for the blood S100�
levels and caspase-3 densities in the different brain regions, the n value was
also 6. Results of the ABG and MAP measurements in the pregnant rats were
analyzed using two-way ANOVA repeat measurements because of different
time points. Data for S100� levels and caspase-3 densities in the different fetal
brain regions were analyzed using one-way ANOVA, followed by Tukey post
hocmultiple comparison tests. In all experiments, differences were considered
statistically significant at p � 0.05.

RESULTS

Comparison of basic physiologic variables of ABG and
MAP. As shown in Table 1 and Figure 2, we maintained ABG

values and MAP within the normal physiologic range in the
treatment groups receiving either 1.3 or 3% isoflurane. This
was done with i.v. injections of phenylepherine for the group
receiving 3% isoflurane and the use of 100% oxygen as gas
carrier, mimicking the clinical scenario of fetal surgery. There
were no significant differences between the low and high
concentrations of isoflurane treatment groups on any mea-
sured variables for ABG and MAP (n � 6 for both). Taking
these measures reduces the possibility that isoflurane-induced
neurodegeneration in the fetal brains was caused by physio-
logic side effects (e.g. hypotension, hypoxia and hypercapnia).

The higher concentration of isoflurane increased S100�
levels in fetal blood. Although not statistically significant, the
average blood level of S100� in the fetal rat whose mothers
received 1.3% isoflurane treatment for 1 h was slightly higher
than in the control group (Fig. 3). However, the average blood
level of S100� in the fetus whose mothers were treated with
3% isoflurane for 1 h was significantly increased compared
with the S100� level in the control group (121% increase over
the control level, p � 0.05, n � 6).

The higher concentration of isoflurane increased apoptosis
in the developing fetal brains. The 1.3% isoflurane for 1 h did
not significantly affect the density of caspase-3–positive cells
in the CA1 region of the hippocampus (Fig. 4) or retrosplenial
cortex (Fig. 5) when compared with the control. However, 3%
isoflurane for 1 h significantly increased caspase-3 densities in
both the hippocampal CA1 region (Fig. 4, 115% increase over
the control, p � 0.05) and in the retrosplenial cortex (Fig. 5,
154% increase over control, p � 0.001, n � 6).

DISCUSSION

Our study demonstrated that isoflurane exposure at a high
concentration (3%) in pregnant rats increased the blood levels
of S100� in their fetuses, as well as increased the degree of
apoptosis in the fetal hippocampal CA1 region and retrosple-
nial cortex of the fetal brains. These two brain regions are
closely related to memory and learning and are particularly

Figure 3. Isoflurane at high concentration (3%) increased S100� in the rat
fetal blood. S100� levels in the blood obtained from left ventricle puncture
were determined using a Sangtic 100 ELISA kit. ISO, isoflurane. Data
represent mean � SE from 12 rat fetus. *p � 0.05 compared with both control
and 1.3% ISO.
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vulnerable to anesthesia-mediated neurodegeneration (9,15).
Similar to studies focusing on the fetal brains of guinea pigs
(14) and the developing neonatal brains of rodents (9,10),
these results indicate that isoflurane at a higher concentration
is capable of causing neurodegeneration in fetal rat brains.
The effects of anesthesia on apoptosis in the developing

fetal brain have been controversial, with inhibition (15), no
effects (24), and promoting effects (14) all being reported.
Similarly, the effects of anesthesia used during the develop-
ment of fetal or newborn brains on long-term memory and
learning are also mixed with anesthesia being found to cause
both transient improvement (15) and permanent impairment
(9). Controversial data also demonstrated the improvement
(25) and impairment (11) of cognitive function after adult
rodents received general anesthesia. Together with our previ-
ous study (15), these results suggest that isoflurane induces
neurodegeneration in the fetal rat brain only when it was used
in higher concentrations (3% or around 2 MAC). These results
are consistent with the dose-dependent toxic effects of isoflu-
rane in tissue cultures (2,7) and newborn rats (9). It should be
noted that isoflurane induced a much greater degree of neu-
rodegeneration in 7-d-old rats (9) than in the developing fetal

rat brains, demonstrated in the current study. It is hypothe-
sized that synaptogenesis in rats peaks around postnatal d 7,
which may contribute to the increased vulnerability of the
developing brain of 7-d-old rats to isoflurane-mediated neu-
rodegeneration (9,19). It has been proposed that neurons
during periods of rapid growth or synaptogenesis in the de-
veloping brain are vulnerable to anesthesia-mediated neuro-
degeneration (9). The fact that a combination of isoflurane
with nitrous oxide and midazolam was used in a previous
study (9) may have also contributed to the increased neuro-
degeneration mediated by general anesthesia than that ob-
served from isoflurane as a single agent in this study. Our
recent study examining tissue cultures indicated that isoflu-
rane can take on the properties of a “double-edged sword” in
that it can be both neuroprotective and neurotoxic (18). Isoflu-
rane at a low concentration and short duration seemed to
precondition neurons and provide neuroprotection, whereas
isoflurane at a high concentration for long duration directly
induced neurotoxicity (18). Thus, 1.3% isoflurane inhaled by
pregnant rats transiently inhibited spontaneous apoptosis in
the fetal brain, possibly by preconditioning as seen in our
previous study (15), whereas 3% isoflurane inhaled by preg-
nant mothers in this study induced apoptosis in the fetal rat
brains. Given that spontaneous apoptosis in the developing
fetal brain is a normal process that shapes the brain as it
matures, the significance of increased apoptosis induced by
anesthesia in developing brains is unclear, but, as demon-
strated previously, it is likely to be detrimental to subsequent
cognitive ability (9).
The developing brains of different animal species demon-

strate varying vulnerabilities to anesthesia-mediated apopto-
sis. Isoflurane at a relatively low concentration (0.55%) was

Figure 4. In utero isoflurane at high concentration (3%) increased apoptosis
in the hippocampus CA1 region of the fetal developing brains. (A) Arrows
indicate caspase-3–positive cells in the hippocampus CA1 region located
within the red rectangles illustrated on the left, demonstrating the entire
hippocampus of developing fetal brains at low magnification. Scale bar � 50
�m for the low magnification on the left and 10 �m for the high magnification
on the right (red bar on the right lower corner for each picture). (B) Data
represent the mean � SE of 12 fetal rat brains from six pregnant mothers (n �
6) in either the control group or the treatment groups with 1.3 or 3% isoflurane
(ISO). *p � 0.05 compared with both control and 1.3% ISO, n � 6.

Figure 5. In utero isoflurane at high concentration (3%) increased apoptosis
in the retrosplenial cortex of the fetal developing brains. (A) Arrows indicate
caspase-3–positive cells in the retrosplenial cortex in different experiment
groups. (B) Data represent the mean � SE of 12 fetal rat brains from six
pregnant mothers (n � 6) in either the control group or the treatment groups
with 1.3 or 3% isoflurane (ISO). Scale bar � 10 �m (red bar on the right
lower corner for each picture). **p � 0.001 compared with both control and
1.3% ISO, n � 6.
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shown to induce significant apoptosis in multiple brain regions
in fetal guinea pigs (14), whereas a significantly higher con-
centration (3%) of isoflurane was needed to induce apoptosis
in the fetal rat brains in this study. The periods of synapto-
genesis are sustained for a longer portion of the pregnancy in
guinea pigs than in rats (19), potentially making the develop-
ing rat brains relatively less vulnerable to isoflurane toxicity
compared with guinea pigs. However, isoflurane at the rela-
tively high concentrations commonly used during fetal sur-
gery could still induce significant apoptosis even in the fetal
rat brains, which are theoretically less vulnerable to isoflu-
rane-induced neurodegeneration. Together with the reports
from other animal studies (9,10), this investigation suggests
that the administration of high concentrations of inhalational
anesthetics to pregnant mothers may not be prudent, if these
results in rodents can be translated to humans (9,10).
An interesting finding in this study is that S100� levels in

fetal blood significantly increased after pregnant mothers in-
haled 3% but not 1.3% isoflurane. Unlike the diagnosis of
myocardial infarction using troponin levels in the blood, the
diagnosis of neurodegeneration in the CNS is usually difficult
because no such selective and sensitive biomarkers for neu-
rodegeneration have been well developed. S100� seems to
be most abundant in glial cells in the nervous system and
has been widely used as one of the biomarkers for neuro-
degeneration in CNS. S100� may be a useful biomarker for
fetal brain damage during pregnancy because its concen-
tration has been demonstrated to be increased in amniotic
fluid and cord blood in those fetuses that experienced a
brain insult during pregnancy (21). The results from this
study support the hypothesis that S100� levels in fetal
blood may be a useful biomarker for fetal brain damage,
although its usefulness in detecting neurodegeneration in
anesthesia-mediated brain damage in newborn and adult
brains needs further investigation.
The mechanisms for inhaled anesthetic-mediated neurode-

generation in the developing brain are still not clear. Some
studies suggest that activation of GABAA receptors and inhi-
bition of NMDA receptors by anesthetics, such as isoflurane,
may play an important role in the induction of neurotoxicity in
the developing brain (9). Our recent studies, both in tissue
culture and in animals, suggest that inhalational anesthetics
induce apoptosis through a disruption of intracellular calcium
homeostasis, particularly through the overactivation of IP3
receptors and abnormal calcium release from the endoplasmic
reticulum (2,3,8). In addition, it seems that cells with elevated
IP3 receptor activity, such as rat pheochromocytoma neurose-
cretory (PC12) cells transfected with Alzheimer’s preseni-
lin-1 (L286V) mutation or Q-111 rat striatal neurons (a cell
model of Huntington disease), were more vulnerable to
isoflurane-mediated apoptosis and calcium release from the
endoplasmic reticulum (2,8). A better understanding of the
mechanisms of anesthesia toxicity will help us to develop
strategies that will minimize the possible harmful effects of
general anesthesia to patients.
This study has several limitations. First, we did not assess

the effects of a high concentration of isoflurane used during
pregnancy on the postnatal cognitive function. Additionally,

we did not perform any type of fetal surgery in this study,
which may have effects on inflammation in the brains and
affect postoperative cognitive function (26). We found it
difficult to maintain PaO2 unchanged for more than 1 h, even
at FiO2 of 100% and mechanical ventilation, under the con-
ditions of both deep anesthesia and i.v. phenylephrine infu-
sion. Although injections of phenylephrine are often used in
clinical patients to maintain MAP within the physiologic
range during fetal surgery and no studies to date suggest that
phenylephrine could affect neurodegeneration significantly,
this remains a limitation. We also did not examine the effects
of isoflurane exposure on apoptosis in the developing brains at
other time points during the gestation period. In addition, the
n value for each group is relatively low but did demonstrate
statistical significance because of the remarkable increase of
S100� levels in the fetal blood and significantly increased
apoptosis in the fetal hippocampus and retrosplenial cortex
after treatment with a high concentration of isoflurane in
pregnant mothers.
In conclusion, prenatal exposure of isoflurane at high (3%),

but not low (1.3%), concentration induced neurodegeneration
in the fetal rat developing brains.
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