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ABSTRACT
Glutathione is an important cellular antioxidant whose depletion leads to oxidative damage and alters short- and 
long-term synaptic interactions. Taking into account that the role of this molecule in learning and memory has been 
poorly studied, the present work evaluates the effect of the administration of L-buthionine sulfoximine (BSO) on 
glutathione content and markers of cellular oxidative damage (malondialdehyde, superoxide dismutase, glutathione 
peroxidase). BSO was delivered into the brain by intraventricular injection in the frontal cortex, hippocampus and 
striatum, evaluating the effect of the resulting glutathione depletion on learning and memory by means of the passive 
avoidance test, performed 7 days after administration. The results suggest that injecting L-buthionine sulfoximine 
unbalances the antioxidant enzyme system, resulting in damage to cellular lipid components. In addition, the data 
suggest the existence of a relationship between oxidative damage originated by glutathione depletion and memory 
consolidation.
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RESUMEN
El daño oxidativo afecta la consolidación de la memoria en ratas. El glutatión es un importante antioxidante 
celular, cuya disminución promueve el daño oxidativo y altera las interacciones sinápticas, a corto y a largo plazo. 
Su función en el aprendizaje y la memoria ha sido poco estudiada. Se decidió determinar el efecto de la admi-
nistración del L-butionin sulfoximina sobre el contenido de glutatión, y los indicadores de daño oxidativo celular 
(malonildialdhehído, superóxido dismutasa, glutatión peroxidasa), a los siete días de la inyección intracerebroven-
tricular, en la corteza frontal, el hipocampo y el cuerpo estriado, así como el efecto de la disminución del glutatión 
en el aprendizaje y la memoria, mediante la prueba de evitación pasiva. Los resultados sugirieron que el L-butionin 
sulfoximina induce un desbalance en la actividad enzimática antioxidante, que genera un daño en los componentes 
lipídicos celulares, y que existe un vínculo entre el daño oxidativo originado por la disminución de glutatión y la 
consolidación de la memoria.

Palabras clave: estrés oxidativo, glutatión, L-butionin sulfoximina, enzimas antioxidantes, malonildialdehído, 
aprendizaje y memoria

Introduction
Oxidative stress is caused by excess pro-oxidant 
substances, insuffi cient antioxidant mechanisms, or 
both [1]. One of the most important components of 
cellular antioxidant defense mechanisms is endogen 
glutathione (GSH), a γ-glutamyl-cysteine-glycine tri-
peptide present at millimolar quantities in most cell 
types [2].

GSH protects cells from oxidative damage aris-
ing from exposure to excess amounts of exogenous 
and endogenous electrophilic compounds, contributes 
to nitric oxide (NO) homeostatic regulation [3] and 
maintains cytosolic protein thiols in a reduced state 
[4]. In addition, it is involved in the recruitment, syn-
thesis and release of glutamic acid and γ-aminobutyric 
acid, as well as the regulation of N-methyl-D-aspar-
tate (NMDA) and non-NMDA glutamatergic recep-
tors [5].

Alterations in the synthesis or steady state levels 
of GSH have been linked with neuronal death and 
neurodegenerative diseases such as Parkinson’s and 
Alzheimer’s disease [6]. Surprisingly little is known, 

however, about the in vivo role of this antioxidant in 
cognitive processes.

Considering that memory formation requires 
changes in synaptic plasticity [7] and taking into ac-
count that oxidative stress alters synaptic function 
[8], our group decided to determine the effect of de-
creased GSH levels in the activity of the antioxidant 
enzymes superoxide dismutase (SOD) (E.C. 1.15.1.6) 
and glutathione peroxidasa (GPx) (E.C. 1.11.1.9), in 
the levels of malondialdehyde (MDA), an indicator of 
lipid peroxidation, and in learning and memory. 

Materials and methods

Animals
This work employed a total of 120 male, 2 months-old 
Sprague-Dawley rats supplied by the National Cen-
ter for the Production of Laboratory Animals (CEN-
PALAB, Mayabeque, Cuba), with an average weight 
of 250 to 300 grams. They were housed at a density 
of 5 individuals per box under a temperature of 22 
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to 24 ºC, with a relative humidity of 60 ± 5% and a 
photoperiod of 12 h. Bedding was changed twice per 
week, and water and food were provided ad libitum. 
All experimental procedures complied with the ethi-
cal principles for animal research established by Clark 
et al. [9] and the Canadian Council for Animal Care 
(CCAC) [10, 11]. 

Induction of oxidative stress 
Rats of the group receiving the injury were anesthe-
tized with chloral hydrate (420 mg/kg bodyweight, 
intraperitoneal) and placed in a rodent stereotactic 
surgery device. An incision was made to expose the 
cranial Bregma point, from which coordinates corre-
sponding to the ventricle were set: AP -0.8; ML +1.4 
and DV -4.0 [12]. Oxidative stress was induced by 
injecting 7 μL of L-buthionine-(S, R)-sulfoximine 
(BSO) (10 mM in physiological saline solution) at a 
rate of 1 μL/min, by means of a 10 μL Hamilton sy-
ringe. The group with the sham injury underwent the 
same surgical procedure, but was administered physi-
ological saline solution instead of BSO. An additional 
control group was prepared with completely untreated 
animals. 

Preparation of biological samples
Seven days after surgery, the animals were beheaded 
under deep sedation with chloral hydrate (840 mg/
kg bodyweight, intraperitoneal). Their brains were 
removed and washed with cold physiological saline 
solution, after which the relevant brain areas (frontal 
cortex, hippocampus and striatum) from both hemi-
spheres were dissected. Tissue samples were frozen in 
liquid nitrogen and stored at -70 ºC awaiting further 
processing.

Quantification of total glutathione
Cytosol fractions were obtained by homogenizing 
tissue samples in 500 μL of 5% 5-sulfosalicylic acid 
in a Potter homogenizer (Bioblock Scientifi c), us-
ing 21 strokes at 1000 rpm in an ice-water bath. The 
obtained samples were centrifuged at 8160 x g for 
10 min at a 4 ºC, thus yielding protein-free super-
natants. GSH concentrations were determined with 
the enzymatic recycling method of Tietze [13], incu-
bating 50 μL of a 1.2 mM GSH standard, blank or 
the corresponding sample with 400 μL of 143 mM 
sodium phosphate/6.3 mM EDTA/0.24 mM NADPH/
0.67 mM 5.5’-dithiobis-2-nitrobenzoic acid at pH 7.5 
for 25 min. at 37 ºC in a water bath. This mixture was 
transferred into a cuvette with 50 μL of glutathione 
reductase (GRD), 1 U/mL, recording optical density 
(OD) at 412 nm every 3 seconds for a total period 
of 1 min in a Shimatzu spectrophotometer. The pre-
cipitated mixtures were incubated overnight at room 
temperature with 500 μL of 1 M NaOH. For protein 
quantifi cation, they were resuspended by vortexing 
for several minutes, preparing 1:50 dilutions after-
wards.

Determination of superoxide dismutase activity
Brain samples were homogenized in fi ve volumes 
(w/v) of 1 M Tris/0.25 M sucrose at pH 7.5, using 
21 strokes in a Potter homogenizer (Bioblock Scien-
tifi c) at 1000 rpm in an ice-water bath. The resulting 

samples were centrifuged for 15 min. at 16 000 x g 
and 4ºC. SOD activity was measured in the resulting 
supernatants, using the Marklund method [14]. Sam-
ple delipidation was performed by adding 30 μL of 
chloroform and 50 μL of methanol to every 100 μL of 
homogeneous compound, followed by vortexing for 
1 min. and centrifugation at 2448 x g for 20 min., ex-
tracting the supernatants. The assay employed 0.2 M 
Tris-HCl/2 mM EDTA pH 8.2 buffer. Pyrogallol was 
prepared at 5% in distilled water and stored protected 
from light. OD420 nm was recorded every 3 seconds for 
a total period of 1 min. One unit of enzyme activity 
was defi ned as the amount of enzyme inhibiting au-
toxidation by 50% at 25 ºC. 

Determination of glutathione peroxidase 
enzyme activity
Cytosol fractions were prepared by homogenizing 
brain samples in 1 mL of 50 mM Tris/0.1 mM EDTA, 
pH 7.6 in a Potter homogenizer (Bioblock Scientifi c), 
using 30 strokes (with intervals of 1 min every 10 
strokes) at 1000 rpm in an ice-water bath. The result-
ing fractions were centrifuged for 15 min at 16 000 
x g and 4 ºC, extracting the supernatants and storing 
them at -20 ºC until further processing.

The assay employed 0.1 M potassium phosphate/
1 mM EDTA Na2/2 mM NaN3 pH 7 buffer; solu-
tion X (1.25 mM GSH/187.5 μM NADPH/0.3 U/mL 
GRD in phosphate buffer) and, as substrate, 10 mM 
CuOOH in 50% ethanol. Fifty microliters of sample 
(M) or homogenization buffer (B) and 400 μL of so-
lution X were mixed in the cuvettes and incubated for 
5 min. at 25 ºC, followed by the addition of 50 μL of 
CuOOH. OD340 nm started to be registered 10 seconds 
later, and continued to be recorded every 10 seconds 
for a total period of 2 min. One unit of enzyme activ-
ity was defi ned as the amount of enzyme necessary 
for catalyzing the oxidation of 1 μmol of GSH in the 
presence of CuOOH in one minute, at pH 7 and 25ºC 
[15].

Quantification of malondialdehyde
The homogeneous sample was obtained using condi-
tions similar to those employed for the SOD assay. 
Two-hundred microliters of the sample were vortexed 
with 400 μL of a 0.67% thiobarbituric acid solution in 
0.2 M HCl, then incubated for 15 min in a water bath 
at 100 °C and centrifuged at 2448 x g for 10 min. at 
room temperature. The resulting supernatant (200 μL
sample + 400 μL reagent) was used for measuring 
OD535 nm, using blank samples (200 μL H2O + 400 μL 
reagent) as reference [16]. 

Quantification of total protein
Total protein was quantifi ed using the Bradford assay 
[17]. One-hundred microliters of the sample, bovine 
serum albumin (BSA) standards or the blank were 
mixed with 2 mL of 0.1 mg/mL Coomassie Brilliant 
Blue in 8.5% H3PO4 / 0.05% ethanol by vortexing, 
measuring OD595 nm in the resulting mixtures. Sample 
absorbances were interpolated in a standard curve pre-
pared with BSA at 0.044, 0.066, 0.88 and 0.132 mg/mL,
diluted from a concentrated stock whose concentration 
was determined based on the extinction coeffi cient at 
280 nm of this molecule (k = 0.68 mL/mg).
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Learning and inhibitory memory. Passive 
avoidance
During the passive avoidance test, animals are placed 
in a box divided into identically sized lit and dark 
compartments (each 30 x 30 x 25 cm), communicat-
ed through a 7 x 9 cm door, and must suppress their 
spontaneous preference for darkness in order to avoid 
a punitive stimulus [18]. At 24 h post-injury, the rats 
were placed in the lit compartment and were allowed 
to roam freely through both compartments for 3 min. 
The training phase started 2 hours later, registering the 
time of fi rst entry into the dark compartment. After 
6 min. of free exploration, they received a 1 mA cur-
rent (75-80 Hz) pulse of 3 s, after which the door was 
opened, providing access to the lit compartment. If the 
rats did not remain in the lit compartment for at least 
1 min while avoiding the dark compartment, the stim-
ulus was applied again. At 7 days post-injury, reten-
tion was evaluated by reapplying the test without the 
stimulus, recording the latency time for each crossing 
between compartments in each phase.

Data processing and statistical analysis
Statistical analyses were performed with the Sta-
tistic v6.0 software package. Normal distribution 
and homogeneity of variance were verifi ed with the 
Kolmogorov-Smirnov and Levene tests, respectively. 
Oxidative stress variables were analyzed with a one-
way ANOVA followed by Tukey’s test, using instead 
a non-parametric Kruskal-Wallis test to compare inde-
pendent groups failing to meet these criteria. Statisti-
cal signifi cance was set at p ≤ 0.05. 

Results 

Biochemical analyses 
No differences regarding GSH concentration were 
detected between sham-injured or BSO-treated ani-
mals for any of the studied brain areas. However, both 
groups exhibited statistically signifi cant reductions in 
the GSH levels of cortex and striatum when compared 
to untreated animals (p < 0.05) (Figure 1).

Although SOD activity in BSO-treated animals 
was signifi cantly higher than in healthy animals, the 
same comparison, when performed against sham-
injured animals, produced statistically signifi cant dif-
ferences only for striatum. No statistically signifi cant 
differences were detected between the sham-injured 
and untreated groups (p < 0.001) (Figure 2A). 

GPx activity was highest in the sham-injured 
group, exhibiting statistically signifi cant differences 
with the hippocampus of BSO-treated animals and 
with the cortex and hippocampus of untreated animals 
(p < 0.01). These differences never reached statistical 
signifi cance for striatum samples (Figure 2B).

MDA levels exhibited highly signifi cant increases 
in all the studied brain areas of BSO-treated animals 
(p < 0.001) (Figure 3).

Behavioral studies
All groups behaved similarly during the training phase 
in the passive avoidance box. However, when reten-
tion was evaluated 7 days later, the control and sham-
injured animals exhibited statistically signifi cant (p < 
0.01) increases in latency time for entry into the dark 
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compartment when compared with BSO-treated ani-
mals (Figure 4).

Discussion 
A number of studies have found out that increased 
oxidative damage correlates positively with early 
cognitive deterioration in Alzheimer’s disease pa-
tients [19]. Normal aging also brings about progres-
sive cognitive impairment, which takes a particularly 
signifi cant toll in memory-intensive activities. The 
identifi cation of free radicals as important players in 
this process has led to the appearance of therapeutic 
strategies against aging and aging-related pathologies 
centered on the inhibition or limitation of oxidative 
reactions involving these agents. Although anti-
oxidative therapy has enjoyed growing acceptance, 
especially in Western countries, hard evidence on its 
benefi ts is still lacking due to, among other factors, 
an insuffi cient understanding of the oxidative damage 
mechanisms triggering the process, lack of consensus 
on what constitute reliable markers of oxidative dam-
age and oxidative status of the patients, and failure 
to identify a therapeutic window of opportunity [20]. 
Deeper and more detailed data are required, espe-
cially on the intricacies of the GSH system, taking 
into account its prominent role in the maintenance of 
oxidative homeostasis in the brain and its link to cog-
nitive function [18].

Different studies in humans, rats and monkeys 
have demonstrated that the qualitative codifi cation of 
stimuli takes place in brain structures operating, to a 
certain extent, as independent memory systems. Such 
studies have focused mainly on the hippocampus, stri-
atum, amygdala and frontal brain cortex [21]. 

BSO has received widespread use as inhibitor of 
γ-glutamylcysteine synthetase during both in vivo and 
in vitro neurological research. Its effect is, however, 
transitory, and GSH concentration rebounds back 
to normal levels by day 7 post-administration [22]. 
This explains why GSH concentrations do not dif-
fer between BSO-treated and sham-injured animals, 
although both groups still exhibit lower GSH levels 
than the non-treated group. 

Interestingly, MDA levels remained high in the 
BSO-treated group despite the GSH rebound. This 
suggests the presence of an oxidative imbalance in 
this group, supporting the theory that oxidative dam-
age is caused by self-perpetuating mechanisms that 
outlive the originating event [23]. Decreased GSH 
concentrations should inhibit the activity of mitochon-
drial complexes I and II and the production of ATP, 
which would in turn result in the generation of reac-
tive oxygen species [24]. The latter may diffuse out to 
other cell compartments where they may cause further 
damage. Therefore, a compensating response of the 
antioxidant enzyme system was expected [5].

Although SOD activity remained relatively high 
in the studied brain areas of BSO-treated individu-
als when compared with sham-injured animals, this 
difference reached statistical signifi cance only for 
striatum samples, suggesting that this region is more 
susceptible to GSH defi cit, as SOD activity is a telltale 
sign of H2O2 accumulation. GPx uses GSH as electron 
donor for catalyzing the reduction of H2O2 and other 
hydroperoxides originating from lipid peroxidation 

and the metabolism of eicosanoids [25]. Hence, the 
GSH system is essential for dealing with excess H2O2, 
protecting biological membranes and other cell com-
ponents against oxidative damage [26]. 

That increases in SOD activity are not matched by 
compensatory increases in GPx activity suggest that 
the latter is sensitive to the low availability of GSH, 
specifi cally in the hippocampus and striatum.

Hydrogen peroxide may oxidize key cysteine 
residues, altering the structure and function of many 
proteins [27]. Neurons and glial cells produce NO, a 
species that can react with O2

- anions, thus forming 
peroxynitrite (ONOO-) and, in a situation where GSH 
is defi cient, nitrosonium (NO+) ions. The latter con-
stitute strongly oxidizing species that can inactivate 
enzymes such as succinate dehydrogenase, glutamine 
synthetase, cytochrome P450, the Ca2+-ATPase of the 
endoplasmic reticulum, Mn2+-SOD and GRD [28].

The low enzyme activity of GPx in BSO-treated 
animals may arise from oxidative damage of the pro-
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tein itself resulting, in turn, in accumulated H2O2. 
Hydrogen peroxide is relatively stable in aqueous 
solutions, and can easily cross biological membranes 
[29], triggering sequential reactions of lipid peroxida-
tion and forming aldehydes such as MDA [30]. MDA 
exhibited increased levels in the studied brain areas of 
the BSO-treated animals, as expected if a compensa-
tory GPx response is absent, and in agreement with 
the results obtained by Rougemont et al. after admin-
istering BSO to specifi c brain areas [31].

Some research suggest that the in vitro administra-
tion of H2O2 inhibits the activity of NMDA receptors 
[32]. It has been shown that a 40% defi cit in brain GSH 
is suffi cient for decreasing the functionality of NMDA 
receptors, due to the presence in the latter of cysteine 
residues sensitive to environmental redox status [33]. 
Such an effect might well be enhanced by defi cits in 
GPx activity, as observed in the BSO-treated group.

Changes in intracellular Ca2+ concentration mediat-
ed by the ion channels of NMDA receptors are essen-
tial for activating the protein kinases that modulate, 
in the long term, the effi cacy of synaptic transmis-
sion and the levels of protein synthesis required for 
the maintenance of long-term potentiation, as well as 
memory consolidation [34]. 

BSO-treated individuals exhibited low entry laten-
cies and thus, poor retention in the passive avoidance 
tests. The association between entry into the dark 
compartment and punitive stimulation took place in 
seconds, as well as the induction of long-term poten-
tiation [7]. This suggests that these animals are prob-

ably unable to maintain the mechanisms that normally 
guarantee memory consolidation.

Behavioral studies related to oxidative stress have 
produced disparate results. Some research on the effect 
of antioxidants on cognitive function suggests a direct 
involvement of ROS in learning and memory [35, 36]. 
However, genetic engineering of the β-amyloid pep-
tide has also suggested that oxidative stress is neither 
necessary nor suffi cient to cause memory impairment 
[37]. GSH defi cits have been linked to short-term 
memory and motivational impairment [18], in addi-
tion to favoring oxidative processes that indirectly 
contribute to cognitive decline [38]. 

These results suggest that, independently from the 
triggering event, oxidative damage may persist due to 
a state of unbalance in antioxidant enzymes that leads 
to increased lipid peroxidation. The latter condition 
has a direct effect in biological membranes and may 
be related to long-term memory impairment in BSO-
treated animals.
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