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Abstract

Objectives General anesthetics may contribute to the post-operative cognitive
dysfunction. This study was designed to determine the effects of isoflurane on the
learning and memory of healthy animals or animals with a decreased brain antioxi-
dative capacity.
Methods Seven- to nine-week-old female CD-1 wild-type mice or glutamate trans-
porter type 3 (EAAT3) knockout mice whose brains have a decreased glutathione
level were exposed to or were not exposed to 1.3% isoflurane for 2 h. They were
subjected to fear conditioning or Barnes maze tests 1 week later.
Key findings The EAAT3 knockout mice had less freezing behaviour than the
wild-type mice in tone-related fear. Isoflurane did not affect the freezing behaviour
of the wild-type and EAAT3 knockout mice. The time for the wild-type and EAAT3
knockout mice to identify the target hole in the training sessions and memory test
with the Barnes maze was not affected by isoflurane. However, the EAAT3 knockout
mice took longer to identify the target hole than the wild-type mice in these tests.
Conclusions These results suggest that EAAT3 knockout mice have significant cog-
nitive impairment. Isoflurane may not significantly affect the cognition of wild-type
and EAAT3 knockout mice in a delayed phase after isoflurane exposure.

Introduction

Postoperative cognitive dysfunction (POCD) is a recog-
nized clinical phenomenon that presents with a decline
of cognitive functions after anesthesia and surgery.[1,2] It can
occur in patients after cardiac and non-cardiac surgeries.[3,4]

About 30–40% patients have POCD at hospital discharge
after non-cardiac surgery. The incidence is ~10% for elderly
patients at 3 months after surgery.[3,4] It is not clear yet
whether POCD lasts for longer than 3 months after surgery.
It is also not known from clinical data whether anes-
thesia plays an important role in POCD. Such data may
be difficult to obtain because anesthesia is often associ-
ated with surgery or invasive procedures and anesthesia
alone is not used in clinical practice. Under these circum-
stances, it is hard to determine the contribution of anes-
thesia to POCD.

Many laboratory studies have been performed to deter-
mine the role of anesthesia in POCD.[5–7] However, a firm
conclusion has not been drawn from these studies. Whereas
cognitive performance in aged rats after isoflurane and
nitrous oxide anesthesia was impaired when they were tested

within 3 weeks of the anesthesia,[5,6,8] the learning and
memory of aged rats were not impaired at 4 months after
isoflurane anesthesia.[7] These results suggest the effects of
general anesthesia on cognitive functions are not long-lasting
in aged rats. Although cognitive functions in young adult rats
were impaired after general anesthesia with isoflurane as the
main anesthetic,[8] no impairment and even some enhance-
ment of cognitive functions of young adult rats also have been
reported.[5,9,10] Interestingly, isoflurane has been shown to
increase the production of b amyloid peptide, a peptide that
may contribute to the mechanisms of Alzheimer’s disease
(the most common form of dementia in the elderly[11]),
in mouse brains.[12] However, existing studies have shown
either no change or enhancement of cognitive functions in
adult mice after isoflurane exposure,[13–15] except for one study
showing that exposure to 1% isoflurane, but not to any other
concentrations of isoflurane, decreased the learning but not
the memory function of adult mice.[16] All of these previous
studies started testing mouse cognitive functions within 1–2
days of isoflurane anesthesia.
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We designed this study to determine whether isoflurane
affected the cognitive functions of mice in a delayed phase
after isoflurane exposure because a significant number of
patients still suffer from POCD in a delayed phase after anes-
thesia and surgery.[3,4] We also tested the effects of isoflurane
on glutamate transporter type 3 (also called excitatory amino
acid transporter type 3, EAAT3) knockout mice. EAAT3 is
the major neuronal EAAT.[17] In addition to transporting
glutamate from extracellular space into neurons, EAAT3 also
takes up cysteine, the rate-limiting substrate for the synthesis
of glutathione, into cells under physiological conditions.[18,19]

Glutathione is the principal intracellular antioxidant. Since
uptake of cysteine via EAAT3 is a major form of provision
of cysteine in neurons,[20,21] EAAT3 knockout mice have
a decreased glutathione level and increased oxidative
stress.[21,22] Increased oxidative stress has been associated with
cognitive impairment.[23,24] It is known that many neurologi-
cal diseases, such as Alzheimer’s disease and Parkinson’s
disease, and pathological conditions, such as brain ischemia-
reperfusion, have decreased intracellular antioxidant levels or
increased oxidative stress.[25,26] Thus, it would be interesting to
know the effects of isoflurane on cognitive functions under
these pathological situations. These effects in a delayed phase
are particularly interesting because many neurodegenerative
diseases are chronic and further deterioration in the cognitive
functions of these patients by anesthesia in a delayed phase
will be very detrimental to these patients. Moreover, our
study on cognitive functions in a delayed phase after iso-
flurane anesthesia in wild-type animals and animals with
increased brain oxidative stress is novel as such information
has not been reported in the literature.

The Barnes maze and fear conditioning were used to assess
the cognitive functions of animals in this study. Fear condi-
tioning is a very sensitive and non-effort-dependent test of
learning and memory. The Barnes maze is designed to test
spatial learning and memory. Thus, the findings of these
two tests will complement each other and may identify
impairment of specific learning and memory functions after
isoflurane exposure.

Materials and Methods

The animal protocol was approved by the Animal Care and
Use Committee of the University of Virginia (Charlottesville,
VA). All animal experiments were carried out in accordance
with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals (NIH publications number
80–23) revised in 1996.

Animals

The EAAT3 knockout mice were descendants of the mice
established by Peghinni et al.[27] The exon 1 of eaat3 gene in
these mice is disrupted by a neomycin resistance cassette.

These mice were backcrossed with wild-type CD-1 mice for
more than ten generations to generate a strain of EAAT3
knockout mice before our study. The breeding scheme
included backcrossing the EAAT3 knockout mice with wild-
type CD-1 mice at least once every eight generations to
prevent genetic drift as recommended by the Banbury
Conference.[28] The CD-1 wild-type mice were from Charles
River Laboratories (Wilmington, MA).

Isoflurane exposure

Seven- to nine-week old female CD-1 wild-type or EAAT3
knockout mice were placed in a gas-tight plexiglass chamber
(~1.5 l in volume) and were gassed with 3 l/min of 1.3%
isoflurane in 100% oxygen for 2 h. Accurate isoflurane
(Abbott Laboratories, North Chicago, IL) concentrations
were delivered to the chamber by an agent-specific vaporizer.
The isoflurane concentrations in the chamber were continu-
ously monitored by a Datex infrared analyzer (Capnomac,
Helsinki, Finland). The chamber was partially submersed in a
37°C water bath to maintain its temperature between 36 and
38°C. Two hours later, mice were recovered from anesthesia in
the same chamber and then placed back in their cages with ad
libitum access to food and water.Animals in the control group
were placed in the chamber and were gassed with 100%
oxygen for 2 h and then placed back in their cages. To abolish
the influence of repeated tests on animal behaviour, separate
groups of animals were prepared for the fear conditioning
and Barnes maze tests. Thus no animals were subjected to
both fear conditioning and the Barnes maze.

Fear conditioning test

One week after the isoflurane or oxygen exposure, mice
were subjected to the fear conditioning test using the Freeze
Monitor from San Diego Instruments (San Diego, CA).
Briefly, each animal was placed in a test chamber wiped with
70% alcohol and subjected to three tone-foot shock pairings
(tone: 2000 Hz, 75 db, 30 s; foot shock: 0.3 mA, 2 s) with an
intertrial interval of 1 min in a relatively dark room. The
animal was removed from this test chamber 30 s after
the conditioning training. The animal was placed back in
the chamber 24 h later for 5 min in the absence of tone and
shock. The amount of time with freezing behaviour was
recorded in this 5 min. The animal was placed 2 h later in a
test chamber that had a different context and smell environ-
ment from the first test chamber (this second chamber was
wiped with 1% acetic acid) in a relatively light room. After a
2-min acclimatization time, the auditory stimulus then was
turned on for three cycles, each cycle for 30 s followed by a
1-min inter-cycle interval (4.5 min in total). The freezing
behaviour in the 4.5 min period was recorded. Freezing
behaviour was defined as absence of all movements except for
respiration. Freezing behaviour assessed from the video was
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scored by an observer who was blind to group assignment.
These tests test hippocampus-dependent (context-related)
and hippocampus-independent (tone-related) learning and
memory functions.[29]

To test whether animals had any freezing behaviour under
baseline conditions, wild type CD-1 or EAAT3 knockout
mice that had never been exposed to isoflurane or tone-foot
shock conditioning stimuli were placed in the test chamber
for 5 min. Their freezing behaviours during this period were
recorded.

Barnes maze test

One week after isoflurane or oxygen exposure, animals were
subjected to the Barnes maze. Animals were placed in the
middle of a circular platform with 20 equally spaced holes
(SD Instruments, San Diego, CA). One of the holes was con-
nected to a dark chamber that was called the target box.
Animals were encouraged to find this box by aversive noise
(85 dB) and bright light (200 W) shed on the platform. The
animals went through a spatial acquisition phase, which took
4 days with 3 min per trial, four trials per day and 15 min
between each trial. Animals then went through the reference
memory phase to test short-term retention on day 5 and
long-term retention on day 12. The locations of all extra-
maze objects in the test room and the target hole were not
changed during the training sessions, or the short- and long-
term memory tests. No test was performed during the period
from day 5 to day 12. The latency to find the target box during
each trial was recorded with the assistance of the ANY-Maze
video tracking system (SD Instruments).

Statistical analysis

Results are presented as means � SD (n � 4). The results
from the training sessions of the Barnes maze test were ana-
lyzed by two-way (CD-1 wild-type mice vs EAAT3 knockout
mice, isoflurane vs no-isoflurane exposure) repeated mea-
sures analysis of variance followed by the Tukey test. All other
results were tested by two-way analysis of variance followed
by the Tukey test. P � 0.05 was accepted as significant.All sta-
tistical analyses were performed with the SigmaStat (Systat
Software, Inc., Point Richmond, CA).

Results

None of the CD-1 wild-type and EAAT3 knockout mice
(n = 10) presented freezing behaviour in the test chamber
at baseline (before the exposure to isoflurane and fear-
conditioning stimulation). There was a significant effect of
mouse type (wild-type vs EAAT3 knockout) on the tone-
related freezing behaviour (P = 0.048). The effect of mouse
type on context-related freezing behaviour trended toward
significance (P = 0.183) (Figure 1). These results suggest that

EAAT3 knockout mice have learning and memory impair-
ment. The effects of isoflurane on context- and tone-related
freezing behaviour were not significant (P = 0.804 and 0.643,
respectively), suggesting that isoflurane may not significantly
affect the learning and memory functions of the wild-type
and EAAT3 knockout mice if assessed by fear conditioning.

All four groups of mice took a shorter time to identify the
target hole with the increasing training sessions in the Barnes
maze tests (Figure 2, P < 0.001). The effects of mouse types
(wild-type vs EAAT3 knockout) on the performance in these
training sessions were significant (P < 0.001). However, the
effects of isoflurane were not significant (P = 0.688). The
EAAT3 knockout mice that were exposed or were not exposed
to isoflurane also took longer than their corresponding CD-1
wild-type mice to identify the target hole during the short-
term retention test. Although the EAAT3 knockout mice that
were not exposed to isoflurane needed a longer time than the
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Figure 1 Performance on fear conditioning test. Seven- to nine-week-
old female mice were exposed to or were not exposed to 1.3% isoflurane
for 2 h. They were subjected to the fear conditioning test 1 week
later. There was a significant effect of mouse type (P = 0.048) on the
tone-related freezing behaviours. Results are mean � SD (n = 12–14).
*P < 0.05 compared with the control CD-1 wild-type group.
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control CD-1 wild-type mice to find the target hole in the
long-term memory test, this difference disappeared when
comparing the isoflurane anesthetized CD-1 wild-type
mice with isoflurane anesthetized EAAT3 knockout mice
(Figure 2).

Discussion

Since there is no extracellular enzyme to metabolize
glutamate, glutamate uptake via EAATs is considered to be the
main mechanism to prevent the accumulation of glutamate
in the extracellular space under physiological conditions.[17]

Five EAATs have been identified. EAAT1 and EAAT2 are
expressed in glia and distributed in various brain regions.
EAAT3 and EAAT4 are neuronal EAATs. EAAT3 is identified
in many brain regions; EAAT4 is mainly expressed in the
cerebellum. EAAT5 is expressed in the retina.[17] EAAT1 and
EAAT2 are mainly expressed in the glial membrane around
the synapses and are considered as the major EAATs regulat-

ing extracellular glutamate concentrations.[30,31] However,
EAAT3 is expressed throughout the neurons[32] and various
novel functions have been identified for it. One such function
is to take up cysteine for the synthesis of glutathione in
neurons. Lack of this function in EAAT3 knockout mice has
been hypothesized to be the etiology for early-onset brain
aging, including brain atrophy and impairment of learning
and memory identified at an age of 11 months.[21]

Our results from the Barnes maze and fear conditioning
test have consistently shown the impairment of learning and
memory in about 2-month-old EAAT3 knockout mice. Sig-
nificant brain structure changes and impairment in learning
and memory were not seen in mice at this age in a previous
study using the Morris water maze.[21] The identification of
learning and memory impairment of these mice at young
ages in our study may be due to the use of very sensitive and
less stressful learning and memory paradigms. Although
there may not be significant brain anatomic changes, we and
others have shown that 2–3-month-old EAAT3 knockout
mice have decreased antioxidative capacity.[21,22,33] In addi-
tion, EAAT3 redistribution to the plasma membrane has
been found to be associated with the development of fear
conditioning,[34] suggesting that EAAT3 may participate in
the learning and memory process. Our results support this
possibility but cannot exclude the contribution of indirect
effects, such as decreased antioxidative capacity leading to
changes in proteins involved in learning and memory, and
the impaired learning and memory observed in the EAAT3
knockout mice.

One focus of this study is to determine the effects of isoflu-
rane on learning and memory. Isoflurane at clinically relevant
concentrations has been shown to have no significant effects
or to provide an improvement in the learning and memory
functions in mice.[13,15] Isoflurane also attenuates hypoxia-
induced impairment of learning and memory in mice.[14]

However, a recent study showed that application of 1% iso-
flurane (but not 1.5 or 2% isoflurane) for 1 h impaired the
learning but not the memory of young adult mice.[16] These
previous studies started to assess the mouse learning and
memory functions within 1–2 days after isoflurane exposure.
Our assessments started 1 week after the isoflurane exposure
to determine the isoflurane effects in a delayed phase. We
exposed our animals to 1.3% isoflurane, the minimum alveo-
lar concentration determined in our previous study for these
two types of animals.[35] Our results showed that the learning
and memory in a delayed phase after the isoflurane anesthesia
were not affected in CD-1 wild-type mice.

Although the possible adverse effects of volatile anes-
thetics on the brain are concerning in healthy individuals,
the safety of using these anesthetics in individuals with
various neuropathological changes is also a significant issue.
Decreased antioxidative capacity and/or increased oxidative
stress contribute significantly to the development of many
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Figure 2 Performance on Barnes maze. Seven- to nine-week-old
female mice were exposed to or were not exposed to 1.3% isoflurane for
2 h. They were subjected to the Barnes maze 1 week later. Results are
mean � SD (n = 4–6). In panel A, there was a significant effect of mouse
type (P < 0.001) and training trial (P < 0.001) but not of the use of isoflu-
rane (P = 0.688) on performance. In panel B and C, *P < 0.05 compared
with the control CD-1 wild-type group; ^P < 0.05 compared with the
CD-1 wild-type mice that were exposed to isoflurane.
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neurodegenerative diseases.[25,26] EAAT3 knockout mice have
been proposed as a useful animal model for Parkinson’s
disease.[36] Our results suggest that isoflurane may not have a
significant effect on the learning and memory of EAAT3
knockout mice.

Oxidative stress has been proposed to contribute to brain
aging and the cognitive impairment associated with brain
aging.[23,24,37] Consistent with the isoflurane having no effect
on the cognitive functions of wild-type and EAAT3 knockout
mice, isoflurane does not affect the production of reactive
oxygen species in rat pheochromacytoma cell cultures.[38]

Although isoflurane pretreatment-induced protection in
rabbit spinal cord may be due to release of free radicals, this
suggestion was based on the ability of a free radical scavenger
to inhibit the protection; direct measurement of free radical
production was not performed in that study.[39] On the other
hand, our previous study shows that isoflurane may preserve
cellular protein functions under oxidative stress.[40]

Our study has potential limitations. First, we did not
closely monitor the physiological parameters of our mice
except for maintaining their temperature when they were
exposed to isoflurane. However, our previous studies showed
that 1.5% isoflurane did not cause significant hypoxia in these
mice.[22,41] Significant changes in physiological parameters
may not have happened in our animals because our results
did not show the detrimental effects of isoflurane on the
learning and memory of these animals. Second, we used one
clinically relevant isoflurane concentration in the study. The

effect on learning and memory of isoflurane at other concen-
trations or in combination with other adjuvant agents used
in general anesthesia is not known.

Conclusions

Our results show that EAAT3 knockout mice had significant
impairment of learning and memory. Isoflurane did not
have a significant effect on learning and memory in the CD-1
wild-type EAAT3 knockout mice.
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