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ABSTRACT

What We Already Know about This Topic

What This Article Tells Us That Is New
• In pregnant rats during midgestation, anesthesia with isoflurane for 4 h resulted in deficits in spatial memory and reduced
anxiety behavior in the offspring at adulthood

Results: Isoflurane anesthesia was physiologically well tolerated by the dams. Adult rats exposed prenatally to isoflurane
were not different than controls on spontaneous locomotor
activity, spontaneous alternations, or object recognition
memory, but made more open arm entries on the elevated
plus maze and took longer and made more errors of omission
on the radial arm maze.
Conclusions: Rats exposed to isoflurane in utero at a time
that corresponds to the second trimester in humans have
impaired spatial memory acquisition and reduced anxiety,
compared with controls. This suggests the fetal brain may be
adversely affected by maternal anesthesia, and raises the possibility that vulnerability to deleterious neurodevelopmental
effects of isoflurane begins much earlier in life than previously recognized.
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P

RECLINICAL studies demonstrate that commonly used
sedatives and anesthetic agents administered at the extremes of life induce long-lasting neurobehavioral changes,1,2
and recent clinical studies support the possibility.3–5 General
anesthetics administered during the critical “growth spurt”
phase of brain synaptogenesis cause apoptosis-mediated neurodegeneration and synapse loss, whereas they increase synaptogenesis later in neurodevelopment.1,6,7 However, brain
development is well underway as early as the second trimester
of pregnancy; neurogenesis, neuronal migration, and corticogenesis are major neurodevelopmental events at this stage.8
This is significant because most nonobstetric surgeries and
fetal intervention procedures are performed during the sec䉬 This article is accompanied by an Editorial View. Please see: Flood
P: Fetal anesthesia and brain development. ANESTHESIOLOGY 2011;
114:479–80.
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• General anesthesia during infancy affects neural development
in animals and may disrupt development in humans
• Whether fetal exposure to general anesthesia produces similar
effects in humans is unknown

Background: Preclinical evidence suggests that commonly
used anesthetic agents induce long-lasting neurobehavioral
changes when administered early in life, but there has been
virtually no attention to the neurodevelopmental consequences
for the fetus of maternal anesthesia. This study tested the hypothesis
that fetal rats exposed to isoflurane during maternal anesthesia on
gestational day 14, which corresponds to the second trimester in
humans, would be behaviorally abnormal as adults.
Methods: Timed, pregnant rats were randomly assigned on
gestational day 14 to receive 1.4% isoflurane in 100% oxygen
(n ⫽ 3) or 100% oxygen (n ⫽ 2) for 4 h. Beginning at 8 weeks
of age, male offspring (N ⫽ 12–14 in control and anesthesia
groups, respectively) were evaluated for spontaneous locomotor
activity, hippocampal-dependent learning and memory (i.e.,
spontaneous alternations, novel object recognition, and radial
arm maze), and anxiety (elevated plus maze).

Behavioral Development after Prenatal Isoflurane

identical anesthetizing chambers. This concentration of
isoflurane was selected because it represents 1 minimum alveolar concentration in the pregnant rodent.21 The animals
breathed spontaneously, and the isoflurane concentration
was measured continuously with an agent analyzer (Datex,
Tewksbury, MA; Ohmeda, Madison, WI). During isoflurane anesthesia, maternal blood pressure was measured noninvasively every hour, rectal temperature was maintained at
37 ⫾ 0.5°C with heating pads, and venous blood gases and
plasma glucose were measured at the end of the anesthetic.
These time points were chosen after we confirmed in a preliminary study (n ⫽ 2 dams), with continuous invasive blood
pressure monitoring, hourly blood gases, and serial plasma
glucose determinations, that maternal physiology remained
stable throughout a 4-h isoflurane anesthetic. After anesthesia, the anesthetized and control dams recovered in 100%
oxygen for 20 min after the return of the righting reflex.
Maternal weight was monitored daily until delivery of the
pups on gestational day 22. Each litter was group-housed
with the corresponding dam until postnatal day 28, at which
time pups were weaned and housed in pairs. To eliminate the
influence of the estrus stage on cognitive behavior, only adult
male offspring were used for these experiments. Animals
were singly housed during behavioral testing.
All animals were acclimated to the experimental environment for 1 week before behavioral characterization. Blinded
investigators performed the behavioral experiments, and all
equipment used for behavioral testing was wiped with 70%
ethanol between animal uses to eliminate olfactory trails. The
behavioral tasks were designed to detect changes in locomotor activity (spontaneous locomotor activity task), exploratory behavior (spontaneous alternation task, novel object
recognition task), anxiety (elevated plus maze task), and spatial working memory (radial arm maze task).

Materials and Methods
Subjects
With the approval of the Institutional Animal Care and Use
Committee of Longwood Medical Area (Boston, MA), experiments were conducted on five timed-pregnant SpragueDawley rats (Charles River Laboratories, Inc., Wilmington,
MA) and their respective offspring. The dams, weighing between 230 and 280 g, were acclimated to the approved housing facility for 3 days before anesthetic treatment on embryonic day 14 (E14). This age that was chosen as E14 –16 in a
pregnant rat corresponds to the second trimester of human
pregnancy,19,20 the period when most nonobstetric surgeries
and fetal interventions are performed,10,12 and when both
species show similar neurodevelopmental profiles.8,20 Dams
were housed in standard polypropylene cages and exposed to
a 12-h light-dark cycle in a temperature- and humidity-regulated room, with access to standard rat chow and water ad
libitum. Appropriate care was taken to minimize the number
of animals used and their suffering.

Spontaneous Locomotor Activity
Spontaneous locomotor activity was tested in a black Plexiglas (Mass Polymer Corp., Newton, MA) chamber (50 ⫻
50 ⫻ 40 cm) illuminated from below with a 25-W incandescent bulb (approximately 50 lux). The animal was placed in
the box and allowed to move spontaneously for 5 min. Animal movement was tracked using Any-maze video-tracking
software version 4.72 (Stoelting Co., Wood Dale, IL) to
evaluate distance traveled, mean speed, total number of immobile episodes, and the total duration of immobility.
Spontaneous Alternation
This task depends on the rodents’ innate tendency to explore
new areas and tests spatial working memory.22 The task was
performed on a Y-maze with arm dimensions of 50 ⫻ 10 ⫻
30 cm. The rat was placed at the end of one arm, and spontaneous movement was observed for 5 min. Arm entry was
scored when all four paws were completely inside the arm,
and an alternation was scored when there were successive
entries into three consecutive arms (a triplet). The total num-

Anesthesia
On E14, the dams were randomly assigned to control (n ⫽ 2)
or anesthesia (n ⫽ 3) groups. Animals randomly assigned to
anesthesia received 1.4% isoflurane in 100% oxygen for 4 h,
whereas control animals received 100% oxygen for 4 h in
Anesthesiology 2011; 114:521– 8
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ond trimester.9,10 Nevertheless, there has been virtually no
attention to the neurodevelopmental consequences for the
fetus of maternal anesthesia.
There are several reasons for concern. First, most general
anesthetic agents are lipophilic and cross the placenta easily.11
Second, fetal intervention procedures are relatively long,
and general anesthesia is, of course, necessary. Third, high
concentrations of anesthetic (⬃1.5 minimum alveolar
concentration) are usually required to facilitate uterine
quiescence and minimize the risk of preterm labor.12
Thus, clinical necessity and practice may inadvertently
put the fetal brain at risk for neurodevelopmental abnormalities. Perhaps most important, the processes occurring
early in fetal neurodevelopment are exquisitely sensitive to
environmental and pharmacological influences.13–15
␥-Aminobutyric acid (GABA) receptor modulators are of
particular interest in this regard because GABA is a trophic factor in the developing brain,16 and excessive or
prolonged GABAergic stimulation during early neurodevelopment is capable of causing life-long behavioral consequences by altering neural connectivity.13,17 This is potentially important because, although all of the volatile
general anesthetics are pleiotropic agents that act at multiple receptors, the GABAA receptor is one of their principal sites of action.18 Accordingly, we hypothesized that
early gestational exposure to isoflurane during maternal
anesthesia may have adverse effects on the fetal brain that
lead to behavioral abnormalities in adulthood.

PERIOPERATIVE MEDICINE

Elevated Plus Maze Task
The elevated plus maze task evaluates anxiety-like behaviors.23 The maze, elevated 60 cm off the floor by wooden
legs, consists of four arms, each 50 ⫻ 10 cm, intersecting
each other; a pair of opposing arms has walls 50 cm in height
(the “closed” arms), and the other pair has a 2-cm ridge (the
“open” arms) to prevent the rat from falling off the maze.
The entire testing chamber was uniformly illuminated with
ambient fluorescent lighting at an intensity of approximately
200 lux. After randomization, rats were placed in the center
of the maze and allowed to explore freely for 5 min. This task
pits the inherent tendency of the rat to explore novel areas
against innate avoidance of open spaces. Increased time in
the “closed” relative to the “open” arms is interpreted as
greater levels of anxiety, usually measured by the extent to
which the animals explore the open arms (i.e., frequency and
duration of visits) relative to their exploration of all arms.
Novel Object Recognition Task
This task relies on rodents’ inherent preference for novelty
and not on motivational state, but depends on both the
perirhinal cortex and the hippocampus.24 During the first
stage of this task, the rat was allowed to explore two identical
objects, placed at a distance of 25 cm from each other in a
Plexiform glass chamber (50 ⫻ 50 ⫻ 40 cm), for 5 min, and
its performance was tracked using an automated tracking
device and accompanying Any-maze software before returning it to the home cage for 2 h. All objects and the maze were
wiped with 70% ethanol, and the novel object (different in
shape, size, and texture) was placed in the position of the
object that was least explored; the rat was then returned to
the testing chamber where it was allowed to explore the objects for 2 min. Data were manually scored by an observer
blinded to treatment condition and confirmed using an automated tracking device and accompanying Any-maze software (Stoelting Co.). The number of approaches to the novel
and familiar object and the time spent exploring them were
recorded. Exploration was scored when the rat sniffed the
object or placed its nose within a zone 2 cm (marked by the
computer) around the object. Sitting or standing on the object were not considered exploratory behaviors. “Discrimination ratio,” defined as the difference in exploration time for
objects divided by the total exploration time, was subsequently calculated.

Statistical Analysis
Behavioral data from pups born to anesthetized and control
dams were analyzed with linear mixed models, in which anesthetic condition (control or anesthetized) was modeled as a
fixed effect and dam was modeled as a random, repeatedmeasures effect to account for nonindependence of observations among pups born to the same dam. This analysis allowed for simultaneous modeling of effects of anesthetic
condition and dam, even though these variables are not independent (i.e., it was not possible for a particular dam to
have both control and anesthetized offspring). In models in
which behavioral testing occurred over several days, day was
also entered as a random, repeated-measures effect. All models were computed in SPSS 18.0.2 (SPSS, Inc., Chicago, IL)
using the MIXED command and a scaled identity matrix
covariance structure for random subject effects, and a firstorder autoregressive covariance structure for repeated effects
(training day for radial maze testing), because this resulted in
models that converged with superior fit indices, compared to
models with alternate covariance structures. Results from
these analyses are presented as F-statistics from the estimates
of fixed effects of anesthetic condition for locomotor activity,
spontaneous alternation, elevated plus maze, and object recognition tasks and as F-statistics from the estimates of fixed
effects of anesthetic condition, training day, and day ⫻ anesthesia interaction for the measures of radial maze performance. All other data were analyzed with a Student t test.
For comparisons of behavioral measures between the
pups born to anesthetized and control dams, we employed a
procedure described by Benjamini and Hochberg26 to control the overall false discovery rate to the 0.05 level. This
procedure controls the expected proportion of falsely re-

Radial Arm Maze Task
The radial arm maze task is used to assess spatial memory in
rodents.25 It consists of a central arena raised 1 m off the
floor, with 12 radiating arms, each of which has a recessed
cup at the end for hiding a food reward (quarter pieces of
Anesthesiology 2011; 114:521– 8
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Froot Loop cereal; Kellog’s, Battle Creek, MI). To facilitate
spatial navigation, fixed, extramaze cues in the form of simple geometrical designs were placed on the walls of the maze
room. To ensure motivated performance, all rats were food
restricted to 85% of their baseline weight, with free access to
water in the home cage. Rats were habituated to the maze
daily for 7 days. Habituation consisted of placing the animal
in the maze without extramaze clues and allowing it to freely
explore and eat randomly scattered food rewards on the
maze. Each habituation trial was terminated when the rat
had explored all 12 arms or 10 min had elapsed. Formal
testing consisted of a daily 10-min session, in which the rat
was placed on the central arena of the maze with all arms
baited with food reward. The rat was allowed to choose arms
in any order until all 12 arms were visited or 10 min had
elapsed. A correct choice was defined as one in which the rat
entered a baited arm not previously explored, whereas an
error was scored when the rat entered an arm it had previously explored (commission) or failed to enter the arm in 10
min (omission). The number of correct choices to first error,
the total number of errors, and the time to complete the maze
was recorded daily for 7 days.

ber of possible alternations was the total number of arm
entries minus 2. The percent alternation score was calculated
by dividing the actual number of alternations by the number
of possible alternations, expressed as a percentage.

Behavioral Development after Prenatal Isoflurane

Table 1. Maternal Physiology during Isoflurane Anesthesia
MAP 1 h
(mmHg)

MAP 2 h
(mmHg)

MAP 3 h
(mmHg)

MAP 4 h
(mmHg)

pH

PvCO2
(mmHg)

PvO2
(mmHg)

Glucose
(mg/dl)

109 ⫾ 3

105 ⫾ 6

100 ⫾ 2

106 ⫾ 3

7.41 ⫾ 0.02

41.7 ⫾ 1.6

356 ⫾ 45

105 ⫾ 10

Maternal physiology during isoflurane anesthesia. Blood gases and glucose were measured at 4 h of anesthesia on a maternal tail vein
sample. Data are expressed as mean ⫾ SEM for three pregnant rats.
MAP ⫽ mean arterial blood pressure measured hourly; PVCO2 ⫽ partial pressure of carbon dioxide in mixed venous blood; Pvo2 ⫽ partial
pressure of oxygen in venous blood.

Results
Blood pressure was stable in the dams during anesthesia, and
oxygenation, ventilation, and plasma glucose were within
normal limits (table 1). Weight of the control and anesthetized dams did not differ at the time of anesthesia on E14 or
at E21, the day before delivery (fig. 1; P ⬎ 0.05); all pups
were viable and there were no differences in litter size between the control and anesthetized dams (13 ⫾ 0.8 vs.
10.3 ⫾ 0.7 in control and isoflurane-exposed dams, respectively; P ⬎ 0.05, mean ⫾ SEM). The weight of the adult
male offspring was not different between the groups before
behavioral testing (377 ⫾ 10 vs. 376 ⫾ 6 g in control and
isoflurane-exposed animals, respectively; P ⬎ 0.05, mean ⫾
SEM). Two rats exposed to isoflurane in utero were excluded
from all behavioral analyses, as their spontaneous locomotor
activity was 2 SDs lower than the mean, making them statistical outliers. A total of 26 adult male rats (n ⫽ 12 and 14 in
control and anesthesia groups, respectively) were included in
the final analysis.
Rats anesthetized in utero were no more or less active than
controls on the spontaneous locomotor activity test, as measured by distance traveled [F(1,26) ⫽ 3.664, P ⫽ 0.067; fig.

Fig. 2. Spontaneous locomotor activity. There were no differences in either the distance traveled (A) or the mean speed
(B) between adult rats exposed to isoflurane in utero (n ⫽ 14)
and age-matched controls (n ⫽ 12) (P ⫽ 0.07 and 0.06,
respectively). Data are expressed as mean ⫾ SEM.

Fig. 1. Maternal weight at the time of anesthesia (E14) and 1
day before delivery (E21). There were no differences between
the groups (P ⬎ 0.05). Data are expressed as mean ⫾ SEM
for 2 control and 3 anesthetized dams.
Anesthesiology 2011; 114:521– 8
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2A], mean speed [F(1,26) ⫽ 3.81, P ⫽ 0.062; fig. 2B], or the
frequency or duration of immobile episodes [Fs(1,26) ⬍
1.452, Ps ⬎ 0.15]. There were no differences in the number
of arm entries during spontaneous alternation testing between isoflurane-exposed rats and control rats [16.7 ⫾ 1.1 vs.
14.3 ⫾ 1.6, mean ⫾ SEM; F(1,26) ⫽ 5.023; P ⫽ 0.034, fig.
3] nor was there a difference in spontaneous alternations
between the groups [F(1,26) ⫽ 0.005; P ⫽ 0.945].
The performance of one control rat was excluded from
the elevated plus maze task, because the time spent in the
arms was more than 2 SDs from the mean of the control
group (making this case a statistical outlier), and one previously anesthetized rat was excluded because it fell off the
maze during testing. Isoflurane-treated rats made significantly more entries into the open arms [F(1,24) ⫽ 9.448,
P ⫽ 0.005; fig. 4A], which is consistent with decreased anxiety. However, time in the open arms [F(1,24) ⫽ 6.448, P ⫽
0.018; fig. 4B)], total arm entries [F(1,24) ⫽ 5.404, P ⫽
0.029], and entries into the closed arms [F(1,24) ⫽ 1.143,
P ⫽ 0.296] were not different between the control and
isoflurane-exposed animals after applying the BenjaminiHochberg correction.
In the object recognition task, control and isoflurane-treated
rats did not differ in time spent exploring the objects during the
first (sample) phase [F(1,26) ⫽ 1.712, P ⫽ 0.202]. Similarly,
there were no differences in the number of approaches to the
novel object [F(1,26) ⫽ 0.899, P ⫽ 0.352], the familiar object
[F(1,26) ⫽ 4.516, P ⫽ 0.043], or in the total number of approaches during the second (novel object) phase of testing
[F(1,26) ⫽ 4.717, P ⫽ 0.039]. Isoflurane-exposed animals also
were no different from controls for recognition memory, as

jected hypotheses and provides greater statistical power relative to procedures that control the familywise error rate (such
as Bonferroni corrections). In this study, we rejected the null
hypothesis and treated as statistically significant P values less
than 0.0075, the three smallest P values from the 20 comparisons of behavioral measures between groups.

PERIOPERATIVE MEDICINE

measured by the “discrimination ratio” based on exploration
time [F(1,26) ⫽ 0.735, P ⫽ 0.399]. Thus, isoflurane-exposed
rats do not have a deficit in object recognition memory, as tested
in this paradigm.
In contrast, based on performance on the radial arm maze
task, isoflurane-exposed pups had a spatial working memory
deficit. This deficit was manifest as a main effect of anesthetic
condition, with rats exposed to isoflurane in utero making
more omission errors [F(1, 50.726) ⫽ 8.494; P ⫽ 0.005; fig.
5A] and taking longer to complete the task [F(1,61.794) ⫽
12.705, P ⫽ 0.001; fig. 5B], both significant after Benjamini-Hochberg correction, than controls. In contrast,
there was no day x anesthesia interaction [F(1,90.93) ⫽
4.046, P ⫽ 0.047] and no difference in correct choices before
the first error [F(1,63.969) ⫽ 4.781, P ⫽ 0.032; fig. 5C],
total arm entries [F(1,52.264) ⫽ 0.038, P ⫽ 0.845], or the
total number of errors [F(1,60.364) ⫽ 2.303, P ⫽ 0.134]
(data not shown) after the Benjamini-Hochberg correction
was applied. Thus, the effect of anesthetic treatment on time
to complete the maze cannot be ascribed to reduced locomotor activity or drive to explore the maze. Notably, with the

Fig. 5. Performance on the radial arm maze. There were no
differences in the total number of arm entries on the maze
between the groups, but animals exposed to isoflurane in
utero (n ⫽ 14) made more omission errors than the controls
(n ⫽ 11; P ⫽ 0.005, significant after Benjamini-Hochberg
correction) (A). On time to complete the maze (B), there was
an effect of anesthesia condition (P ⫽ 0.001, significant after
Benjamini-Hochberg correction), with rats exposed to isoflurane in utero taking longer to complete the maze than agematched controls. There were no differences in the number of
choices made before the first error in both groups (P ⫽ 0.03;
C). Data are expressed as mean ⫾ SEM and were analyzed
using linear mixed models in which anesthetic condition (control or anesthetized) was modeled as a fixed effect and dam
was modeled as a random, repeated-measures effect to
account for nonindependence of observations among pups
born to the same dam.

exception of total number of arm entries [F(1,100.091) ⫽
0.074, P ⫽ 0.787], all measures of performance demonstrated the expected main effects of testing day [Fs(1,90.93–
103.371) ⬎4.244, Ps ⱕ 0.042], indicating progressively
greater mastery of the task with continued training. The
increase in time taken to complete the maze along with an
increase in omission errors, despite a similar number of arm
entries, are consistent with a spatial working memory deficit
in isoflurane-exposed animals in this paradigm.

Fig. 4. Performance in the elevated plus maze. Adult rats
exposed to isoflurane in utero (n ⫽ 13) made more open arm
entries (P ⫽ 0.005, significant after Benjamini-Hochberg correction; A), though there were no differences in the time spent
in the open arms (P ⫽ 0.02, not significant; B), compared to
controls (n ⫽ 11). Data are expressed as mean ⫾ SEM.
Anesthesiology 2011; 114:521– 8
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Fig. 3. Spontaneous alternation behavior. Adult rats exposed
to isoflurane in utero (n ⫽ 14) were no different than controls
(n ⫽ 12) either in the number of arm entries (P ⫽ 0.03, not
significant after Benjamini-Hochberg correction) or in the percent alternation score, calculated by dividing the actual number of alternations by the number of possible alternations (not
shown). Data are expressed as mean ⫾ SEM.
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Anesthesiology 2011; 114:521– 8

have GABAergic properties and have been demonstrated to
disrupt the cortical architecture of the fetal brain and produce behavioral abnormalities in adulthood.14,15,32,33
Changes in GABAA receptor subunit composition, distribution, and concentration of the neurotrophin brain-derived
neurotrophic factor have also been reported after fetal exposure to GABA receptor modulators, such as the benzodiazepines and ethanol,34 –36 and such changes have been implicated in anxiety-related behaviors in adulthood.37– 40
Existing behavioral data, however, are inconsistent on this
point; some studies report increased anxiety-like behavior
after prenatal treatment with agents that have GABAergic
properties,37,38 whereas others find reduced anxiety later in
life.39,40 Unfortunately, our study does not resolve this issue;
although one feature of performance on the elevated plus
maze (i.e., arm entries) supports the idea that isofluraneexposed pups were less anxious as adults than controls, the
phenotype was not evident on all measures of anxiety testing.
Because of the complexity of early neurodevelopment and
the pleiotropic nature of most sedatives and anesthetics,
however, it is possible that their adverse neurodevelopmental
effects are not entirely GABA mediated and is plausible that
subtle differences in the agent, timing, and length of exposure produce vastly different behavioral phenotypes.
The behavioral deficits in isoflurane-exposed rats consisted of taking longer to complete the radial arm maze and
making more omission errors than control animals. These
differences abated by the end of the testing period, however,
indicating that isoflurane-exposed rats were capable of learning, albeit more slowly than controls. Inasmuch as there was
no evidence of memory impairment in the spontaneous alternation task, one might speculate that the impairments in
the radial maze indicate inadequate or impaired mastery of
task rules, rather than a true spatial working memory deficit
per se. However, compared to the radial maze, the spontaneous alternation task is much simpler and can be solved by
strategies that do not require activation of hippocampal circuits (e.g., directional sense, olfaction).41 As such, the spontaneous alternation task may be insufficiently sensitive to
detect subtle learning impairment.
Our results contradict those of a previous report, in which
no behavioral impairment was observed after exposure of
pregnant E20 rats to isoflurane.42 However, that study differed from ours in one important respect: It focused on a later
stage of gestation (E20).42 This is relevant, because neurodevelopmental events at E20 are different than they are at
E14.19,20,42,43 Consequently, because the neurodevelopmental events occurring at the time of isoflurane exposure in
the two studies differed, it is neither surprising nor unexpected that vulnerability to adverse effects of the agent would
also differ. Our findings may also seem to be at odds with a
retrospective epidemiologic study that explored potential association between the type of anesthesia for cesarean delivery
and the incidence of learning disability44; the study did not
find any evidence for learning disability in childhood after
526
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ing maternal anesthesia are behaviorally abnormal as adults.
Our behavioral phenotype was characterized by impaired
acquisition of spatial working memory; there were no differences in spontaneous locomotor activity, spontaneous alternations, or novel object recognition memory, and the increase in open arm entries on the elevated plus maze, which
suggests reduced anxiety, was not apparent on other indices
of anxiety (e.g., time in open arms). The behavioral changes
are unlikely to be explained by an indirect adverse effect of
isoflurane on maternal well-being because maternal systemic
physiology was normal, and there were no differences in
noncognitive variables, such as litter size, viability, and
weight between the isoflurane-exposed and control animals.
Nor are the behavioral deficits explained by defects in locomotor ability, because animals exposed to isoflurane in utero
made a similar number of arm entries on the radial arm maze
task and, if anything, tended to be more active than controls
in other behavioral tasks. Therefore, we conclude that during
a time believed to correspond to the second trimester of
human fetal development, the fetal rat brain is adversely affected by maternally administered isoflurane.
Early neural development is genetically determined, but
precisely choreographed and highly regulated. Consequently, one would expect the brain to be differentially vulnerable, depending upon the timing of a potential insult,
with behavioral outcome varying as a function of the neurodevelopmental events occurring at the time of exposure. We
selected E14 as our investigative time point for several reasons. First, it corresponds to the second trimester of human
neurodevelopment,19,20 the period when most nonobstetric
surgeries and fetal interventions are performed.9,10 Second,
GABAA receptor subunits appear around E14, whereas Nmethyl-D-aspartic receptors are believed to be nonfunctional
at this age.27–29 Thus, the effects of isoflurane, which is an
N-methyl-D-aspartic receptor-antagonist as well as GABA
receptor modulator, are presumably largely GABA mediated
at E14. Further, GABA plays a major role in normal neurodevelopment at this age, implying it may be a time of particular vulnerability to GABAA receptor agonists or modulators.16 GABA is a trophic factor in the developing brain,
where it regulates key developmental processes, including
proliferation of neural stem/progenitor cells, neuronal differentiation, and migration.16,30 As such, GABA controls the
organization of three-dimensional architecture of the fetal
brain.
Given this background, it is not surprising that excessive
or prolonged GABAergic stimulation during fetal neurodevelopment is capable of causing life-long behavioral consequences by altering neural connectivity.13,17 In fact, repeated
exposure to high concentrations of halothane and enflurane
during early and midgestation has been shown to cause learning dysfunction in adolescent mice.31 Moreover, behavioral
abnormalities similar to those we describe have been demonstrated after maternal consumption of ethanol or valproic
acid during early to midgestation (E11–14); both agents
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general anesthetic exposure in utero. However, the exposure
times were short and the exposure to general anesthesia occurred near or at term.
This study was limited in several important respects. First,
it was a behavioral study and therefore provides no insight
into the causative mechanisms. Second, our study was underpowered to detect differences in locomotor activity and
we did not comprehensively phenotype animals on noncognitive behaviors, so the effect of fetal isoflurane exposure on
other aspects of neurodevelopment is unresolved. Third, because in vitro evidence suggests that hyperoxia may be harmful to developing neurons,45 our use of 100% oxygen as a
carrier gas may be questioned. This is unlikely to explain our
results, however, because the control dams also received
100% oxygen for the same period of time, and the fetal brain
was probably not exposed to a high oxygen concentration
because of the arterial-venous admixture in the placenta. Further, it is common practice to use 100% oxygen during maternal anesthesia in humans. Finally, because we investigated
behavioral changes only in males, we can draw no conclusions regarding the vulnerability of females to in utero isoflurane exposure.
With pregnant women often needing surgery for nonpregnancy-related illness12 and growing evidence that general anesthetics may be harmful at various stages of neurodevelopment,46 – 48 there is clearly a need for a better
understanding of how maternal general anesthesia affects the
developing fetal brain. Our preclinical study examined this
issue, and provides evidence that rats exposed to isoflurane in
utero at a time that corresponds to the second trimester of
humans have a learning disability as adults. This is consistent
with the contemporary view that altered developmental programming in utero may contribute to a host of cognitive
deficits, psychiatric disturbances, and other diseases that
manifest later in life,49 –51 and suggests that the fetal brain
may be adversely affected by maternal anesthesia. More to
the point, these results add to the growing body of evidence
indicating that exposure to anesthetic agents during critical
periods of neural development cause persistent behavioral
impairment, and suggest that vulnerability to these deleterious neurodevelopmental effects may begin earlier in life than
previously recognized.
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