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Abstract

Glutathione (GSH), the major endogenous antioxidant produced by cells, can modulate the activity of N-methyl-D-aspartate
receptors (NMDARs) through its reducing functions. During aging, an increase in oxidative stress leads to decreased levels of
GSH in the brain. Concurrently, aging is characterized by calcium dysregulation, thought to underlie impairments in
hippocampal NMDAR-dependent long-term potentiation (LTP), a form of synaptic plasticity thought to represent a cellular
model for memory. Here we show that orally supplementing aged mice with N-acetylcysteine, a precursor for the
formation of glutathione, reverses the L-type calcium channel-dependent LTP seen in aged animals to NMDAR-dependent
LTP. In addition, introducing glutathione in the intrapipette solution during whole-cell recordings restores LTP obtained in
whole-cell conditions in the aged hippocampus. We conclude that aging leads to a reduced redox potential in hippocampal
neurons, triggering impairments in LTP.
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Introduction

The tripeptide glutathione (GSH) is the major endogenous

antioxidant produced by cells and is critical for the maintenance of

the redox potential in the brain. In turn, a healthy redox balance is

important to regulate the activity of redox sensitive proteins, such

as the N-methyl-D-apartate glutamate receptors (NMDARs) [1].

The NMDAR is the predominant glutamate receptor involved in

hippocampal synaptic plasticity and has been shown to be critical

for long-term potentiation (LTP) [2] as well as for memory and

learning [3]. The activity of the NMDAR can be modulated by

the redox environment. Reducing agents have been shown to

increase the activity of the NMDARs, while oxidizing agents

decrease its activity [1]. During aging, the concentrations of GSH,

a potent reducing agent, decrease in the brain [4], a manifestation

of the increase in oxidative stress that accompanies normal aging

[5]. This increase is thought to be caused by an imbalance

between the production of reactive oxygen species (ROS) and

the cellular mechanisms responsible for the scavenging of ROS.

The age-related increase in oxidative stress likely mediates at least

in part the concurrent calcium dysregulation [6–8]. In young

neurons, the main sources of calcium are influx through NMDARs

and voltage-dependent calcium channels such as the L-type

calcium channels, as well as release of calcium from intracellular

stores. Aging has been associated with a decrease in NMDAR

activation as well as an increase in the number of L-type calcium

channels [6]. In turn, age-related changes in the contributions of

various sources to intracellular calcium levels leads to impairments

in calcium-dependent signaling processes such as synaptic

plasticity (for a review, see [8]). NMDARs are the main sources

of calcium influx for LTP induction, and NMDAR-dependent

LTP induction is impaired when weaker stimulation protocols are

used in aged animals [9].

These lines of evidence suggest that adding GSH to the diet

may represent an attractive candidate for mediating age-related

changes in synaptic plasticity. N-acetylcysteine (NAC), a precursor

of GSH, can protect the brain against GSH depletion [10]. Here

we investigated the possibility that orally supplementing aged

mice with NAC could reverse age-induced deficits in NMDAR-

dependent hippocampal LTP.

Results

We initially established the mechanisms underlying LTP in

both adult and aged mice. Field excitatory postsynaptic potentials

(fEPSPs) were recorded in area CA1 of hippocampal slices from

adult (2–4 months old) and aged (14–18 months old) mice. A

high-frequency stimulation (HFS) protocol was used to elicit LTP.

In the adult hippocampus LTP was blocked by the NMDAR anta-

gonist (2R-amino-5-phosphonovaleric acid (APV) (50 mM) (con-

trol: 153612%, APV: 11268%; Figure 1, A and C) but not by

the L-type calcium channel antagonist nimodipine (NIMO)

(10 mM) (control: 153612%, nimodipine: 149610%; Figure 1,
B and C). In contrast, LTP in aged mice was not significantly

blocked by APV (control: 15869%, APV: 146613%; Figure 1,
D and F) but was significantly decreased by nimodipine (control:

15869%, nimodipine: 12666%; Figure 1, E and F). Therefore,

these findings confirm in a naturally aged mouse model that LTP

in adults is NMDAR-dependent whereas LTP in aged mice is L-

type calcium channel-dependent.
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Consistent with a role for GSH in modifying NMDAR func-

tion, brain levels of GSH were significantly lower in the aged mice

versus the adult mice (39.8% decrease, n = 5 in each group,

P = 0.009), demonstrating a positive correlation between GSH and

NMDAR-mediated plasticity. To assess the impact of GSH levels

on synaptic plasticity, we increased brain GSH levels in aged mice

by oral supplementation with NAC (200 mg/kg daily for 21 days;

GSH increased by 26.2% compared to aged matched control-fed

mice, n = 5 in each group, P = 0.041). Imaging of a GSH sensitive

dye, monochlorobimane (MCB) in hippocampal cells also indi-

cated that neuronal levels of GSH were increased with oral NAC

supplementation (Figure S1).

Redox potential impacts both L-type calcium channels and

NMDARs [11,12]. The activity of NMDARs in particular have

been shown to be modulated by the redox state in the environment

[12,13]. This modulation raises the interesting possibility that

changing brain GSH levels by supplying a precursor in the diet

can modulate synaptic plasticity in the hippocampus. Therefore

we repeated our LTP experiments in both NAC-fed aged mice

and control-fed aged mice to assess the mechanisms of LTP in

mice with altered GSH levels. Remarkably, in the NAC-fed aged

mice, LTP was restored back to NMDAR-dependence observed

in adult mice, as LTP was completely blocked by APV (control:

15962%, APV: 10266%; Figure 2, A and C) but not by

nimodipine (control: 15962%, nimodipine: 15568%; Figure 2,

B and C). In contrast, control-fed aged mice retained their L-type

calcium channel-dependence because LTP in these mice was not

significantly blocked by APV (control: 15768%, APV: 139613%;

Figure 2, D and F) but was decreased by nimodipine (control:

15768%, nimodipine: 11867%; Figure 2, E and F). These

results demonstrate that LTP in aged control-fed mice is mediated

by the same mechanisms observed in aged mice and that oral

NAC supplementation in aged mice increases brain GSH levels

and restores the NMDAR dependency of LTP seen in adult

animals.

To further test the impact of increasing brain GSH levels on

NMDAR function in aged mice, we used two-photon imaging

to determine the contribution of NMDARs to hippocampal den-

dritic calcium signals elicited by bursts of HFS. Consistent with the

mechanisms observed in fEPSPs, we found that calcium signals

elicited by HFS were depressed by APV only in NAC-fed aged

mice (Figure 3, A and B) but not in control-fed aged mice

(Figure 3, C and D). These results are consistent with the idea

that supplementation with a GSH precursor can restore the

NMDAR-dependence of hippocampal LTP by enhancing NMDA

calcium influx.

It is notoriously difficult to observe hippocampal LTP in older

animals in a whole-cell recording configuration. One potential

explanation for this difficulty may be the dialysis of important

mediators of LTP out of neurons during the procedure. Consistent

Figure 1. LTP is NMDAR-dependent in adult mice but L-type calcium channel-dependent in aged mice. (A and B) CA1 fEPSP slope in
adult mice in control conditions (blue N, n = 14) and with APV (50 mM) (red ., n = 11) or nimodipine (10 mM) (green ., n = 8) in response to HFS
applied at t = 0. Inset, averaged fEPSP traces. (C) Summary data:in adult, LTP is blocked by APV (P = 0.01) but not by nimodipine (P = 0.81). (D and E)
fEPSP slope in aged mice in control (blue N, n = 7) and with APV (red ., n = 8) or with nimodipine (green ., n = 6) in response to HFS. Inset, averaged
fEPSP traces. (F) Summary data: in contrast to adult, LTP in aged mice is blocked by nimodipine (P = 0.01) but not by APV (P = 0.48). Scale bars: 10 ms,
0.4 mV. All data are expressed as mean 6 s.e.m.
doi:10.1371/journal.pone.0020676.g001
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with the recent observation that intracellular GSH supplementa-

tion enhances NMDAR currents [14], we confirmed that LTP

could only be observed in whole-cell conditions in aged hippo-

campal neurons when GSH was added to the intrapipette solution

(Figure S2, A and B). To further confirm the role of GSH in

hippocampal synaptic plasticity, we repeated our whole-cell LTP

experiments using adult mice, again in control conditions and with

GSH added to the intrapipette solution. We find that similar to

whole-cell LTP in aged animals, whole-cell LTP in adult animals

could only be observed with GSH in the intrapipette solution

(Figure S2C).

Discussion

The data presented here demonstrate that feeding aged mice

with the GSH precursor NAC partially restores brain GSH levels

and reverses the mechanisms underlying hippocampal LTP in

area CA1 from L-type calcium channel dependence (as seen in

aged unfed mice) to NMDAR dependence (as seen in adult mice).

This switch is associated with improved NMDAR-mediated

calcium signals in aged mice in response to a HFS pattern used

to evoke LTP. Our findings reproduce and confirm published

results by Shankar and colleagues [9]. As well, our findings are

supported by evidence for hypofunction of NMDAR in conditions

of GSH deficit [15]. Our results are also consistent with the age-

related increase in oxidative damage as well as with the evidence

for impaired synaptic plasticity in animals with a low GSH content

[16].

Over the recent years, the involvement of ROS in hippo-

campal synaptic plasticity in young and adult animals has been

demonstrated. There is evidence for a role for both superoxide

[17–19] and hydrogen peroxide [20–22] in mediating LTP in

young animals. In aged animals, there is an increase in the levels of

ROS in the brain, and this is suggested to lead to the age-related

impairments in hippocampal synaptic plasticity. A number of key

LTP components may be modulated by an increase in ROS

during aging, ranging from the activity of phosphatases such as

calcineurin [23] to a direct modulation of the activity of NMDARs

[13]. When assessing the magnitude of LTP in aged mice and

comparing with that of adult mice, we did not observe a decrease

in the probability of LTP being expressed in our aged mice. While

previous studies have shown age-associated deficits in hippocam-

pal LTP, the use of a strong stimulation protocol leads to the

activation of L-type calcium channels, which in turn compensate

for the deficits in NMDAR-dependent LTP [9].

While the role of NAC as a cysteine donor has been well

established [24], NAC can also act as an antioxidant itself, and

may modulate the redox properties of NMDARs [25]. However,

Figure 2. LTP is L-type calcium channel-dependent in aged control-fed mice but NMDAR-dependent in aged NAC-fed mice. (A and
B) fEPSP slope in aged NAC-fed mice in control (blue N, n = 7) and with APV (red ., n = 6) or with nimodipine(green ., n = 9) in response to HFS.
Averaged fEPSP traces inset. (C) Summary data: in NAC–fed mice LTP was blocked by APV (P,0.001) but not by nimodipine (P = 0.75). (D and E)
fEPSP slope in aged control-fed mice in control conditions (blue N, n = 8) and with APV (red ., n = 5) or with nimodipine (green ., n = 7) in response
to HFS. Averaged fEPSP traces inset. (F) Summary data: LTP in aged, control-fed mice was blocked by nimodipine (P = 0.002) but not by APV (P = 0.24).
Scale bars: 10 ms, 0.4 mV. All data are expressed as mean 6 s.e.m.
doi:10.1371/journal.pone.0020676.g002
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in our feeding model, oral NAC supplementation leads to a

significant increase in hippocampal GSH levels, thus we conclude

that NAC is impacting synaptic plasticity at least in part via its

cysteine donor properties. Although we cannot unequivocally rule

out the contribution of other NAC-mediated mechanisms of antio-

xidant action, there is no NAC present in the aCSF bathing the

slices so a direct effect of NAC is unlikely.

GSH can impact the activity of NMDARs through the modu-

lation of redox-sensitive sites on the extracellular portion of NR1

and NR2A subunits [15]. However, several lines of evidence also

suggest that GSH can impact the activity of NMDARs via non-

redox mechanisms, namely by acting directly at the NMDAR as

an agonist or an antagonist [26]. GSH can displace the binding of

both radiolabelled agonists and radiolabelled antagonists of the

receptor in synaptic membrane preparations [26,27]. While it is

unclear if GSH acts specifically as an agonist or an antagonist,

pharmacological studies report that GSH is more potent at dis-

placing agonists, and therefore, likely acts as an agonist at the

NMDAR [26]. However, whether GSH acts as an agonist or an

antagonist at the NMDAR may depend on the subunit compo-

sition of the receptor or on the concentration of GSH [28]. Given

these lines of evidence, it is possible that in our model, GSH

increases the activity of NMDARs by acting as an agonist. This

mechanism could explain in part our results obtained with whole-

cell patch clamp recordings. However, since it has been extensively

demonstrated that oxidative stress is increased in models of aging

[5] and that NMDARs are more oxidized in this environment

[29], we propose that the increase in function of the NMDAR we

observed is at least partially due to a GSH-mediated modulation of

redox-sensitive sites on the receptors. Further experiments asse-

ssing the redox state of the NMDAR during GSH supplementa-

tion will be required to determine to what extent this modulation

accounts for changes in NMDAR activity in our model.

Whether GSH impacts synaptic plasticity through its reducing

properties in the extracellular or intracellular compartment is still

unclear. The function of NMDARs can be modulated through

the reduction of extracellular cysteine residues [13], arguing for a

role for an extracellular action of GSH. However, even though

NMDARs do not appear to contain intracellular redox-sensitive

sites [30], changes in the intracellular redox environment can alter

several enzymatic mechanisms involved in modulating the activity

of NMDARs [31]. However, recent work by Bodhinathan et al.

(2010) demonstrates that redox mechanisms impacting NMDARs

involve the calcium/calmodulin-dependent protein kinase II

Figure 3. GSH improves NMDAR calcium signals in aged mice. (A) Representative calcium signal traces in control (blue) and during APV (red)
or nimodipine (green) from an aged NAC-fed mouse in response to HFS. (B) Summary data of calcium signal integral (area under the curve). Only
NMDAR blockade reduces the calcium signal (APV: n = 6, nimodipine: n = 5, P = 0.02). (C) Representative calcium signal traces (same color scheme as
a) from an aged control-fed mouse in response to HFS. (D) Summary data of calcium signal integral (area under the curve). Only nimodipine blockade
reduces the calcium signal (APV: n = 5, nimodipine: n = 6, P = 0.02).
doi:10.1371/journal.pone.0020676.g003
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(CaMKII) and not the major phosphatases or protein kinase C

(PKC) [14]. This same work confirms that GSH-mediated reduc-

tion of the intracellular environment can potentiate NMDAR

currents in aged animals [14]. In addition, GSH has been shown

to target the glutamatergic system through the activation of the

cystine-glutamate exchanger [32].

While much of our study focused on age-related hypofunction of

NMDARs, other types of age-related processes occur in parallel

and may impact synaptic function during aging. Like NMDARs,

ryanodine receptors (RyRs) can be modulated through the redox

state of critical cysteine residues [33–35], and this modulation may

in turn play a role in regulating synaptic plasticity. A decrease

in calcium release from intracellular stores has been shown to

increase NMDAR-dependent synaptic plasticity by reducing

the slow afterhyperpolarization [36,37] and increasing NMDA

responses [37]. Thus, these results combined with our study

supports the hypothesis that changes in the intracellular redox

state during aging contributes to calcium dysregulation.

Our results indicate an important role for GSH in maintaining

a healthy redox balance in aging neurons and consequently

maintaining the NMDAR-dependent LTP. Manipulating GSH

levels in the aging brain may be a therapeutic avenue for treating

plasticity and memory impairments in age-related diseases.

Materials and Methods

Animals and feeding protocol
Adult (2–4 months old) and aged (14–18 months old) male

C57BL/6 mice were used for this study. Aged NAC-fed mice were

fed once daily for 21 days with NAC at 200 mg/kg incorporated

into 1 mL flavored gelatin. Feeding was monitored daily and only

the mice that ate the entire portion everyday for the duration of

the protocol were included. Aged control-fed mice were fed once

daily for 21 days with 1 mL of the same flavored gelatin without

NAC. Animals undergoing a feeding protocol were sacrificed and

used for experiments the day following their last feeding.

Hippocampal brain slice preparation
Male C57BL/6 mice were anaesthetized with halothane

(Sigma) and decapitated. Hippocampal transverse slices (400 mm)

were prepared (Leica vibratome) in a sucrose buffer that contained

(in mM) sucrose (230), NaHCO3 (26), KCl (2.5), glucose (10),

NaH2PO4 (1.25), MgSO4 (10) and CaCl2 (0.5) that was constantly

oxygenated with 95%O2/5%CO2. After collection, slices were

transferred to an oxygenated (with 95%O2/5%CO2) artificial

cerebrospinal fluid (aCSF) solution for at least 1 hr. The aCSF

contained (in mM): NaCl (120), NaHCO3 (26), KCl (3), glucose

(10), NaH2PO4 (1.25), MgSO4 (1.3) and CaCl2 (2).

Electrophysiology
For extracellular LTP recordings, slices were submerged in a

recording chamber perfused with oxygenated aCSF. Field exci-

tatory post-synaptic potentials (fEPSPs) were evoked by stimula-

tion of the Schaffer collateral pathway using a bipolar stimulating

electrode. Glass micropipettes filled with aCSF were used to

measure CA1 fEPSPs in stratum radiatum. Individual fEPSPs

were evoked and recorded every 15 s and a stable 15 min baseline

was required in all experiments. After baseline recording, a

100 Hz stimulation protocol (4650 pulses; 30 s interburst interval)

was applied to induce LTP. After application of the conditioning

protocol, fEPSPs were again recorded for 1 hr. All drugs were

bath-applied 15 min prior to conditioning stimuli. The slopes

of the initial phase of the fEPSP waveforms were computed

and results were processed for statistical analysis using Clampfit

(Axon Instruments, Molecular Devices). Data are presented as

means (slopes) and s.e.m. N’s indicate number of slices, and each

experimental group is comprised of a minimum of five different

animals. Statistical significance was determined by assessing the

means of the values for the last five minutes of the post-stimuli

decay period from two experimental groups using Student’s t-test

(unpaired).

For whole-cell LTP recordings, whole-cell patch clamp recor-

dings were made using electrodes (4–6 MV resistance) filled with a

pipette solution containing (in mM): Cs-methanesulfonate (100),

CsCl2 (25), NaCl2 (5), Cs-BAPTA (5), TEA (5), HEPES (20) at

pH 7.2. For some experiments, 10 mM glutathione was added

to the pipette solution (pH and osmolarity were maintained).

Whole-cell voltage-clamp recordings were obtained from CA1

pyramidal cells under microscope guidance using IR-DIC.

Membrane potential was clamped at 270 mV. A bipolar elec-

trode was placed on Schaffer collaterals, 250 mm away from the

soma of the recorded cell. Synaptic responses were evoked with

monophasic voltage pulses every 15 s. Following a stable 10 min

baseline, LTP was induced through a well-established paired-

stimuli protocol (stimulation frequency at 100 Hz and membrane

potential at 5 mV) [38–41]. After induction, membrane potential

was returned to270 mV and synaptic responses were monitored

every 15 sec for 30 min. Data are presented as means (amplitude)

and s.e.m. N’s indicate number of slices, and each experimental

group is comprised of a minimum of four different animals. Sta-

tistical significance was determined by assessing the means of the

values for the last five minutes of the post-stimuli decay period

from two experimental groups using Student’s t-test (unpaired).

GSH assay
GSH was measured using an assay kit (BioVision, Mountain

View, CA). This kit is based on an OPA probe (o-phthalaldehyde),

which has a very low fluorescence background, and reacts with

the reduced form of GSH and generates a strong fluorescent

signal. To obtain total GSH measures, samples were treated with a

reducing agent (dithiothreitol) to convert oxidized GSH (GSSG) to

reduced GSH. In brief, hippocampal brain slices were homoge-

nized and centrifuged, and the supernatant were transferred to a

new tube containing perchloric acid to precipitate the proteins.

After centrifugation, the supernatant was collected for the analysis

of GSH levels. Fluorescence signals were measured (excitation at

340 nm, emission at 420 nm) using a Gemini Fluorescence Mic-

roplate Reader System (Molecular Devices Corporation, Union

City, CA). Remaining tissue homogenates were used to measure

protein levels to normalize the GSH assay. N’s indicate number of

animals. Statistical significance was determined by assessing the

means of the values for two experimental groups using Student’s t-

test (unpaired).

Imaging
Monochlorobimane (MCB) was purchased from Fluka and

made as a 100 mm stock solution in Me2SO and stored at 220uC.

Two-photon imaging of GSH-MCB conjugates in brain slices was

achieved using a Coherent (Santa Clara, CA) Chameleon Ti:sa-

pphire ultrafast laser tuned to 780 nm directly coupled to a Zeiss

LSM510 system equipped with a 406 (1.0 numerical aperture)

objective. Images were acquired using the Zeiss LSM software.

Fluorescence was collected using a nondescanned photo-multiplier

tube (PMT) for the GSH-MCB signal (512–562 nm). Images

(5126512 pixels) were acquired using 8-line averaging between 50

and 100 mm deep into the slice in area CA1. GSH z-stacks were

acquired from either control-fed mice or NAC-fed mice and

fluorescence intensity was normalized to a known Lucifer yellow
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concentration value inside a pipette positioned in the field of view

of the imaged region at the same depth. Regions of interest were

delimited to restrict the analysis to the CA1 dendritic field or all

astrocytes in the field of few (astrocytes delimited individually). N’s

indicate number of slices, and each experimental group is

comprised of a minimum of four different animals. Statistical

significance was determined by assessing the means of the values

from two experimental groups using Student’s t-test (unpaired).

For calcium imaging of neurons, hippocampal slices from aged

mice were loaded with the calcium indicator Rhod-2/AM(10 mM)

using the cremophor EL AM dye loading technique developed by

Yuste [42]. This technique utilizes Cremophor EL as well as

Pluronic acid, two detergents that act to facilitate the solubilization

of water-insoluble dyes. The slices were loaded in the dark for a

maximum of 45 min at 33 degrees Celsius in aCSF. Rhod-2

fluorescence was visualized by excitation at 835 nm. Calcium

transients were measured in the dendrites of CA1 pyramidal

neurons by performing line scans in the stratum radiatum of hip-

pocampal slices. A baseline was established by giving 3 bursts of 50

stimulations of the Schaffer collaterals at 100 Hz (interburst

interval 5 s), mimicking the LTP conditioning protocol used in

electrophysiological experiments, in normal ACSF. Subsequently,

either nimodipine (10 mM) or APV (50 mM) was applied to the

bath and the conditioning protocol was re-applied to evaluate the

contribution of NMDARs and L-type calcium channels to the

calcium signal. Fluourescence signals from rhod-2 were analyzed

offline using the Zeiss LSM510 software. Fluorescence signals were

defined as DF/F = [F1 - F0]/(F0), where F1 and F0 are fluorescence

in the dendrites taken from the line scan at any given time point

and at the beginning of the experiment respectively. N’s indicate

number of slices, and each experimental group is comprised of a

minimum of four different animals. Statistical significance was

determined by assessing the means of the values from two

experimental groups using Student’s t-test (unpaired).

Supporting Information

Figure S1 NAC supplementation in aged mice leads to increased

levels of GSH in hippocampal neurons. (A and B) Brain slice from

an aged, control-fed mouse (upper panel) and from an aged, NAC-

fed mouse (lower panel), loaded with MCB (60 mM) to visualize the

GSH level, showing CA1 region of the hippocampus. (C and D)

Fluorescence intensity (normalized to a fluorescent standard, see

methods) of GSH labeling with MCB in the stratum radiatum (S.R.)

(dendritic region, C) and in the astrocyte somas (D). NAC-fed mice

showed significantly more GSH in the dendritic region compared

with control-fed mice.

(PDF)

Figure S2 (A) Whole-cell EPSC amplitude in slices from aged

mice recorded with either a normal intrapipette solution (blue N,
n = 6) or one supplemented with 10 mM GSH (red ., n = 9) in

response to HFS stimulation applied at t = 0. (B) Summary data.

Introducing intracellular GSH restored LTP in aged slices

(P = 0.03). (C) Introducing intracellular GSH restored LTP in

slices from adult mice (P,0.01). All data are expressed as mean 6

s.e.m.

(PDF)
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