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A B S T R A C T

Oxidative stress affects the survival and function of neurons. Hence, they have a complex and highly regulated
machinery to handle oxidative changes. The dysregulation of this antioxidant machinery is associated with a
wide range of neurodegenerative conditions. Therefore, we evaluated signaling alterations, synaptic properties
and behavioral performance in 2 and 6-month-old heterozygous manganese superoxide dismutase knockout
mice (SOD2+/− mice). We found that their low antioxidant capacity generated direct oxidative damage in
proteins, lipids, and DNA. However, only 6-month-old heterozygous knockout mice presented behavioral im-
pairments. On the other hand, synaptic plasticity, synaptic strength and NMDA receptor (NMDAR) dependent
postsynaptic potentials were decreased in an age-dependent manner. We also analyzed the phosphorylation state
of the NMDAR subunit GluN2B. We found that while the levels of GluN2B phosphorylated on tyrosine 1472
(synaptic form) remain unchanged, we detected increased levels of GluN2B phosphorylated on tyrosine 1336
(extrasynaptic form), establishing alterations in the synaptic/extrasynaptic ratio of GluN2B. Additionally, we
found increased levels of two phosphatases associated with dephosphorylation of p-1472: striatal-enriched
protein tyrosine phosphatase (STEP) and phosphatase and tensin homolog deleted on chromosome Ten (PTEN).
Moreover, we found decreased levels of p-CREB, a master transcription factor activated by synaptic stimulation.
In summary, we describe mechanisms by which glutamatergic synapses are altered under oxidative stress
conditions. Our results uncovered new putative therapeutic targets for conditions where NMDAR downstream
signaling is altered. This work also contributes to our understanding of processes such as synapse formation,
learning, and memory in neuropathological conditions.

1. Introduction

Oxidative stress is a cellular condition where there is an excess of
reactive oxygen species (ROS) and reactive nitrogen species (RNS). ROS
include several molecules such as hydrogen peroxide, superoxide and
hydroxyl free radicals, which are highly reactive with proteins, mem-
brane lipids and DNA [1,2]. While the generation of ROS is a normal
event that occurs in all cells, an imbalance in the equilibrium of the
redox status is associated with oxidative stress. The cell maintains redox
homeostasis through a complex antioxidant machinery that functions at
many levels. For example, the cellular anti-oxidant response includes
enzymes such as superoxide dismutase (SOD), glutathione peroxidase,

catalase and peroxiredoxins; but also ROS scavengers such as Vitamin
E, Vitamin C, β-carotene, uric acid and melatonin [3]. An important
member of the antioxidant machinery is the mitochondrial enzyme
superoxide dismutase 2 (SOD2), also known as manganese-dependent
superoxide dismutase (MnSOD). This protein binds to superoxide, a by-
product of oxidative phosphorylation and converts it to hydrogen per-
oxide or diatomic oxygen [4]. This function allows SOD2 to clear mi-
tochondrial reactive oxygen species (ROS) and, as a result, it confers
protection against cell death [5]. Therefore, this enzyme plays an an-
tiapoptotic role counteracting oxidative stress, fibrosis [6], ionizing
radiation [7], and inflammatory cytokines [8]. Moreover, the function
of SOD2 in the control of ROS levels makes it a relevant element in
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aging, cancer, and neurodegenerative diseases [5,9].
Many degenerative illnesses, including Alzheimer's (AD),

Parkinson's (PD) and Huntington's (HD) diseases have distinct physio-
pathological characteristics; however, they share neuropathological
hallmarks such as abnormal protein aggregation, increased oxidative
stress, mitochondrial dysfunction, and inflammatory processes. These
pathologies also share the deregulation of neuronal connections and the
disruption of brain circuits. In general, oxidative damage and synaptic
failure are early events in the neurodegenerative process [3,10]. Ad-
ditionally, the age-associated cognitive decline is the consequence of
impaired synaptic connectivity and shows a clear relationship with
increased oxidative stress [11,12].

In the mammalian brain, excitatory neurotransmission is mainly
mediated by glutamate and its ionotropic receptors, AMPA (a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid) and N-methyl-D-aspartate
receptors (NMDARs). Unique properties, including Ca2+ permeability,
allow NMDARs to play a critical role in brain development, synaptic
plasticity and neuropathology [13,14]. NMDARs exist in different forms
due to multiple combinations of subunits that can be differentially in-
hibited by compounds such as zinc or ifenprodil [15,16]. In addition,
NMDARs located at synaptic and extrasynaptic sites may constitute two
functionally distinct pools that can be activated differentially by several
signaling pathways [17]. Synaptic activation of NMDARs induces cell
survival signaling. For example, ERK activation via MEK1 [18,19],
which induces activation of the master transcription factor CREB by its
phosphorylation on serine 133 [20]. On the other hand, extrasynaptic
NMDARs stimulation induces shut-off of the CREB pathway through
dephosphorylation of its activation site [21]. Also, inactivation of ERK
(by extrasynaptic NMDARs stimulation) is associated to Calpain acti-
vation and STEP (Striatal-Enriched protein tyrosine phosphatase)
cleavage that produces a degradation product of 33 kDa (STEP33) [22].
The associated mechanism necessary to maintain the balance between
synaptic and extrasynaptic signaling is not clear, but the use of tyrosine
phosphatase and kinase inhibitors in hippocampal slices demonstrates a
correlation between NMDARs tyrosine phosphorylation and their sur-
face expression [23]. Fyn, an Src family of tyrosine kinases, has several
targets among NMDARs subunits. Two very important sites of phos-
phorylation in the GluN2B subunit are tyrosine 1472, which controls
the surface expression of NMDARs [24]; and tyrosine 1336 that is as-
sociated with NMDARs enrichment in extrasynaptic membranes [23].
On the other hand, STEP61 regulates the dephosphorylated state of the
GluN2B subunit through two parallel pathways: by direct depho-
sphorylation on tyrosine 1472 [25,26], and indirectly via depho-
sphorylation and inactivation of Fyn [27]. Another phosphatase im-
plicated in the phosphorylated state of NMDARs is PTEN (Phosphatase
and tensin homolog deleted on chromosome Ten), initially described as
a tumor suppressor with an important regulatory role in the PI3K/Akt
signaling pathway [28–30]. Previous work shows that NMDARs-de-
pendent long-term depression (LTD) results in PTEN anchoring to the
postsynaptic terminal [31]. This phosphatase has also been associated
with other neuropathologies such as AD and Stroke through similar
mechanisms dependent on NMDARs phosphorylated status [32,33].

In this work, we used 2 and 6-month-old heterozygous knockout
mice with an alteration in their antioxidant system (SOD2+/−: low
activity of SOD2) and normal wild-type (WT) mice to assess their be-
havioral performance and synaptic transmission under oxidative stress
conditions, focusing our attention in the downstream signaling of
NMDARs activation. We show that imbalance in the production of ROS
causes oxidative damage in proteins, membrane lipids, and DNA in
several brain structures, including the hippocampus and cortex. ROS
damage also correlates with age. Furthermore, we found impairments
in the processes of learning and memory, and alterations in glutama-
tergic synaptic transmission, mainly in the NMDARs response. We
found increased extrasynaptic NMDARs signaling and changes in the
molecular machinery implicated in the distribution of these receptors.
Our results show increased levels of STEP and PTEN, two phosphatases

that lower the synaptic form of NMDA receptors; and also decreased
levels of serine-133-phosphorylated CREB, a master transcriptional
factor activated by the synaptic response. Using a heterozygous
knockout mouse model, we provide a mechanistic understanding of the
signaling pathways compromised by high levels of ROS. We show that
oxidative stress results in alterations in NMDARs, including the im-
balance between synaptic and extrasynaptic signaling. These changes
caused by ROS have consequences in brain function, possibly by con-
trolling NMDARs trafficking and destination to the plasma membrane.

2. Experimental procedures

2.1. Chemicals and antibodies

The primary antibodies used are listed in Table 1. All secondary
antibodies used were obtained from Jackson 2.2.-Immunoresearch,
(dilution 1:200; Baltimore, USA). Chemicals used: 2,3-Dioxo-6-nitro-
1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide disodium salt
(NBQX, Tocris, Bristol, UK), Picrotoxin (PTX, Tocris, Bristol, UK),
(5S,10R)-(+)-5-Methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-
5,10-imine maleate (MK-801, Tocris, Bristol, UK).

2.2. Animals

Heterozygous Sod2tm1Leb/J mice (SOD2+/−; breeding pairs), con-
genic in the C57BL/6J background, were originally obtained from The
Jackson Laboratory (Sacramento, CA, USA). A breeding colony was
established by crossing SOD2+/− with wild-type mice. The littermates
were genotyped before weaning as described in the genotyping proto-
cols database from Jax Labs. Mice were fed ad libitum. Animals were
housed at the Animal Facility of the Facultad de Ciencias Biológicas,
Pontificia Universidad Católica de Chile.

2.3. Slice preparation and electrophysiology

Transverse slices (400 μm) from the dorsal hippocampus were cut
under cold artificial cerebrospinal fluid (ACSF, in mM: 124 NaCl, 2.6
NaHCO3, 10 D-glucose, 2.69 KCl, 1.25 KH2PO4 2.5 CaCl2, 1.3 MgSO4, y
2.60 NaHPO4) using a Vibratome (BSK microslicer DTK-1500E, Ted
Pella, Redding, CA, USA) and incubated in ACSF for 1 h, at room

Table 1
List of antibodies used for western-blot analysis and immunofluorescence stu-
dies. The specificity, isotype, clone number and commercial source of the an-
tibodies used throughout the study are indicated. All antibodies were used
according to the manufacturer’s instructions, indicating the dilution and tech-
nique used for the antibodies.

Antibody Company Dilution

4-4-Hydroxynonenal (4-
HNE)

USBiological 1:200 for immunofluorescence;
1:1000 for Western-blot

8-Hydroxyguanine (8-
OHG)

Santa Cruz
Biotechnology

1:200 for immunofluorescence

Nitrotyrosine (n-Tyr) USBiological 1:200 for immunofluorescence
CREB (phosphor-S133)

clone 10E9 (p-CREB)
AbCAM 1:200 for immunofluorescence

and 1:2000 for Western blot
STEP clone 23E5 Novus Biological 1:200 for immunofluorescence

and 1:1000 for Western blot
Phospho-NMDAR2B

(Tyr1336) (p-1336)
Thermofisher
Scientific

1:2000 for Western-blot
analysis

PTEN R&D Systems 1:1000 for Western-blot
Phospho-NMDAR2B

(Tyr1472) (p-1472)
Cell Siganlinf
Technology

1:1000 for Western-blot

NMDAR2B Invitrogen 1:1000 for Western-blot
GADPH Santa Cruz

Biotechnology
1:1000 for Western-blot

Actin Novus Biological 1:1000 for Western-blot
Tubulin Santa Cruz

Biotechnology
1:1000 for Western-blot
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temperature. In all experiments, 10 μM PTX was added to suppress in-
hibitory GABAA transmission. Slices were transferred to an experi-
mental chamber (2ml), superfused (3ml/min, at room temperature)
with gassed ACSF (using 95% O2/5% CO2), and visualized by trans-
illumination with a binocular microscope (Amscope, Irvine, CA, USA).
To evoke field excitatory postsynaptic potentials (fEPSPs), we stimu-
lated with bipolar concentric electrodes (Tungsten, 125 μm OD dia-
meter, Microprobes) connected to an isolation unit (Isoflex, AMPI,
Jerusalem, Israel). The stimulation was performed in the Stratum
Radiatum within 100–200 μm from the recording site. Recordings were
filtered at 2.0–3.0 kHz, sampled at 4.0 kHz using an A/D converter
(National Instrument, Austin, TX, USA), and stored with the WinLTP
program [34,35]. The basal excitatory synaptic transmission was
measured using an input/output curve protocol, which consisted of
eight stimuli ranging from 200 to 900 μA (the interval between stimuli
was 10 s). To generate LTP, we used high-frequency stimulation (HFS)
protocol, which consisted of 2 trains at 100 Hz of stimuli with an inter-
train interval of 10 s. Data were collected and analyzed offline with
pClamp 10 (Molecular Devices, San Jose, CA, USA).

2.4. Behavioral tests: classical model test

The Morris water maze (MWM) task was performed as described
below [36,37]. Briefly, male mice were trained in a 1.1 m diameter
circular pool (opaque water, 50 cm deep) filled with 19–21 °C water. A
submerged 9-cm platform (1 cm below the surface, invisible to the
animal) was used for training, with maximum trial duration of 60 s and
10 s on the platform at the end of the trials. Each animal was trained to
locate the platform. The test was performed with three trials per day,
and swimming was monitored using an automatic tracking system
(ANY-maze video tracking software, Stoelting Co, Wood Dale, IL, USA).
This system was used to measure the latency time (in seconds) required
for the animal to reach the platform and the time spent in each quad-
rant (in seconds). After testing, the mouse was gently removed from the
maze and returned to its cage.

2.5. Memory flexibility test

The MWM was performed as described below [38]. Briefly, mice
were trained in a 1.1m diameter circular water maze (opaque water,
50 cm deep, 19–21 °C, with a 9-cm platform 1 cm below the surface, a
maximum trial duration of 60 s, 10 s on the platform at the end of the
trials and a delay time between 10 and 15min). Each animal was
trained for one pseudo-random location of the platform per day for
4 days, with a new platform location each day. Up to 10 training trials
were performed per day until the criterion of 3 successive trials with an
escape latency of< 20 s was met. Upon testing completion, the mouse
was gently removed from the maze and returned to its cage. The ani-
mals were tested for the next location on the following day. Data were
collected using a water maze video tracking system (ANY-maze video
tracking software, Stoelting Co, Wood Dale, IL, USA).

2.6. Immunoblotting

The hippocampi and cortices of treated or control heterozygous
knockout mice were dissected on ice and immediately processed as
previously described [39,40]. Briefly, hippocampal and cortical tissues
were homogenized in RIPA buffer (10mM Tris-Cl, pH 7.4, EDTA 5mM,
1% NP-40, 1% sodium deoxycholate, and 1% SDS) supplemented with a
protease inhibitor mixture (25mM NaF, 100mM Na3VO4 and 30 μM
Na4P207) using a Potter homogenizer and then passed sequentially
through different caliber syringes. Protein samples were centrifuged
twice at 14,000 rpm at 4 °C for 15min. Protein concentration was de-
termined using a BCA protein assay kit (Pierce, Thermo Fisher Scien-
tific, Waltham, MA, USA). Samples were resolved by SDS-PAGE, fol-
lowed by immunoblotting on PVDF membranes. Western blot assays

were performed as previously described [40].

2.7. Immunohistochemical procedures

Perfusion, fixation and free-floating immunofluorescence proce-
dures were performed as previously described [39]. Washes and im-
mune reagent dilutions were performed using 0.01M PBS with 0.2%
Triton X-100 (PBS-T) in all immunohistochemical experiments, with
two PBS-T washes per antibody incubation. After PBS and PBS-T wa-
shes, 30 μm thick brain slices were used for the detection of STEP, n-
Tyr, 8-OHG, and 4-HNE. For p-CREB detection 10 μm thick slices were
incubated in 0.15M Glycine and 10mg/ml NaBH4 to decrease back-
ground auto-fluorescence. Slices were washed again with PBS and PBS-
T and blocked with 3% BSA for 1.5 h, at room temperature to avoid
non-specific binding. Detection of all targets of interest was performed
using primary antibodies incubated overnight in PBS-T containing 0.5%
BSA at 4 °C. After washing with PBS-T, sections were incubated for 2 h
at room temperature with the respective secondary antibody in PBS-T
containing 0.5% BSA. Then, sections were washed with PBS-T, PBS, and
water, mounted on gelatin-coated slides and cover slipped with fluor-
escence mounting medium.

To detect morphological changes in the hippocampus, the slices
were dewaxed to water and subjected to Nissl staining. Before staining,
all sections were mounted on gelatin-coated slides, air-dried, stained
using 0.1% cresyl violet acetate and cover slipped with Canada balsam.

2.8. Image analysis

Stained brain sections were photographed using an Olympus BX51
microscope coupled with a Micro-publisher 3.3 RTV camera (QImaging,
Surrey, BC, Canada). The luminance of the incident light and the time
of exposure were calibrated to assign pixel values ranging from 0 to 255
in RGB image (no-light to full-light transmission) and were used on all
preparations. The images were loaded onto ImageJ v.1.40 g software
(NIH) for analysis. Selection of areas for measurement was performed
by manual threshold adjustment or by direct manual selection of ROIs
in heterogeneous stains.

2.9. Statistical analysis

Results are expressed as mean ± standard error. Data were ana-
lyzed using one-way ANOVA, followed by Bonferroni's post hoc test. A
p-value ≤0.05 was considered as statistically significant. Statistical
analysis was performed using the Prism software (GraphPad Software
Inc.).

3. Results

3.1. Oxidative stress markers are increased in hippocampal slices from
SOD2+/− animals

The heterozygous SOD2+/− mice used in this study exhibit de-
creased SOD2 activity in several tissues [41]. SOD2 activity in the brain
of 5-week-old SOD2+/− animals is at least 79% lower than in WT mice
of the same age [41]. We focused mainly on the CA3 and CA1 areas of
the hippocampus because of their essential participation in learning and
memory [42]. All electrophysiological recordings were made in these
areas.

The decrease of the antioxidant barrier provided by SOD2 triggered
a marked increase in oxidative stress markers. This increment becomes
more pronounced as the animals age. We evaluated three oxidative
stress markers by immunofluorescence: nitro-tyrosine (n-Tyr; Fig. 1A),
4-hydroxynonenal (4-HNE; Fig. 1B) and 8-hydroxiguanine (8-OHG;
Fig. 1C) in the CA1 and CA3 regions in hippocampal slices from wild-
type (WT) and SOD2+/− mice of two different ages (2- and 6-month-
old). n-Tyr, a product of tyrosine nitration mediated by reactive
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nitrogen species such as peroxynitrite anions and nitrogen dioxide,
increases significantly in the CA1 region of WT mice as they get older
(Fig. 1Aa and Ab). n-Tyr staining in 2-month-old SOD2+/− mice is si-
milar to what we observe in 6-month-old WT mice (Fig. 1Aa, Ab).
Moreover, n-Tyr staining in 6-month-old SOD2+/− mice is significantly
increased compared to 6-month-old WT mice (Fig. 1Aa and 1Ab). In the
CA3 region, no significant differences in n-Tyr were observed between 2
and 6-month-old WT mice (Fig. 1Aa and Ac). On the other hand, the
levels of n-Tyr in 2-month-old SOD2+/− mice are higher than in 2- and
6-month-old WT animals. n-Tyr staining in the CA3 region increases
significantly in SOD2+/− mice as they get older (Fig. 1Aa and Ac).

We also evaluated the oxidative stress marker 4-HNE, an aldehyde
product of lipid peroxidation. 4-HNE has been implicated in the
etiology of pathological changes triggered by oxidative stress and it
seems to be a key mediator of oxidative-stress-induced cell death
through a mitochondria-dependent pathway involving cytochrome-c
release and caspase-3 activation [43]. We did not find significant dif-
ferences in 4-HNE levels in the CA1 and CA3 regions of the hippo-
campus from 2 and 6-month-old WT mice (Fig. 1Ba, b, and c). However,
we observed a two-fold increase in 4-HNE immunostaining in the CA1
region form 2-month-old SOD2+/− animals compared to WT mice of
the same age; and an increase of over three-fold in 6-month-old SOD2+/

− mice (Fig. 1Ba and 1Bb). In the CA3 region, we only observed in-
creased 4-HNE levels in 6-month-old SOD2+/− mice (Fig. 1Ba and
1Bc).

Finally, we analyzed 8-OHG, the most common DNA lesion resulting

from elevated reactive oxygen species, in the hippocampus of WT and
SOD2+/− mice. We found a two-fold increase in 8-OHG in the CA1
region from 6-month-old WT and 2-month-old SOD2+/− mice when
compared to 2-month-old WT animals. Moreover, 6-month-old SOD2+/

− mice showed a marked increase of 8-OHG in this area (Fig. 1Ca and
1Cb). We did not find significant differences in the CA3 area from 2 and
6-month-old WT animals (Fig. 1Ca and 1Cc). 8-OHG increased two-fold
in 2-month-old SOD2+/− mice compared to 2-month-old WT animals,
whereas 6-month-old SOD2+/− mice showed increased 8-OHG levels of
over two-fold compared to 6-month-old WT animals (Fig. 1Ca and 1Cc).

Similar results have been reported for 4-HNE and 8-OHG in a model
of traumatic brain injury [44] in which oxidative stress is part of the
damage mechanism. In conclusion, decreased levels of the antioxidant
enzyme SOD2 significantly increased the oxidative stress markers n-
Tyr, 4-HNE and 8-OHG in the mouse hippocampus. Other brain struc-
tures such as the cortex and the hypothalamus show similar increments
in oxidative stress markers (Supplementary Fig. 1).

3.2. SOD2+/− mice show spatial memory impairments that intensify with
age

Oxidative damage and cognitive deficits are common features of
several neuropathological conditions including AD, PD, and HD
[2,3,39,45,46]. Therefore, we decided to evaluate the cognitive per-
formance of SOD2+/− mice, which have high levels of oxidative stress
markers in the hippocampus (Fig. 1). The hippocampal function was

Fig. 1. Oxidative stress markers are increased in hippocampal slices from SOD2+/− mice. Aa. Representative immunofluorescence images showing n-Tyr in hip-
pocampal slices from 2 and 6-month-old WT and SOD2+/− mice. The graphs show the quantification of fluorescence intensity in the CA1 (Ab) and CA3 regions (Ac).
Ba. Representative immunofluorescence images showing 4-HNE in hippocampal slices from 2 and 6-month-old WT and SOD2+/− mice. The graphs show the
quantification of fluorescence intensity in the CA1 (Bb) and CA3 regions (Bc). Ca. Representative immunofluorescence images showing 8-OHG in hippocampal slices
from 2 and 6-month-old WT and SOD2+/− mice. The graphs show the quantification of fluorescence intensity in the CA1 (Cb) and CA3 regions (Cc). Bar= 100 μm.
Three animals were used per experimental group. Data are means ± S.E. Statistical differences were calculated by ANOVA, followed by post hoc Bonferroni's test.
Asterisks indicate statistical significance of the observed differences (*p < 0.05; **p < 0.01; ***p < 0.001).
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tested using the Morris water maze spatial memory test. For this task,
mice are required to learn the location of a hidden platform based on
external cues [37]. No significant differences were observed between 2
and 6-month-old WT mice during the time of testing (Fig. 2Aa). How-
ever, 6-month-old SOD2+/− mice showed a significant increase in es-
cape latency at several time points during the test when compared with
2-month-old SOD+/− (Fig. 2Ab) and same age WT mice. This increase
in escape latency was clearly observed on day 8. The representative
swimming paths are shown in Fig. 2Ac (top). 6-month-old SOD2+/−

mice swim in circles around the pool while 2 and 6-month-old WT mice
and 2-month-old SOD2+/− mice swim near the platform. This ob-
servation was confirmed when we compared escape latency between 2
and 6-month-old SOD2+/− mice (Fig. 2Ac, bottom). Fig. 2B shows the
relationship between spatial acuity and the average escape latency of
animals from the different experimental groups. The graph shows that
6-month-old SOD2+/− mice are located in a region of the graph that
corresponds to high-escape latency values and low-spatial acuity scores.
In contrast, 2-month-old SOD2+/− mice and 2 and 6-month-old WT
mice show low-escape latency values and low spatial acuity scores
(Fig. 2B).

On day 11 of the memory task, the platform was removed in a probe
test that measures the time mice spend swimming in the former area,
near the initial platform location (a circular area with twice the plat-
form radius). 2 and 6-month-old WT mice and 2-month-old SOD2+/−

mice spend more time in the platform area than 6-month-old SOD2+/−

mice. This observation was confirmed when we compared escape la-
tency between 2 and 6-month-old SOD2+/− mice (Fig. 2Ca and b),
demonstrating the inability of 6-month-old SOD2+/− mice to re-
member the platform location. Additionally, we evaluated the animals'
cognitive performance using a modified spatial memory paradigm as-
sociated with episodic memory (memory flexibility) that has been
shown to be more sensitive in detecting hippocampal dysfunction. The
analysis of behavioral performance indicates that, in the 3 first days, 6-
month-old SOD2+/− mice required more trials to achieve the learning

criterion (see Experimental procedures) than 2-month-old animals of
the same genotype and 6-month-old WT mice (Fig. 2D). Additionally,
we measured the swimming speed of experimental groups in order to
detect possible motor problems. However, we did not observe sig-
nificant differences between the groups (Supplementary Fig. 2). Alto-
gether, the results indicate that lowering the antioxidant barrier by
eliminating one copy of the SOD2 gene is not sufficient to produce
cognitive failure in 2-month-old animals. However, the accumulation of
oxidative stress species in 6-month-old SOD2+/− mice compromises
hippocampal-dependent behavioral performance.

3.3. SOD2+/− mice show alterations in the hippocampal structure and
synaptic failure that correlate with age

Nissl body staining is a marker for mature neurons and can be used
to detect neuronal loss and apoptosis [47]. Nissl analysis showed neu-
ropathological changes in the CA1 and CA3 regions of the hippocampus
in 6-month-old SOD2+/− mice, including neuronal loss and shrinkage
or disappearance of nuclei (Fig. 3A). These features are absent in 2-
month-old SOD2+/− mice and in 2 and 6-month-old WT mice. Fur-
thermore, the number of Nissl bodies significantly decreased in the CA1
and CA3 regions of the hippocampus of 6-month-old SOD2+/− mice
compared to 2 and 6-month-old WT mice and to 2-month-old SOD2+/−

mice (Fig. 3Aa and b).
In order to evaluate the effect of decreased SOD2 activity and oxi-

dative stress accumulation on synaptic transmission at different ages,
we recorded synaptic activity in Schaffer collateral-CA1 synapses
evoking field excitatory postsynaptic potential. We performed input-
output experiments to test synaptic strength. We analyzed input-output
curves for total synaptic response and input-output curves for NMDARs
response using 20 μM NBQX, an AMPAR inhibitor (Fig. 3Ba and 3Bb,
respectively). We did not find significant differences in total currents or
in NMDARs dependent currents between 2 and 6-month-old WT ani-
mals (Fig. 3Baand Bb). However, we found a significant decrease in

Fig. 2. SOD2+/− mice show spatial memory impairments that intensify with age. Behavioral performance was tested using the standard MWM test. Aa. Escape
latency (time to reach the hidden platform) of 2 and 6-month-old WT mice. Ab. Escape latency of 2 and 6-month-old SOD2+/− mice. Ac. Representative swimming
trajectories and escape latency for WT and SOD2+/− mice of different ages on day 8. B. Spatial acuity for 2 and 6-month-old WT and SOD2+/− mice after 2 weeks of
training. Ca. Analysis of the time mice spent swimming in the area near the platform when it was removed on day 11. Cb. Representative heat map of time spent in
the platform area on day 11. D. Behavioral performance of 2 and 6-month-old WT and SOD2+/− mice in the memory flexibility test. Six animals were used per
experimental group. Data are means± S.E. Statistical differences were calculated by ANOVA, followed by post hoc Bonferroni's test. Asterisks indicate statistical
significance of the observed differences (*p < 0.05, between 6-month-old WT and SOD2+/− mice, #p < 0.05 between 2 and 6-month-old SOD2+/− mice). Curves
were analyzed by Repeated Measures ANOVA.
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total response to different stimulus intensities in 2-month-old SOD2+/−

mice, and an even stronger decrease in 6-month-old SOD2+/− mice
(Fig. 3Ba). We obtained similar results when we analyzed the NMDARs-
dependent response. We observed a decrease in NMDARs-dependent
synaptic response in 2-month-old SOD2+/− mice and a stronger de-
crease in 6-month-old SOD2+/− mice (Fig. 3Bb). Since we found a
decrease in the NMDARs-dependent response by analysis of input-
output curves in SOD2+/− mice (Fig. 3B) we decided to analyze if
changes in the distribution of NMDA receptors in synaptic and extra-
synaptic membranes could be contributing to the effect observed in
SOD2+/− mice. Several reports demonstrate that tyrosine phosphor-
ylation of the NMDARs GluN2B subunit is strongly associated with
surface expression of this receptor. This surface expression of the re-
ceptors can be synaptic and extrasynaptic. For instance, phosphoryla-
tion on tyrosine 1472 determines the surface expression of NMDARs in
the synaptic zone [24], and phosphorylated tyrosine 1336 is associated
with enrichment of the receptor in extrasynaptic membranes [23]. We
did not observe significant differences in the phosphorylated status of
NMDARs in 2 and 6-month-old WT mice (Fig. 3Ca, Cc and Cd) or in the
specific phosphorylation, that maintains NMDARs in the synaptic zone
(p-1472), in 2 and 6-month-old SOD2+/− mice when compared with
WT mice (Fig. 3Cb and Cc). However, the specific phosphorylation that
enriches NMDARs in the extrasynaptic zone (p-1336) increased by ap-
proximately 60% in 2 and 6-month-old SOD2+/− mice (Fig. 3Cb and
Cd), generating an imbalance between synaptic and extrasynaptic
NMDARs (Fig. 3Ce). Consistent with the idea that an increment of
certain types of oxidative stress may compromise cognitive functions
and synaptic strength, we evaluated synaptic plasticity in WT and
SOD2+/− mice of different ages by studying LTP magnitude in hippo-
campal CA3-CA1 transmission, which also correlates with memory and
learning [48]. We used a weak HFS protocol (2 trains at 100 Hz for the
LTP induction) and found that LTP induction is compromised in 6-
month-old SOD2+/− mice when compared with same age WT animals
(Fig. 3Da and Db). Nevertheless, 2-month-old SOD2+/− mice had the
ability to induce LTP, which was maintained for at least 15min
(Fig. 3Da and Db). These results suggest that the accumulation of oxi-
dative damage may induce pathological changes in the hippocampus
and affect synaptic function, in part, due to an increase in the extra-
synaptic NMDARs population.

3.4. NMDARs associated signaling is altered in SOD2+/− mice

Because of the increment in the extrasynaptic NMDARs population,
detected by tyrosine 1336 phosphorylation, we analyzed three targets
implicated in NMDARs signaling. These were CREB, STEP61, and PTEN.
Previous reports indicate that synaptic activity triggered by NMDARs
activation induces CREB-dependent transcription. Phosphorylation of
CREB on serine 133 is often regarded as a marker for CREB-mediated
transcription [20,49], and extrasynaptic NMDARs can decrease CREB
activation [50]. Therefore, we analyzed the levels of p-CREB (S133) in
the hippocampus of 2 and 6-month-old WT and SOD2+/− mice by
immunofluorescence (Fig. 4A). We found that 6-month-old SOD2+/−

mice show a significant decrease of p-CREB in the CA3 region of the

hippocampus (Fig. 4Aa and Ac), but not in the CA1 zone (Fig. 4Ab).
Furthermore, we examined p-CREB levels by Western-blot analysis and
we found a similar decrease in 6month-old SOD2+/− mice (Supple-
mentary Fig. 4B). On the other hand, we analyzed two phosphatases
that are directly and indirectly implicated in the phosphorylated status
of NMDARs: STEP61 and PTEN [15]. STEP61 regulates the phosphor-
ylation state and surface density on NMDARs through two parallel
pathways: the direct dephosphorylation of tyrosine 1472; or indirectly,
through dephosphorylation and inactivation of Fyn [25,26]. Moreover,
extrasynaptic NMDARs stimulation is associated with Calpain activa-
tion and STEP cleavage, which produces a degradation product of
33 kDa (STEP33) [22,26]. The deregulation of this phosphatase has been
implicated in several neurodegenerative disorders, most notably AD
and HD [51,52]. We measured the levels of STEP by immuno-
fluorescence (Fig. 4B) and immunoblot analysis (Fig. 4C). We found
that the levels of STEP are increased in the CA1 region of SOD2+/−

animals. Indeed, 2 and 6-month-old SOD2+/− mice show a 1.5–2-fold
increment with respect to WT mice (Fig. 4Ba and Bb). In the CA3 re-
gion, we found a significant increase of STEP levels in 6-month-old
SOD2+/− mice when compared with 6-month-old WT and 2-month-old
SOD2+/− mice (Fig. 4Ba and Bc). A similar increase in STEP levels was
reported for transgenic mice models of AD and HD [52,53]. Im-
munoblot analysis showed two isoforms of STEP present in the hippo-
campus, STEP61, and STEP33 (Fig. 4C). STEP61 is the active form of this
phosphatase and STEP33 is a degradation product associated to Calpain
activation when extrasynaptic NMDARs are activated [22,26]. There
are no significant differences in STEP61 and STEP33 levels between the
WT mice experimental groups (Fig. 4Ca and Cc). In this case, the band
corresponding to STEP33 is very weak. In 2-month-old SOD2+/− mice,
the levels of the two STEP isoforms are similar to those of 2 and 6-
month-old WT animals. On the other hand, we detected an increase of
STEP61 and a strong increase in STEP33 in 6-month-old SOD2+/− mice
(Fig. 4Cb and Cc). We also evaluated PTEN by immunoblot analysis
(Fig. 4C). This phosphatase has also been implicated in several neuro-
pathologies such as AD and Stroke through a similar mechanism de-
pendent on the phosphorylation status of NMDARs [30,32,33]. Sig-
nificant differences were observed between 2 and 6-month-old WT mice
possibly due to normal aging (Fig. 4Ca and Cc). Additionally, we found
a 50% PTEN increase in 6-month-old SOD2+/− mice compared with
same age WT mice (Fig. 4Cb). These results indicate that oxidative
stress accumulation in the hippocampus alters signaling mediated by
activation of NMDARs, in this case through a decrease in CREB acti-
vation. This activation is also inhibited by extrasynaptic-NMDARs ac-
tivation. Furthermore, we found an increase of two phosphatases im-
plicated in the phosphorylation state and localization of NMDARs that
are involved in several neuropathologies.

4. Discussion

Using a heterozygous knockout mouse model (SOD2+/−) with
compromised antioxidant capacity, we showed that oxidative condi-
tions affect signaling associated with the distribution of NMDARs,
which trigger hippocampal-dependent functional and behavioral

Fig. 3. SOD2+/− mice show alterations in the hippocampal structure and synaptic failure that correlate with age. Aa. Representative Nissl staining images showing
Nissl bodies in the hippocampi of WT and SOD2+/− mice. Top: CA1, bottom: CA3. Ab. Quantification of Nissl bodies in the CA1 (top graph) and CA3 (bottom graph)
regions of the hippocampi of WT and SOD2+/− mice of different ages. IOD: integrated optical density in CA1 and CA3 hippocampal areas. Ba. fEPSP slope induced by
the input-output protocol to record total responses or responses corresponding to NMDARs (Bb) from 2 and 6-month-old WT and SOD2+/− mice. C. Immunoblot
analyses of phosphorylated GluN2B subunits of NMDARs and densitometric analysis of tyrosine 1472 and tyrosine 1336 phosphorylation in hippocampi lysates from
2 and 6-month-old (Ca). WT mice and 2 and 6-month-old SOD2+/− mice (Cb). Densitometric analysis of phospho-tyrosine 1472 (Cc), phospho-tyrosine 1336 (Cd) in
hippocampal lysates from WT and SOD2+/− mice. Normalized ratio of phospho-tyrosine 1472 (synaptic) and phospho-tyrosine 1336 (extrasynaptic) GluN2B
subunit (Ce) Da. LTP was generated by HFS in the hippocampal CA1 area in slices from 2 and 6-month-old WT and SOD+/− mice. Quantification of fEPSP slope
60min after HFS in hippocampal slices from SOD+/− and WT mice of different ages (Db). Bar= 100 μm. The dots and bars represent the mean ± SE from 9
different slices. Three animals were used per experimental group for electrophysiological experiments and six animals for biochemical analyses. Asterisks indicate
statistical significance of the observed differences (*p < 0.05). Data are presented as means ± S.E.M. Statistically significant differences were calculated by one-
way ANOVA, followed by Bonferroni's post hoc test.
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consequences. In general, there are two mechanisms through which
ROS affect ion channels: 1) by direct oxidation of the receptors' amino
acid residues or 2) by interfering with signaling pathways that regulate
the channels [12]. NMDARs activity can be regulated by hydroxyl ra-
dicals directly on redox modulatory sites [54–56]. However, these re-
ceptors are not the only channels that are affected by ROS in hippo-
campal-dependent processes such as learning and memory. The
Ryanodine receptors (RyRs) are a family of Ca2+ release channels found
in intracellular Ca2+ storage organelles. Dysfunction of these redox-
sensitive channels affects the capacity of neural circuits to generate LTP
[57]. In this work, we focused on how oxidative damage alters the
signaling implicated in the distribution of NMDARs. Our experiments
on hippocampal slices from SOD2+/− animals, which have a 79% de-
crease in SOD2 activity in the brain [41], show that oxidative stress
affects synaptic connectivity mediated by NMDARs. Given the im-
portance of NMDARs in synaptic transmission [15,58], the regulation of
their downstream signaling by oxidative stress provides a mechanism
for synaptic dysfunction in several neurological conditions where in-
creased ROS levels are main regulators [59].

NMDARs are more dynamic than originally thought, and neurons
are able to regulate the number, distribution and subunit composition
of synaptic and extrasynaptic receptors [17,60,61]. However, the sig-
nals and mechanisms controlling the presence of NMDARs in different
cellular domains are dependent on the phosphorylation state of the
GluN2B-subunit [23]. Phosphorylation on tyrosine 1472 of GluN2B is
critical for maintaining the synaptic form of NMDARs and preventing
their endocytosis. On the other hand, phosphorylation of GluN2B on
tyrosine 1336 is associated with the enrichment of extrasynaptic
NMDARs [23]. Both phosphorylation sites are substrates for the Src-
family kinase Fyn [24]. Moreover, the phosphorylation state of
NMDARs is modulated by STEP through two parallel pathways: by di-
rect dephosphorylation of GluN2B-Tyr 1472 [23,62], and indirectly via
dephosphorylation and inactivation of Fyn [63]. On the other hand,
STEP is differentially regulated by synaptic and extrasynaptic NMDARs
[22]. Dephosphorylation of GluN2B-Tyr 1472 can also be performed by
PTEN. This phosphatase is directly involved in NMDARs-dependent

LTD [29,31] and has been implicated in the pathological mechanism of
recurrent migraine through dephosphorylation of tyrosine 1472 in a rat
model [64]. In addition, PTEN has also been associated with other
neuropathologies such as AD and Stroke through similar mechanisms
dependent on the phosphorylated status of NMDARs [30,32,33].
Moreover, considerable effort has been recently dedicated to under-
standing how STEP deregulation contributes to the pathophysiology of
neuropsychiatric disorders such as AD, HD, and schizophrenia
[51,52,65].

NMDARs are localized in distinct compartments in the neuronal
membrane where they initiate signaling pathways when activated by
glutamate [66,67]. Activation of synaptic NMDARs is coupled with the
activation of ERK and is involved in synaptic strengthening and neu-
ronal survival [50]. Moreover, a previous report indicates that Cdk5
regulation of GluN2B enhances memory in a rat model [68]. Activated
ERK phosphorylates several synaptic and cytoplasmic proteins and is
translocated to the nucleus where it phosphorylates and activates
transcription factors such as CREB and Elk-1, which are involved in
dendritic spine remodeling [20,69]. In contrast, extrasynaptic NMDAR
activation is linked to the activation of p38 and cell death pathways
[22]. When synaptic NMDARs are stimulated, STEP61 is ubiquitinated
and eliminated from synaptic sites via rapid degradation through the
ubiquitin-proteasome system. On the other hand, diminished NMDARs-
dependent synaptic response contributes to increased STEP levels at
synaptic sites [22].

Using a combination of biochemical, histological, electro-
physiological and behavioral tools we identified NMDARs downstream
signaling mediated by the receptors´ synaptic and extrasynaptic loca-
lization. We show that the deleterious effects induced by a mechanism
that includes oxidative stress are regulated by the distribution of
NMDARs. We found increased levels of oxidative stress markers in 6-
month-old WT mice, which can be considered as normal aging. In
SOD2+/− mice, with reduced antioxidant capacity, oxidative stress
markers are increased in 2 and 6-month-old mice. However, cognitive
performance failure is only observed in 6-month-old animals, sug-
gesting that the effects mediated by ROS need longer exposure times.

Fig. 4. NMDARs associated signaling is altered in SOD2+/−. Aa. Representative immunofluorescence images of p-CREB (S133) in the CA1 and CA3 hippocampal
regions from 2 and 6-month-old WT and SOD2+/− mice. The graphs show relative levels of p-CREB in the CA1 (Ab) and CA3 (Ac) regions. The inset shows p-CREB
staining in the nucleus. Ba. Representative immunofluorescence images of STEP in CA1 and CA3 hippocampal regions from 2 and 6-month-old WT and SOD2+/−

mice. Bb. The graphs show quantification of fluorescence intensity in the CA1. Bc. The graphs show quantification of fluorescence intensity in the CA3 region. C.
Immunoblot of STEP61, STEP33 and PTEN from hippocampi lysates from 2 and 6-month-old WT and SOD2+/− mice (Ca and Cb, respectively). Cc. Densitometric
analysis of STEP61, STEP33, and PTEN in hippocampi lysates from 2-month-old WT mice and 6 and 2 and 6-month-old SOD2+/− mice. Bar= 100 μm. Three animals
were used per experimental group for immunofluorescence analyses and six animals for biochemical assays. Data are means ± S.E. Statistical differences were
calculated by ANOVA, followed by post hoc Bonferroni's test. Asterisks indicate statistical significance of the observed differences (*p < 0.05; **p < 0.01).
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Moreover, the alterations in synaptic transmission, mainly those related
with the response of synaptic-NMDARs present in 2 and 6-old-month
heterozygous knockout mice can be induced by an increase in the ex-
trasynaptic-NMDARs population (measured by p-1336 GluN2B levels).
The increase in this population can be triggered by higher STEP [70]
and PTEN [71] levels as a result of proteasome system inactivation and
the consequent inhibition of protein degradation. This situation may
contribute to the decrease in the synaptic form of NMDARs. STEP de-
gradation is required for sustained ERK activation. The activation of
these phosphatases induces decreased levels of the ERK target p-CREB,
reducing survival signaling in neurons. We only found alterations in
CREB signaling in 6-month-old SOD2+/− mice, effectively demon-
strating alterations in NMDARs downstream signaling. Several neuro-
pathologies in which dysfunction of NMDARs has been implicated, in-
cluding AD [3], PD [2] and HD [45], have also been associated with
deregulation of the neuron's oxidative status, suggesting that such a
common event as oxidative stress can affect synaptic maintenance and
function. The role of oxidative status in the control of NMDARs dis-
tribution and downstream signaling offers a mechanism that provides a
better understanding of neuropathologies in which glutamatergic sy-
naptic transmission is compromised.

The mechanism described above is the main contributor of altera-
tions in intracellular signaling. Crosstalk at the ERK level points to other
upstream molecules, signaling for events associated with similar brain
functions, able to impact on cellular performance. The potassium
channel KCNB1 (Kv2.1) in its oxidized form causes cellular alterations
and behavioral deficits in a mouse model of traumatic brain injury [72].
The contribution of Src tyrosine kinases was demonstrated using the
inhibitor Disatinib [72]. Crosstalk between Src kinase and ERK has been
demonstrated in an ischemia model [73]. Src is upstream of ERK sig-
naling and controls its activation through protein phosphatase 2A [73].
As described above, ERK controls CREB phosphorylation. The regula-
tion of the CREB master transcription factor is widely associated with
behavioral processes and is decreased in chronic and acute pathologies
related to neuronal plasticity dysfunction [20,74]. KCNB1 contributes
to increased excitability in hippocampal neurons in an AD mouse model
[75]. Therefore, is possible to associate acute and chronic pathological
conditions to modifications in potassium channels. Oxidized forms of
these channels allow placing this mechanism as an important con-
tributor to cellular dysfunction in different tissues including vasculature
[76,77], skeletal muscle [78,79] and brain [80,81]. NMDAR and
KCNB1 signaling are emerging as important participants in the me-
chanisms of synaptic plasticity and neurodegeneration in association
with the cell's oxidative status. We focused on three effectors of NMDAR
signaling (PTEN, STEP, and p-CREB), which are possible targets for
intervention. The activation of NMDAR signaling is dependent on
whether the receptors are localized in the synapse or in extrasynaptic
areas.

Neurons are particularly sensitive to oxidative stress [12] because,
in general, they are unable of divide [82]. For that reason, the battery of
antioxidant mechanisms is wide and diverse [83], and hypofunction of
any of these components could be potentially catastrophic for neurons.
For example, in the neuropathological conditions we have mentioned,
in addition to oxidative stress and synaptic failure, there are alterations
of the ubiquitin-proteasome system [84,85]; STEP dysregulation
[25,26,51,52]; and alterations in CREB dependent signaling [86],
bioenergetics and mitochondrial function [87,88].

Understanding how glutamate receptors are regulated under oxi-
dative stress conditions provides the bases for understanding the reg-
ulation of processes such as synapse formation, learning and memory,
and neuropathologies; opening opportunities for the development of
treatments for diseases in which the distribution and signaling of
NMDARs are compromised.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbadis.2018.03.019.
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