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Abstract
Oxidative stress contributes significantly to brain aging. Animals lacking glutamate transporter
type 3 (EAAT3) have a decreased level of glutathione, the major intracellular anti-oxidant, in
neurons, and present with early onset of brain aging including brain atrophy and cognitive
impairment at 11 months of age. Here, 12-month old male EAAT3 knockout mice received
intraperitoneal injection of N-acetylcysteine (NAC) at 150 mg/kg once every day for 4 weeks.
NAC is a membrane permeable cysteine precursor that can work as a substrate for glutathione
synthesis. EAAT3 knockout mice that received saline injection or did not receive any injection
were also included in the study. EAAT3 knockout mice had significantly less freezing behavior
than age- and gender-matched wild-type mice in context- and tone-related fear conditioning tests.
The knockout mice also had decreased levels of glutathione and increased levels of 4-hydroxy-2-
nonenal and proteins containing nitrotyrosine, indicators of oxidative stress, in the cerebral cortex
and hippocampus. NAC but not saline injection attenuated these behavioral and biochemical
changes in the EAAT3 knockout mice. These results suggest that improvement of anti-oxidative
capacity in neurons reverses the existing cognitive impairment in aging brains, implying a
potential role of glutathione replacement in cognitive improvement of aging population.
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Introduction
Glutamate transporters, also named excitatory amino acid transporters (EAAT), are plasma
membrane proteins that uptake glutamate, the major excitatory neurotransmitter, from
extracellular space to intracellular compartments under physiological conditions (Danbolt,
2001). There are five EAATs identified so far (Danbolt, 2001). EAAT3 is the major
neuronal EAAT and is distributed widely in the central nervous system, such as cerebrum
and hippocampus (Rothstein et al., 1994). In addition to taking up glutamate, EAAT3 also
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transports cysteine(Chen and Swanson, 2003, Lee et al., 2009), a rate-limiting substrate for
the synthesis of glutathione (Dringen et al., 1999). Glutathione is the major intracellular
anti-oxidant. It has been shown that uptake of cysteine via EAAT3 is a significant method to
provide substrate for glutathione synthesis in neurons (Aoyama et al., 2006). EAAT3
knockout mice have decreased neuronal glutathione concentrations, age-dependent
neurodegeneration and cognitive impairment. These animals have obvious aging-like brain
changes by 11 months of age (Aoyama et al., 2006). This presentation is consistent with the
theory that oxidative stress contributes significantly to brain aging (Floyd and Hensley,
2002, Perluigi et al., 2010).

Decrease of cognitive functions is an important component of brain aging. It has been shown
that administration of anti-oxidants slows down aging-related cognitive impairment
(Milgram et al., 2005). However, there is very limited information on whether aging-related
cognitive impairment is reversible. We hypothesize that improved anti-oxidative capacity in
neurons reverses existing cognitive impairment of aging animals. To test this hypothesis, we
administrated N-acetylcysteine (NAC), a membrane permeable cysteine precursor, to 12-
month old EAAT3 knockout mice. Their cognitive functions and oxidative stress indicators
in the brain tissues were evaluated.

Materials and methods
The animal protocol was approved by the Institutional Animal Care and Use Committee of
the University of Virginia (Charlottesville, VA, USA). All animal experiments were
performed according to the National Institutes of Health Guide for the Care and Use of
Laboratory Animals (NIH publications number 80–23) revised in 1996.

Animals
Twelve-month-old male CD-1 wild-type mice and EAAT3 knockout mice were used in this
study. The EAAT3 knockout mice were descendants of mice used in previous studies
(Peghini et al., 1997, Li and Zuo, 2011). These mice have a CD-1 mouse gene background.
EAAT3 proteins are not expressed in them. These mice also do not have a compensatory
increase of EAAT1 or EAAT2 (Peghini et al., 1997, Lee et al., 2010, Li and Zuo, 2011), the
other major types of EAATs in the brain. These EAAT3 knockout mice have been
backcrossed with wild-type CD-1 mice at least once every 8 generations to prevent genetic
drift as recommended from the Banbury Conference (Silva et al., 1997). The wild-type mice
produced during the process are used in the study.

N-acetylcysteine administration
NAC (Sigma, St Louis, MO) was dissolved in 0.9% saline and administrated
intraperitoneally at 150 mg/kg once every day for 4 consecutive weeks to the EAAT3
knockout mice. Two additional groups of EAAT3 knockout mice received either no
injection or daily injection of 0.9% saline. The wild-type mice did not receive any injection.

Fear conditioning
Twenty-seven days after the start of NAC or saline injection, mice were subjected to fear
conditioning. Fear conditioning is a sensitive and non-effort-dependent test of learning and
memory. As we described previously (Lin et al., 2011), each animal was placed in a test
chamber (SD Instruments, San Diego, CA) wiped with 70% alcohol and subjected to 3 tone-
foot shock pairings (tone: 2000 Hz, 85 db, 30 s; foot shock: 1 mA, 2 s) with an inter-pairing
interval 1 min in a relatively bright room. The shocks were delivered to the animal through
the stainless steel bars and the tone was delivered by a speaker installed in the cover of the
test chamber. The animal was removed from this test chamber 1 min after the completion of
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the conditioning training. The animal was placed back to the same chamber 24 h later for 5
min in the absence of tone and shock and was video-taped. Freezing behavioral events were
counted in a 6-s interval. A percentage of freezing events for each animal was calculated by
using the following formula: 100 × n/t where n is the number of freezing events for the
animal and t is the total possible events. Two hours later, the animal was put in a test
chamber that had different context, shape and smell from the first test chamber (this second
chamber was wiped with 1% acetic acid) in a relatively dark room. After adaptation for 2
min in this new chamber, the auditory stimulus was turned on for 3 cycles, each cycle for 30
s followed by a 1-min inter-cycle interval (4.5 min in total). The freezing behavioral events
within the 4.5 min were counted in a 6-s interval. These tests detect hippocampus-dependent
(context-related) and hippocampus-independent (tone-related) learning and memory
functions (Kim and Fanselow, 1992).

Measurement of glutathione, glutathione disulfide (GSSG), nitrotyrosine-containing
proteins and 4-hydroxy-2-nonenal (HNE)

The next day after fear conditioning test, mice were deeply anesthetized with isoflurane and
transcardially perfused with 0.9% saline. Brains were removed. Hippocampi and cerebral
cortices were dissected out immediately on ice. The brain tissues were homogenized in ice-
cold 0.1 M potassium phosphate buffer (pH 6.8) containing 1 mM EDTA. Homogenates
were centrifuged at 13,000 g for 20 min at 4°C. Protein concentration of the supernatant was
measured by Bradford protein assay. Glutathione Assay kit (Cayman Chemical, Ann Arbor,
MI) was used to measure the levels of glutathione and GSSG in the samples according to the
manufacture’s protocols. OxiSelect Nitrotyrosine enzyme-linked immunosorbent assay
(ELISA) kit (Cell Biolabs Inc., San Diego, CA) and the OxiSelect HNE-His Adduct ELISA
kit (Cell Biolabs Inc.) were used to assess the contents of proteins containing nitrotyrosine
and HNE, respectively, in the samples according to the manufacturer’ instructions. All
assays were performed using samples obtained from CD-1 wild-type mice and EAAT3
knockout mice treated in parallel.

Statistical analysis
Results are presented as means ± SEM. (n≥4). They were analyzed by one way analysis of
variance followed by the Student-Newman-Keuls test after confirmation of normal
distribution of the data or by t-test as appropriate. A P < 0.05 was accepted as significant.
All statistical analyses were performed with the SigmaStat (Systat Software, Inc., Point
Richmond, CA).

Results
A previous study showed that 11-month old EAAT3 knockout mice performed poorly in
Morris Water maze (Aoyama et al., 2006). Here, the 12-month old EAAT3 knockout mice
had significantly less freezing behavior in both context- and tone-related fear conditioning
tests than wild-type mice. This reduced freezing behavior was abolished by NAC injection
but was not affected by saline injection (Fig. 1). These results suggest that EAAT3 knockout
mice have hippocampus-dependent and hippocampus-independent cognitive impairment.
NAC reverses this impairment.

The EAAT3 knockout mice had significant less glutathione in their cerebral cortex and
hippocampus than the wild-type mice. NAC, but not saline, attenuated this reduction.
EAAT3 knockout mice also had reduced GSSG in the cerebral cortex. This reduction was
attenuated by NAC but was not affected by saline (Fig. 2).
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There was a significant increase of proteins containing nitrotyrosine in the cerebral cortex
and hippocampus of EAAT3 knockout mice. NAC, but not saline, abolished this increase.
EAAT3 knockout mice also had an increase of HNE in their hippocampi. NAC injection,
but not saline application, inhibited this increase (Fig. 3). These results suggest that EAAT3
knockout mice have increased oxidative stress in their brain tissues.

Discussion
Synthesis of glutathione requires cysteine (Dringen et al., 1999, Dringen, 2000). Most brain
cells acquire cysteine via hetero-exchange of intracellular glutamate with extracellular
cystine that is then converted into cysteine inside the cells (Dringen et al., 1999, Dringen,
2000, Wu et al., 2004). Mature neurons lack the proteins that perform the hetero-exchange
(Sato et al., 2002). It has been shown that cysteine transport via EAAT3 is a major
mechanism to supply neurons with cysteine (Chen and Swanson, 2003, Aoyama et al.,
2006). Consistent with this role, EAAT3 has a higher affinity for cysteine than other EAATs
(Zerangue and Kavanaugh, 1996, Lee et al., 2009). EAAT3 is also mainly expressed in the
neurons (Rothstein et al., 1994, Danbolt, 2001). EAAT3 knockout mice have a decreased
neuronal glutathione level (Aoyama et al., 2006) . In line with these previous findings, our
results showed that EAAT3 knockout mice had decreased glutathione levels in the cerebral
cortex and hippocampus. NAC, a membrane permeable cysteine precursor, attenuated this
decrease, suggesting that the decreased glutathione level is due to intraneuronal deficit of
cysteine. Similar pattern of changes also occurred to GSSG, the oxidized form of
glutathione, suggesting the overall reduction of glutathione storage.

Associated with the reduced glutathione levels in the EAAT3 knockout mice, our study
showed a significant increase of HNE and proteins containing nitrotyrosine in the brain
tissues of these mice. These results are similar to our and others’ previous findings (Aoyama
et al., 2006, Li and Zuo, 2011). Since HNE and nitrotyrosine are oxidative stress indicators
for lipids and proteins, respectively, these results suggest that the EAAT3 knockout mice
have an increased oxidative stress in the brain tissues. Our study also showed that NAC
reduced this increased oxidative stress, suggesting that the lack of intracellular cysteine and
the subsequent reduction of glutathione in the neurons are the cause of this increased
oxidative stress in the brain tissues of EAAT3 knockout mice.

Oxidative stress has been considered as a major mechanism for aging process (Floyd and
Hensley, 2002, Perluigi et al., 2010). There are at least two lines of evidence to indicate the
role of oxidative stress in brain aging: aging brain has increased markers for oxidative stress
and antioxidants attenuate the cognitive impairment associated with aging (Floyd and
Hensley, 2002, Head et al., 2008). Our results showed that increase of neuronal anti-
oxidative ability improved the cognitive functions of EAAT3 knockout mice to the levels of
age-matched wild-type mice. These results suggest the potential of reversing existing
cognitive impairment in aging animals by anti-oxidants, adding evidence for the role of
oxidative stress in aging-related brain functional changes.

EAAT3 is expressed widely in brain tissues (Danbolt 2001, Rothstein et al. 1994).
Consistent with its distribution pattern, our results showed that the EAAT3 knockout mice
had disturbed redox status in both cerebral cortex and hippocampus as well as impaired
hippocampus-dependent and hippocampus-independent learning and memory.

We observed that EAAT3 knockout mice had a significant increase of proteins containing
nitrotyrosine in the hippocampus and cerebral cortex and an increase of HNE in the
hippocampus. However, our results did not show an increased HNE level in the cerebral
cortex of these animals. The reasons for this no detectable change in the cerebral cortex are
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not known. A dilution effect from other brain cells, such as glial cells, may have contributed
to it. This dilution effect may have greatly underestimated the biochemical changes occurred
in the neurons.

The learning and memory impairment of the EAAT3 knockout mice can be due to impaired
glutamate uptake. Glutamate neurotransmission has been known to be involved in learning
and memory (McEntee and Crook, 1993). However, NAC reversed the cognitive
impairment in the EAAT3 knockout mice, suggesting that reduced glutamate uptake in these
mice may not be a major mechanism for their learning and memory impairment.

In summary, we have shown that 12-mouth old male EAAT3 knockout mice have
significant cognitive impairment, reduced glutathione and increased oxidative stress in the
brain. These aging-like brain changes are attenuated by NAC, suggesting the potential of
reversing existing cognitive impairment of aging brains by increasing neuronal glutathione
levels.
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Research highlights

• EAAT3 knockout mice have hippocampus-dependent and independent cognitive
impairment

• EAAT3 knockout decreases glutathione levels and increases oxidative stress in
many brain regions

• N-acetylcysteine reverses existing cognitive and biochemical impairment in
EAAT3 knockout mice
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Fig. 1. Performance in the fear conditioning test
Twelve-month-old male EAAT3 knockout mice received N-acetylcysteine (NAC) or saline
injection for 4 weeks. Age-matched male wild-type and EAAT3 knockout mice that did not
receive any injection were also included in the study. Results are mean ± SEM. (n = 12 -
13). * P < 0.05 compared with the wild-type mice. ^ P < 0.05 compared with EAAT3
knockout mice that did not receive any injection. # P < 0.05 compared with EAAT3
knockout mice that received saline injection.
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Fig. 2. Levels of glutathione and glutathione disulfide (GSSG) in the cerebral cortex and
hippocampus
Twelve-month-old male EAAT3 knockout mice received N-acetylcysteine (NAC) or saline
injection for 4 weeks. Age-matched male wild-type and EAAT3 knockout mice that did not
receive any injection were also included in the study. Panels A and B present data from the
cerebral cortex. Panels C and D are data from the hippocampus. Results are mean ± SEM. (n
= 10 – 13). * P < 0.05 compared with the wild-type mice. ^ P < 0.05 compared with EAAT3
knockout mice that did not receive any injection. # P < 0.05 compared with EAAT3
knockout mice that received saline injection.
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Fig. 3. Expression of proteins containing nitrotyrosine and 4-hydroxy-2-nonenal (HNE)
Twelve-month-old male EAAT3 knockout mice received N-acetylcysteine (NAC) or saline
injection for 4 weeks. Age-matched male wild-type and EAAT3 knockout mice that did not
receive any injection were also included in the study. Panels A and B present data from the
cerebral cortex. Panels C and D are data from the hippocampus. Results are mean ± SEM. (n
= 12 – 13). * P < 0.05 compared with the wild-type mice. ^ P < 0.05 compared with EAAT3
knockout mice that did not receive any injection. # P < 0.05 compared with EAAT3
knockout mice that received saline injection.
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