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Abstract

Neuronal electrical activity increases intracellular Ca2+ concentration and generates reactive oxygen species.
Here, we show that high frequency field stimulation of primary hippocampal neurons generated Ca2+ signals
with an early and a late component, and promoted hydrogen peroxide generation via a neuronal NADPH
oxidase. Hydrogen peroxide generation required both Ca2+ entry through N-methyl-D-aspartate receptors and
Ca2+ release mediated by ryanodine receptors (RyR). Field stimulation also enhanced nuclear translocation of the
NF-kB p65 protein and NF-kB -dependent transcription, and increased c-fos mRNA and type-2 RyR protein
content. Preincubation with inhibitory ryanodine or with the antioxidant N-acetyl L-cysteine abolished the
increase in hydrogen peroxide generation and the late Ca2+ signal component induced by electrical stimulation.
Primary cortical cells behaved similarly as primary hippocampal cells. Exogenous hydrogen peroxide also
activated NF-kB-dependent transcription in hippocampal neurons; inhibitory ryanodine prevented this effect.
Selective inhibition of the NADPH oxidase or N-acetyl L-cysteine also prevented the enhanced translocation of
p65 in hippocampal cells, while N-acetyl L-cysteine abolished the increase in RyR2 protein content induced by
high frequency stimulation. In conclusion, the present results show that electrical stimulation induced reciprocal
activation of ryanodine receptor-mediated Ca2+ signals and hydrogen peroxide generation, which stimulated
jointly NF-kB activity. Antioxid. Redox Signal. 14, 1245–1259.

Introduction

N

euronal electrical activity generates intracellular
Ca2þ signals that induce local changes at the synaptic
level, and activate at the nucleus the expression of genes that
are essential for synaptic plasticity (11, 34). The activityinduced intracellular Ca2þ increase is a consequence of Ca2þ
influx through different plasma membrane entry pathways,
including Ca2þ channels activated by voltage or neurotransmitters and store-operated Ca2þ channels. In addition, there is
a significant contribution from Ca2þ release through channels
present in intracellular stores, mainly the endoplasmic reticulum (61, 89). Through Ca2þ-induced Ca2þ release (CICR),
neuronal cells amplify and propagate small and localized
Ca2þ signals generated in microdomains to other neuronal

regions, including the nucleus (11, 20, 27, 58). Activation by
Ca2þ of ryanodine receptors (RyR) or inositol 1,4,5-trisphosphate receptors (IP3R) Ca2þ release channels provides the
molecular basis for CICR.
Increased neuronal activity also produces reactive oxygen
species (ROS) (13, 15, 31, 40), and reactive nitrogen species
(RNS) (65). Numerous reports indicate that ROS at physiological concentrations act as requisite signaling molecules in
processes underlying synaptic plasticity and memory formation (44, 46). Furthermore, mounting evidence supports
crosstalk between Ca2þ and ROS signals (33, 39, 85). On the
one hand, Ca2þ stimulates the production of ROS in different
cell types, including neurons (2, 36, 48, 80). On the other, the
redox state of the cell modifies the activity of several molecules involved in Ca2þ signaling, including the SERCA pump,
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the IP3R, and particularly the RyR channels. In skeletal muscle, the RyR1 isoform reversibly increases its activity after
oxidation (4, 5, 28, 52, 69). In brain, the predominant RyR2 and
RyR3 isoforms also increase their activity in response to oxidation, whereas after reduction they become poorly responsible towards activation by Ca2þ (17, 18, 37). In this context,
our laboratory has reported that exogenous H2O2 applied to
primary hippocampal cells or slices modifies the RyR redox
state by increasing its S-glutathionylation level. This covalent
and reversible RyR redox modification promotes Ca2þ release, which in turn enhances extracellular-signal related kinases 1/2 (ERK1=2) and cAMP response element-binding
protein (CREB) phosphorylation (45).
Primary hippocampal cells exposed to electrical field
stimulation at physiologically relevant frequencies display
increased intracellular Ca2þ concentration due to Ca2þ influx
through voltage-dependent Ca2þ channels (60). Calcium entry following neuronal stimulation activates caffeine-sensitive
Ca2þ release from intracellular stores (6) and promotes
mitochondrial-dependent superoxide anion generation (40).
Increases in intracellular Ca2þ concentration or enhanced ROS
generation activate the transcription factor NF-kB (32, 49, 57).
This transcription factor plays a significant role in nerve cell
survival, dendritic arborization, and axon formation and
plasticity (3, 12, 35, 42, 43, 54, 56, 63, 76). Furthermore, depolarization by high extracellular Kþ, low frequency stimulation (0.1 Hz), and long-term potentiation (LTP) induced by
high frequency (HF) stimulation all promote NF-kB activation
and enhance NF-kB-dependent expression in the hippocampus (30, 55, 57). Yet, to our knowledge, there are no reports in
the literature describing the effects of HF field stimulation on
NF-kB activity in primary neuronal cells.
The results described here show that electrical field stimulation of primary hippocampal neurons at physiologically
relevant frequencies generated Ca2þ signals and promoted
H2O2 generation, derived from a neuronal NADPH oxidase
(NOX) activity. The generation of persistent Ca2þ signals and
ROS required RyR-mediated Ca2þ release. The ensuing increase in Ca2þ and ROS jointly stimulated the translocation of
the p65 NF-kB protein to the nucleus. In addition, after 6 h of
HF stimulation neuronal cells displayed enhanced NF-kBdependent transcription and increased RyR2 protein content,
while 45 min after stimulation there was a sizable increase in
the mRNA levels of the immediate early gene c-fos. Some
experiments performed with cortical cells obtained from the
medial prefrontal area yielded similar results as those obtained in primary hippocampal cells.
Materials and Methods
Materials
Dulbecco’s modified Eagle’s medium (DMEM), N-acetyl-Lcysteine (NAC), uridine, and antibodies anti-b-actin, antimicrotubule-associated protein 2 (MAP-2), and MK-801 were
obtained from Sigma (St. Louis, MO). Ryanodine was from
Alexis (San Diego, CA) and H2O2 from Merck (Darmstadt,
Germany). Diphenylene iodonium (DPI) and protease inhibitors were from Calbiochem (La Jolla, CA). Lipofectamine
2000, Hoechst 33342, SYBR green (Platinum SYBR Green
qPCR SuperMix UDG), and B27 were from Invitrogen (Carlsbad, CA). Horse serum, Neurobasal and Full Neurobasal medium were from Gibco BRL (Rockville, MD). BAPTA-AM,
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Fluo-4-AM, Alexa Fluor 546 goat anti-rabbit IgG, and Alexa
Fluor 488 goat anti-mouse IgG were from Molecular Probes
(Eugene, OR). The peptides gp91 ds-tat and scrambled-tat
were from AnaSpec (Fremont, CA). Anti-glial fibrillary acidic
protein (GFAP) was from Dako (Carpinteria, CA). The antibody against NF-kB inhibitory alpha (IkBa) was from Cell
Signaling Technology (Beverly, MA). Antibody anti-RyR2
and secondary horse rabbit peroxidase-conjugated anti-rabbit
antibody were from Pierce (Rockford, IL). Polyvinylidine difluoride membranes were from Millipore Corp, (Bedford, MA).
Primary cell cultures
All experimental protocols used in this work complied with
the ‘‘Guiding Principles for Research Involving Animals and
Human Beings’’ of the American Physiological Society and
were approved by the Bioethics Committee for Investigation in
Animals of the Facultad de Medicina, Universidad de Chile.
Hippocampal neurons were obtained from Sprague–
Dawley rats at embryonic day 18. The hippocampus was
dissected, and primary cultures were prepared as described
previously (19). Cells were seeded in polylysine-coated plates
or in 25 mm coverslips and maintained for 2 h in DMEM
supplemented with 10% horse serum; after this time, cells
were transferred to Neurobasal medium supplemented with
B27, 100 mg=ml streptomycin, and 100 U=ml penicillin (Full
Neurobasal). To reduce the number of proliferating nonneuronal cells, cultures were treated at 3 days in vitro (DIV)
with 1.4 ng=ml 5-Fluoro-20 -deoxy-uridine (FDU) plus 3.5 ng=ml
uridine for 24 h. For most of the assays, cells were seeded at
5104 cells=cm2 and treatments were performed at 10–14
DIV. The neuronal content of these cultures was assessed by
immunocytochemistry, using MAP-2 as neuronal marker and
GFAP as glial marker. At day 14, DIV the culture contained
at least 80% neurons (Supplemental Fig. 1A; see www
.liebertonline.com=ars).
Cortical neurons were obtained from the medial prefrontal
cortex from E18 rat fetuses. The same procedure used to
obtain hippocampal cultures was followed. Cells were used at
6–10 DIV.
Repetitive field electrical stimulation
Primary cell cultures were kept in Tyrode solution (in mM:
129 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 30 glucose, 25 HEPES-Tris,
pH 7.3) under resting conditions for 30 min. For experiments
in Ca2þ-free Tyrode solution, CaCl2 was replaced by 2 mM
MgCl2 and 0.5 mM EGTA was added. To elicit action potentials, electrical field stimulation of 20–25 V=cm was applied
through platinum wires located in the microscope field of
view, using 1 ms supra-threshold voltage pulses delivered
from high current capacity stimulators. Neurons were stimulated with 1 or 4 trains of 1000 pulses at 50 or 10 Hz. Drugs
were added to Tyrode solution, when used, before electrical
stimulation or the addition of H2O2 for the times described in
each case.
The electrical stimulation protocols used in this work did
not produce neuronal death, as evaluated 1, 6, and 24 h after
the stimulus by immunocytochemistry of MAP2-stained
neurons loaded with propidium iodide. Supplemental Fig. 1B
illustrates an example of a primary hippocampal culture
stimulated with 4000 pulses at 50 Hz and evaluated for viability 24 h later.

NF-jB ACTIVATION IN ELECTRICALLY STIMULATED PRIMARY NEURONS

1247

Determination of H2O2 generation

Plasmid constructs

Hippocampal and cortical neurons were transiently transfected with the Hyper-Cyto plasmid (Evrogen, Moscow,
Russia) at 9 or 6 DIV, respectively. This plasmid codes for a
cytoplasmic protein (HyPer-cyto), which has a circularly permuted yellow fluorescent protein inserted into the regulatory
domain of the prokaryotic H2O2-sensing protein (OxyR) (10)
allowing selective detection of H2O2 production in living cells.
The efficiency of neuronal transfection was 11%. One day posttransfection, cells were washed with Tyrode solution and
electrically stimulated in the same solution.
Images were obtained every 10 s with an Olympus Disk
Scanning Unit (DSU) confocal microscope (Olympus, Hamburg, Germany). Hyper-Cyto fluorescence was detected at
488 nm excitation and 510–540 nm emission wavelengths.
Changes in H2O2 levels are presented as (F-Fo)=Fo values,
where Fo corresponds to the average basal fluorescence obtained from 15 frames.

A plasmid containing six tandem repeats of NF-kB binding
sites linked to a luciferase reporter gene (pGL3, Promega,
Madison, WI) was constructed (83). Briefly, the plasmid was
produced using six copies of consensus sequences inserted
immediately upstream of the pGL3 promoter (Xho I site). The
orientation of the insert was verified by PCR amplification of
the isolated DNA of the different clones. Full-length p65 was
subcloned from p65-GFP (62) into the pEGFP-N1 vector
(Clontech, Mountain View, CA) using HindIII and BamHI
restriction sites (83).

Detection of intracellular Ca2þ signals
Cells were transferred to Tyrode solution, preloaded for
30 min at 378C with 5 mM Fluo4-AM and washed three times
with Tyrode solution to allow complete dye de-esterification.
Fluorescence images of intracellular Ca2þ signals in primary
hippocampal neurons were acquired every 5 s in an inverted
confocal microscope (Carl Zeiss, Axiovert 200, LSM 5 Pascal,
Jena, Germany), utilizing the Plan Apochromatic 40 Oil DIC
objective, at excitation 488 nm, argon laser beam. Most image
data were acquired in cell bodies. Frame scans were averaged
using the equipment data acquisition program. Ca2þ signals are
expressed as (F-Fmin)=(Fmax-F), where F corresponds to the experimental fluorescence, Fmax to the fluorescence signal of Ca2þsatured dye, and Fmin to the fluorescence of Ca2þ-free dye. The
values of Fmax and Fmin were determined at the end of experiment; Fmax after ionophore addition (ionomycin, 100 mg=ml) and
Fmin after addition of 100 mM BAPTA as Ca2þ-chelator. All experiments were performed at room temperature (208–228C).
Immunoblot analysis
Cells were incubated at 48C in 30 ml lysis buffer containing
(in mM) 150 NaCl, 1 EDTA, 5 Na3VO4, 20 NaF, 10 Na4P2O7, 50
Tris-HCl, pH 7.4, plus 1% Nonidet P-40 and protease inhibitors as described Valdés et al., (83). Cell lysates were scrapped
from the culture dishes, disrupted by sonication for 1 min,
incubated on ice for 20 min, and sedimented at 15,000 g for
20 min to remove debris. Whole cell lysates were resolved by
10% SDS-PAGE. Gels were transferred to 0.2 mm polyvinylidine difluoride membranes, and blots were blocked for
1 h at room temperature in TBS containing 0.1% Tween-20 and
5% fat-free milk. Incubations with primary antibody against
IkBa (1:500) were performed at 48C overnight. After incubation for 1.5 h with HRP-conjugated secondary antibodies,
membranes were developed by enhanced chemiluminescence
(Amersham Biosciences, Bath, UK). The films were scanned
and the Image J program was employed for densitometric
analysis of the bands. To correct for loading, membranes were
stripped and blotted against b-actin.
Detection and quantification of RyR2 protein content in
immunoblots was carried out as described in detail elsewhere (16).

Reporter gene transient transfection and luciferase
reporter assay
Cells in primary culture were transiently transfected with
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s specifications. Neurons were transfected with 3 ml
Lipofectamine-2000 in 100 ml Neurobasal medium containing
0.9 mg of the reporter vector DNA (6X NF-kB -pGL3), and
0.1 mg of the Renilla phRL-TK vector (Promega). Transfection
efficiency was 16%, evaluated with an enhanced green fluorescent protein (eGFP) protein expression vector (Clontech),
and calculated as the percentage of the fluorescence-emitting
cells relative to the total number of cells.
One day post-transfection, cultures were electrically stimulated with varying protocols as described in the text. Cells
were lysed 6 h after stimulation; at this particular time, the
maximum response of luciferase activity was obtained. Luciferase activity was determined using a Dual-luciferase reporter assay system (Promega); a Berthold F12 luminometer
was used for light detection. Results, normalized for transfection efficiency, are expressed as the ratio of firefly to Renilla
luciferase light emission.
Visualization of p65–eGFP in neuronal cells
by confocal microscopy
Hippocampal neurons were plated over polylysine-coated
60 mm plates with 10 coverslips at 50,000 cells=cover. Cultures were transiently transfected with vector eGFP or p65–
eGFP, at 7 or 8 DIV. Cells electrically stimulated in Tyrode
medium were fixed with 4% paraformaldehyde in PBS solution. Nuclei were stained with 5 mg=ml Hoechst 33342. Coverslips were mounted and analyzed by confocal microscopy
(Carl Zeiss, Axiovert 200, LSM 5 Pascal, Jena, Germany) under
the following conditions: intensity I[ [0, 255], X63 oil objective, NA 1.4, excitation=emission 488=505–530 nm for GFP or
p65–eGFP. For image deconvolution, confocal raw-images
were analyzed using the Huygens Scripting (Scientific Volume Imaging, Hilversum, Netherlands) commercial software. The image-processing routines developed elsewhere
(71) for visualization, segmentation of regions of interest
(ROIs), and for calculation of intensities and areas based on
Interactive Data Language (ITT, Boulder, CO), were employed.
All image acquisition, deconvolution, and image processing routines remained constant along comparative experiments, and the quality of the segmentation was controlled
iteratively by overlaying the original fluorescent images with
the mask in each channel.
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PCR analysis
The levels of c-fos mRNA were analyzed by semiquantitative RT-PCR as previously described (21). RyR2 mRNA levels
were quantified both by semiquantitative RT-PCR and by
real-time PCR by using the primers described in Zhao et al.
(86). Briefly, real-time quantitative PCR (qRT-PCR) was performed in a MX3000P thermocycler (Stratagene, Garden
Grove, CA) using the DNA binding dye SYBR. Levels of RyR2
and b-actin were determined by the 2-DDCT method (70).
Dissociation curves were analyzed to verify purity of products. All samples were analyzed at least in triplicate.
Statistics
Results are expressed as mean  SEM. The significance of
differences was evaluated using Student’s t-test for paired
data, and one-way or two-way ANOVA followed by Bonferroni’s post-test for multiple determinations, as indicated.
Results
In this work, we studied in primary neurons the effects of
HF electrical stimulation on cytoplasmic Ca2þ signals and
ROS generation, and on the activity of the transcription factor
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NF-kB. We used protocols of varying intensity (1000 to
4000 pulses, 10 or 50 Hz) to stimulate mainly primary hippocampal neurons, albeit we performed some experiments in
neurons obtained from the medial prefrontal cortical area of
rat brain. The hippocampus sends efferent projections to this
cortical area and hippocampal stimulation produces paired
pulse facilitation and LTP (84). After 10-DIV, primary cortical
and hippocampal neurons displayed resting membrane potentials ranging around 60 mV (measured in Tyrode medium) and substantial synaptic activity, detected in the form of
either excitatory post-synaptic potentials or currents.
ROS generation after electrical stimulation of primary
neurons requires RyR-mediated Ca2þ release
and NADPH oxidase activity
To detect ROS generation, we transfected primary neurons
with the Hyper-Cyto plasmid (pHyPer-cyto). This mammalian expression vector encodes the cytoplasmic fluorescent
sensor protein HyPer (HyPer-cyto), which specifically senses
H2O2 and does not present autofluorescence (10). Primary
hippocampal neurons responded to field electrical stimulation (1 train, 1000 pulses, 50 Hz) with a significant increase in
probe fluorescence over time, as illustrated by the averaged

FIG. 1. ROS generation in electrically stimulated hippocampal neurons. Primary hippocampal cells were transfected with
the Hyper-Cyto plasmid. After 24 h, cell cultures were stimulated with 1000 pulses at 50 Hz (HFS, indicated by arrows).
Probe fluorescence was collected from neuronal cytoplasmic ROI. (A) Black solid symbols represent the fluorescence collected
from neurons in control conditions (n ¼ 8), and open symbols from cells preincubated with 100 mM BAPTA-AM to chelate
intracellular Ca2þ (n ¼ 3). (B) Black open symbols represent the fluorescence collected from neurons preincubated for 1 h with
50 mM ryanodine, and stimulated in the presence of ryanodine (n ¼ 3). In this and subsequent graphs (C and D), the light gray
symbols correspond to the fluorescent values collected from the control cells shown in A. (C) Black open symbols represent the
fluorescence collected from neurons preincubated for 30 min with 0.5 mM DPI (n ¼ 3). (D) Black open symbols represent the
fluorescence collected from neurons preincubated for 1 h with 1 mM gp91 ds tat (n ¼ 3). All data represent mean  SEM.
Statistical significance of mean differences (A, B, D) was evaluated by two-way ANOVA followed by Bonferroni’s post-test.
Results in C were evaluated by Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001.
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results shown in Figure 1A. Probe fluorescence peaked 10 min
after stimulation and remained elevated for the following
25 min, at which point recording stopped. Supplemental
Figure 2A (see www.liebertonline.com=ars) illustrates a particular example recorded in a primary hippocampal culture.
Primary cortical neurons also displayed a significant increase
in HyPer-cyto fluorescence after HF (1000 pulses, 50 Hz)
electrical stimulation, (Supplemental Fig. 2B). Preincubation
with 10 mM N-acetyl-L-cysteine (NAC) abolished this ROS
increase in primary cortical and hippocampal neurons (Supplemental Figs. 2C and 2D).
The ROS increase induced by electrical stimulation
(1000 pulses, 50 Hz) was calcium dependent since it did not
occur in hippocampal neurons preincubated with 100 mM
BAPTA-AM (Fig. 1A). This concentration of BAPTA-AM
completely prevented the increase in cytoplasmic Ca2þ concentration produced by electrical stimulation (data not
shown). Likewise, hippocampal cells preincubated for 60 min
with 50 mM ryanodine, a condition that completely prevents
RyR-mediated Ca2þ release in these cells (45), did not present
an increase in H2O2 following electrical stimulation but displayed somewhat lower probe fluorescence than prior to
stimulation (Fig. 1B). Preincubation of primary hippocampal
cultures with MK801, an inhibitor of N-methyl D-aspartate
(NMDA) receptor activity (15, 31) not only abolished the
fluorescence increase produced by electrical stimulation
(1000 pulses, 50 Hz) but caused a sizable decrease in probe
fluorescence after a few minutes (Supplemental Fig. 3A; see
www.liebertonline.com=ars). Together, these observations
strongly suggest that H2O2 generation induced by electrical
stimulation requires Ca2þ and that the main Ca2þ source is of
intracellular origin, supplied via RyR-mediated Ca2þ-induced
Ca2þ release (CICR) caused by Ca2þ entry through NMDA
receptors.
The main source of ROS generation after electrical
stimulation of primary neurons is NADPH oxidase
Previous reports indicate that hippocampal neurons possess a NOX activity that generates superoxide anion (82).
Superoxide anion is a labile free radical that readily dismutates into H2O2. To test the possible contribution of NOX
as a source of H2O2, we preincubated cells with 10 mM DPI to
inhibit flavin-containing enzymes such as NOX that catalyze
ROS formation (1, 2). Preincubation of hippocampal neurons
with 10 mM DPI prevented the increase in fluorescence produced by electrical stimulation (1 train, 1000 pulses, 50 Hz)
and caused a sizable and transient decrease in probe fluorescence right after stimulation (Supplemental Fig. 3B). As
illustrated in Figure 1C, a lower concentration of DPI (0.5 mM)
that inhibits exclusively NOX activity (1) produced a similar
response. Furthermore, as shown in Figure 1D, cells incubated
with gp91ds-tat, an inhibitory peptide of NOX activity that
prevents NOX assembly (74), did not generate H2O2 in response to electrical stimulation (1000 pulses, 50 Hz). In contrast, hippocampal cells incubated with a scrambled peptide
of gp91-tat (scramb-tat), presented similar ROS generation in
response to electrical stimulation as controls (Supplemental
Fig. 3C). All combined, these results strongly suggest that
NOX is the main source of the calcium-dependent H2O2
generation displayed by primary hippocampal cells in response to HF electrical stimulation.

FIG. 2. Calcium signals induced by electrical stimulation
in hippocampal neurons. Hippocampal cells preloaded for
30 min at 378C with 5 mM Fluo4-AM were stimulated with
1000 pulses at 50 Hz. (A) Solid circles represent the fluorescence
collected from neurons in control conditions (n ¼ 5), and solid
triangles from cells stimulated in Ca2þ-free solution (n ¼ 3). (B)
Black solid symbols represent the fluorescence collected from
neurons preincubated for 1 h with 50 mM ryanodine, and
stimulated in the presence of ryanodine (n ¼ 3). (C) Black solid
symbols represent the fluorescence collected from neurons
preincubated for 1 h with 10 mM NAC (n ¼ 3). A Student’s
t-test analysis of the results obtained for the first Ca2þ peak in
control conditions and after treatment with NAC did not result in significant differences. In B and C, the light gray symbols
correspond to the control cells shown in A.
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Calcium signals in hippocampal primary neurons
exposed to electrical stimulation
Electrical stimulation (1000 pulses, 50 Hz) of primary hippocampal cultures loaded with Fluo4-AM produced an immediate increase in probe fluorescence, followed by a second
larger signal (Fig. 2). Only the first signal remained, albeit
reduced, in cultures preincubated with inhibitory ryanodine,
as illustrated by the single experiment shown in Figure 2A
and the averaged data shown in Figure 2B. Preincubation
with NAC for 1 h also abolished the second Ca2þ signal, while
the first signal was not significantly different to the control
(Fig. 2C). A stronger stimulation protocol (4 trains of
1000 pulses, 50 Hz) elicited transient Ca2þ signals during
each stimulation train, followed by a second Ca2þ signal of
extended duration; preincubation with 50 mM ryanodine or
10 mM NAC abolished all Ca2þ signals (Supplemental Fig. 4;
see www.liebertonline.com=ars).
Electrical stimulation promotes NF-kB translocation
to the nucleus; this process requires both
RyR-mediated Ca2þ release and ROS generation
The regulated translocation of NF-kB to the nucleus is a
requisite step for the activation of this transcription factor. Of
the several NF-kB proteins expressed in neurons, we chose to
study the translocation of the ubiquitous p65 component,
which is present in hippocampal cells (57). We performed
experiments in hippocampal neurons transfected with p65–
eGFP and studied by confocal microscopy its translocation to
the nucleus in response to different electrical stimulation
protocols. In addition, we investigated if p65 translocation to
the nucleus required Ca2þ, in particular RyR-mediated Ca2þ
release from intracellular stores, and ROS generation.
Stimulation with four consecutive trains of 1000 pulses
each at 50 Hz produced significant translocation of the p65–
eGFP fluorescent probe to the nucleus, as visualized by confocal microscopy (Fig. 3A). Weaker HF stimulation protocols
(4000 pulses, 10 Hz, or 1000 pulses, 50 Hz) produced comparable effects (Fig. 3B).
To investigate whether RyR-mediated Ca2þ release participates in p65 translocation, hippocampal cells preincubated
for 1 h with 50 mM ryanodine were stimulated with 4 trains of
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1000 pulses, at 50 Hz. As shown by the fluorescent microscopy
images illustrated in Figure 3C, p65–eGFP translocation to the
nucleus required functional RyR, since cells preincubated
with ryanodine showed values of p65–eGFP translocation
similar to those exhibited by controls (Figs. 3C and 3D).
To determine whether NOX-generated ROS participate in
p65 translocation to the nucleus, cells were exposed to the
same electrical stimulation protocol (4 trains of 1000 pulses,
50 Hz) in the presence of 0.5 mM DPI to inhibit NOX selectively. DPI-treated cells exhibited the same translocation as
control cells or cells incubated with DPI but not stimulated
(Figs. 3E and 3F).
Taken together, these results strongly suggest that p65
translocation to the nucleus elicited by HF electrical stimulation of primary hippocampal cells requires RyR–mediated
Ca2þ release and NOX generated ROS.
We tested next the effects on p65 translocation of 10 mM DPI
as a general inhibitor of flavin-containing proteins, and of
10 mM NAC as universal ROS scavenger, since as stated above,
these two agents completely inhibited H2O2 generation in response to electrical stimulation of primary neurons. Both DPI
(Fig. 4A) and NAC (Fig. 4B) completely prevented the translocation of p65–eGFP in cells electrically stimulated (4 trains of
1000 pulses, 50 Hz). As illustrated in Figure 4C, NAC also
prevented the enhanced p65 translocation induced by a milder
electrical stimulation protocol (1000 pulses, 10 Hz). These results confirm that p65 translocation induced by electrical
stimulation requires an elevation in intracellular ROS levels.
Exogenous H2O2 stimulates NF-kB activity in primary
hippocampal and cortical neurons
As detailed above, hippocampal cells display significantly
enhanced H2O2 generation after electrical stimulation. For this
reason, we analyzed the effects of exogenous H2O2 on NF-kB
activity in resting neurons. Hippocampal neurons exposed to
200 mM H2O2 for 5 min showed a significant increase in NF-kB
activity, assayed with a reporter gene (Fig. 5A), and a concomitant decrease in IkBa levels (Fig. 5B). In addition, RyR
inhibition with ryanodine drastically reduced the increase in
NF-kB-dependent transcription induced by H2O2 in hippocampal neurons to levels comparable to those of control cells

‰
FIG. 3. Translocation of p65 to the nucleus in electrically stimulated hippocampal neurons. Cultured hippocampal
neurons transfected with p65–eGFP were electrically stimulated with different protocols. When specified, cultures were
preincubated with ryanodine or DPI, and these agents were also present during and after HF stimulation. Cultures were fixed
90 min after the HF stimulus and analyzed for subcellular NF-kB p65–eGFP (green) distribution. Nuclei were stained with
Hoechst (blue) and neurons with MAP-2 (red). Fluorescence images from 10 to 15 neurons in each experimental condition
were collected by confocal microscopy as described in detail in the text. (A) Fluorescent microscopy images collected from
hippocampal cells under control conditions (upper panels) or after stimulation with 4000 pulses at 50 Hz (lower panels). (B)
Quantification of p65–eGFP distribution into nucleus and cytoplasm in control conditions and in cells exposed to three
different electrical stimulation protocols. (C) Fluorescent microscopy images of hippocampal cells under control conditions
(upper panels), after stimulation with 4000 pulses at 50 Hz (mid panels), or after stimulation with 4000 pulses at 50 Hz in the
presence of 50 mM ryanodine (lower panels). (D) Quantification of p65–eGFP distribution into nucleus and cytoplasm under
control conditions, after 4000 pulses at 50 Hz, and after stimulation in the presence of 50 mM ryanodine. (E) Fluorescent
microscopy images collected from hippocampal cells under control conditions ( first row), after stimulation with 4000 pulses at
50 Hz (second row), after stimulation with 4000 pulses at 50 Hz in the presence of 0.5 mM DPI (third row), and after preincubation for 30 min with 0.5 mM DPI ( fourth row). (F) Quantification of p65–eGFP distribution into nucleus and cytoplasm
under control conditions, after stimulation with 4000 pulses at 50 Hz, after this same HF stimulation in the presence of 0.5 mM
DPI, and after preincubation with 0.5 mM DPI. Data in B, D and F represent mean  SEM of the fluorescence ratio nucleus=
cytoplasm from three independent experiments. Statistical significance was evaluated by one-way ANOVA followed by
Bonferroni’s post-test. *p < 0.05, **p < 0.01.

1252
(Fig. 5A). Taken together, these results suggest that H2O2
activates the NF-kB pathway by stimulating IkBa degradation, and that the increase in NF-kB reporter activity induced
by H2O2, which involves IkBa degradation, requires functional RyR to supply Ca2þ via RyR-mediated Ca2þ release.
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We studied cortical neurons under the same conditions
employed for hippocampal neurons, except for the fact that
cortical cells were transfected with the NF-kB reporter gene at
6 DIV. We found that exogenous H2O2 also stimulated the
NF-kB pathway in cortical neurons, as determined through
the activation of the NF-kB reporter gene (Fig. 5C) and decreased IkBa levels (Fig. 5D).
Electrical stimulation promotes NF-kB activity
in primary hippocampal and cortical neurons
We assayed the effects of different electrical stimulation
protocols (1000 or 4000 pulses, 10 or 50 Hz) on NF-kB activity
in hippocampal or cortical neurons transfected with a NF-kB
reporter gene. As shown in Figure 6A, hippocampal neurons
showed a statistically significant 2-fold increase in reporter
activity after three different stimulation protocols (1000 pulses, 10 Hz, 4 trains of 1000 pulses, 10 or 50 Hz). Parallel experiments in hippocampal cells stimulated with 4 trains of
1000 pulses, at 50 Hz, showed significantly reduced IkBa
levels (Fig. 6B), to levels comparable to those displayed by
hippocampal cells exposed to exogenous H2O2 (Fig. 5B).
Cortical cells showed a significant increase in NF-kB reporter gene activity in response to stimulation with 4 trains of
1000 pulses at 50 Hz. Other stimulation protocols showed a
tendency to increase reporter gene activity but without
reaching statistical significance (Fig. 6C).
Electrical stimulation enhances c-fos expression
and increases RyR2 protein content in primary
hippocampal neurons
HF stimulation (4000 pulses, 50 Hz) of primary hippocampal neurons increased >2-fold the mRNA levels of
the immediate early gene c-fos, measured 45 min after
stimulation (Supplemental Fig. 5; see www.liebertonline
.com=ars). In addition, this stimulation protocol produced a
significant increase in RyR2 protein content, measured after

FIG. 4. Effects of DPI or NAC on p65 translocation to the
nucleus induced by field electrical stimulation of primary
hippocampal neurons. Cultured hippocampal neurons
transfected with p65–eGFP were electrically stimulated with
different protocols. When specified, cultures were preincubated with 10 mM DPI or 10 mM NAC for 30 min or 1 h,
respectively, and these agents were maintained during and
after HF stimulation. Cultures were fixed 90 min after the HF
stimulus and analyzed for subcellular NF-kB p65–eGFP
distribution into nucleus and cytoplasm. Fluorescence was
determined in 10 to 15 neurons in each experimental condition. (A) Quantification of p65–eGFP under control conditions,
after stimulation with 4000 pulses at 50 Hz, after stimulation in
the presence of 10 mM DPI, and after preincubation with 10 mM
DPI. (B) Quantification of p65–eGFP distribution under control conditions, after stimulation with 4000 pulses at 50 Hz,
and after stimulation in the presence of 10 mM NAC. (C)
Quantification of p65–eGFP under control conditions, after
stimulation with 4000 pulses at 10 Hz, and after the same
stimulation in the presence of 10 mM NAC. Data represent
mean  SEM of the fluorescence ratio nucleus=cytoplasm from
three independent experiments. Statistical significance was
evaluated by one-way ANOVA followed by Bonferroni’s
post-test. *p < 0.05, **p < 0.01, ***p < 0.001.
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FIG. 5. NF-jB activation in hippocampal and cortical cells exposed to exogenous H2O2. Hippocampal (10–13 DIV) or
cortical (6 DIV) cultures were transfected with the NF-kB reporter gene and were exposed 24 h later to 200 mM H2O2 for 5 min.
Cells were lysed 6 h after H2O2 addition to measure luminescence, as described in the text. Western blot determination of
IkBa was performed in total cell lysates obtained 30 min after H2O2 treatment. (A) NF-kB reporter gene activity in hippocampal cells under control conditions, exposed to 200 mM H2O2, exposed to 200 mM H2O2 after preincubation with 50 mM
ryanodine, or preincubated with 50 mM ryanodine (n ¼ 3). (B) Levels of IkBa in hippocampal cells determined by Western
blot, under control conditions or following exposure to 200 mM H2O2 for 5 min (n ¼ 3). A representative Western blot is shown
next to the graph. (C) NF-kB reporter gene activity in cortical cells under control conditions or exposed to 200 mM H2O2
(n ¼ 3). (D) Quantification of IkBa in cortical cells (n ¼ 3); a representative Western blot is also shown. Bars represent
mean  SEM. Statistical significance was evaluated in A by two-way ANOVA followed by Bonferroni’s post-test. Results in
B, C, and D were evaluated by Student’s t test. *p < 0.05, **p < 0.01.

6 h (Fig. 7) without affecting RyR2 mRNA levels (Supplemental Fig. 5). Primary hippocampal neurons preincubated
with 10 mM NAC for 1 h displayed a significant decrease in
RyR2 protein after HF stimulation (Fig. 7), strongly suggesting that this increase is ROS dependent.
Discussion
Electrical stimulation of neuronal cells enhances ROS generation (40, 46). It also triggers calcium-dependent signaling
cascades that promote activity-induced gene expression, a

key feature of synaptic plasticity, memory, and learning (11,
25, 29, 34). Together with other transcriptional regulators, the
calcium- and redox-sensitive transcription factor NF-kB plays
significant roles in synaptic plasticity (3, 42, 43, 54, 63), among
other neuronal functions (12, 35, 76). Accordingly, one of the
main objectives of this work was to study the effects of HF
stimulation of primary neurons on NF-kB activity. Additionally, we investigated the specific sources of ROS and
Ca2þsignals induced by HF stimulation, as well as their respective involvement on NF-kB activation.
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FIG. 7. RyR2 expression in electrically stimulated hippocampal cells. Control cultures or cultures preincubated
with 10 mM NAC for 60 min were stimulated with
1000 pulses at 50 Hz; NAC was maintained during and after
stimulation. Western blot determination of RyR2 was performed in total cell lysates obtained 6 h after stimulation. The
upper panel illustrates a representative Western blot of RyR2
and b-actin and the lower panel represents the ratio between
RyR2 and b-actin, normalized respect to the control values
obtained in the absence of electrical stimulation and NAC.
Bars represent mean  SEM of 3–5 independent experiments.
Statistical significance was evaluated by one-way ANOVA
followed by Bonferroni’s post-test. *p < 0.05, **p < 0.01.

Calcium and NOX-dependent ROS generation
induced by HF stimulation

FIG. 6. NF-jB activation in hippocampal and cortical cells
exposed to different electrical stimulation protocols. (A)
NF-kB reporter gene activity in hippocampal cells (n ¼ 6–8).
(B) Levels of IkBa in hippocampal cells stimulated with
4000 pulses at 50 Hz (n ¼ 3), and representative Western blot
of total cell lysates obtained 15 min after HF stimulation. (C)
NF-kB reporter gene activity measured in cortical cells after
different electrical stimulation protocols (n ¼ 3). Statistical
significance was evaluated in A and C by two-way ANOVA
followed by Bonferroni’s post-test. Results in B were evaluated by Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001.

There is abundant literature on the functional effects of
redox modifications of Ca2þ channels, Ca2þ pumps, and other
molecules involved in Ca2þ signaling, but there is not as much
information regarding the role of Ca2þ on ROS generation
(39). A few reports indicate that neuronal activity enhances
calcium-dependent ROS generation (13, 15, 31, 40). Yet we
found only one report describing calcium-induced ROS formation after HF field stimulation of primary neurons (40). We
deemed important to explore this response in further detail
since, as mentioned above, the intracellular Ca2þ and ROS
increases produced by strong neuronal activity play essential
roles in synaptic plasticity (34, 38, 44, 46, 51).
In the present work, we confirm that primary neurons exhibit calcium-dependent ROS generation following HF stimulation, as previously reported (40). In addition, we present
evidence showing that HF stimulation generates H2O2 via
stimulation of a neuronal NOX activity. Thus, DPI when used
at a concentration (0.5 mM) that specifically inhibits NOX activity without affecting mitochondrial function (1, 2) abolished H2O2 generation after HF stimulation. Moreover,
primary hippocampal neurons containing gp91ds-tat—a
peptide that inhibits NOX assembly (74)—did not generate
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H2O2 after HF stimulation. In contrast to our findings, this
previous report indicates that superoxide anion generation in
primary hippocampal cells exposed to HF stimulation depends mainly on calcium-induced enhanced mitochondrial
respiration (40). As a possibility to explain at least in part this
apparent discrepancy, we propose that NOX-generated ROS
induced by HF stimulation may promote ROS-induced ROS
release from mitochondria, as described in other cell types
(87). Thus, both the increase in cytoplasmic Ca2þ and NOXgenerated ROS may jointly enhance mitochondrial ROS
generation. Yet, neuronal cells must carefully control mitochondrial ROS generation since excessive ROS production
would produce oxidative disease states (46). In our experiments, primary hippocampal cells remained viable after all
HF stimulation protocols, showing that ROS production after
HF stimulation did not reach lethal levels.
Hippocampal neurons express the NOX complex (77, 82).
Moreover, NOX inhibition by pharmacologic or genetic tools
prevents NMDA receptor-dependent ERK stimulation, implicating NOX in the signaling cascades that link NMDA receptors with the ERK pathway (47), an essential feature of
synaptic plasticity and memory (81). Recently, Girouard et al.,
(31) reported that NMDA receptor activation induces ROS
generation in mouse neocortex primary cells, and determined
that NOX2 and neuronal nitric oxide synthase (nNOS) colocalize at postsynaptic sites with the NMDA receptor subunit
NR1. These authors also showed that Ca2þ influx, through
activated NMDA receptors, promotes nitric oxide (NO) formation by nNOS present in postsynaptic densities; in turn, NO
activates NOX2 through cGMP increase and activation of
cGMP-activated protein kinase (31). Thus, calcium-induced
NO generation would be the intermediate link between
NMDA receptor activation and NOX2-generated ROS production. Exposure of primary hippocampal neurons to NMDA
also stimulates NOX-dependent ROS formation (15). The
present study adds to these results by showing that HF stimulation of primary hippocampal neurons requires functional
NMDA receptors to induce NOX-dependent ROS generation.
RyR-mediated Ca2þ release is required for ROS
generation induced by HF stimulation
Calcium release from the endoplasmic reticulum participates in several neuronal signaling processes (11, 53). Increases in cytoplasmic Ca2þ concentration activate RyR,
which are mostly responsible for the phenomenon of CICR in
neurons (11, 88). In the present work, we present evidence
showing that HF stimulation generated H2O2 via stimulation
of a neuronal NOX activity, and that this response required
both functional NMDA receptors and RyR-mediated Ca2þ
release. These results indicate that ROS generation is calcium
dependent, and that RyR-mediated Ca2þ release from the
endoplasmic reticulum represents the main source of Ca2þ
signals. Considering that inhibition of NMDA receptors with
MK-801 completely blocked ROS generation, we suggest that
depolarization activated-Ca2þ entry through post-synaptic
NMDA receptors stimulates RyR-mediated Ca2þ release from
intracellular stores, resulting in amplification and propagation of the initial Ca2þ entry signal via CICR (11, 20, 58). Yet, to
stimulate effectively RyR-mediated CICR, concomitant ROS
generation is required, as illustrated in Figure 8. The inhibitory effects of NAC on HF-induced RyR-mediated CICR agree
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FIG. 8. Schematic description of the pathways stimulated
by HF stimulation of primary hippocampal neurons. As
indicated in the scheme, HF stimulation (HFS) of primary
hippocampal neurons promotes Ca2þ influx through NMDA
receptors (NMDAR). The resulting localized Ca2þ signals
have two immediate targets in close proximity: nNOS and
RyR (26). NOS activation, in turn, stimulates a signaling
cascade that enhances NOX activity (31), leading to increased
ROS generation. Activation of RyR-mediated Ca2þ release by
Ca2þ requires RyR oxidation (17), which occurs through
NOX-generated ROS. The amplified Ca2þ signals supplied
by RyR (jointly activated by Ca2þ and ROS) further stimulate
Ca2þ-dependent pathways that activate NOX (2). Ca2þinduced NOX activation generates a positive feedback loop
that leads to more ROS generation and sustained RyRmediated Ca2þ signals, which propagate to the neuronal cell
body and jointly promote NF-kB translocation to the nucleus. This sequence of events would explain why HFS enhanced NF-kB-dependent gene expression. In zero external
Ca2þ, RyR activation following depolarization (see Fig. 2A)
presumably takes place via mechanical coupling with L-type
Ca2þ channels. This alternative RyR-activation pathway is
not depicted in Figure 8.
with this proposal, since the redox sensitive RyR channels do
not engage in CICR when highly reduced (17, 18, 52).
RyR are present throughout pyramidal CA1 neurons, including the spines and dendritic shafts (78). Synaptic stimulation of single CA1 hippocampal neurons evokes substantial
RyR-mediated Ca2þ release from internal stores in CA1 postsynaptic spines (26). A role for RyR-mediated CICR in synaptic plasticity is emerging, and several reports have shown
RyR participation in hippocampal LTP induction (9, 50, 72,
73). In addition, depletion of intracellular Ca2þ stores with
thapsigargin or inhibition of RyR-mediated Ca2þ release with
dantrolene significantly inhibit the release of brain-derived
nerve factor (BDNF) induced by HF stimulation, suggesting
that RyR-mediated CICR contributes to activity-dependent
BDNF secretion (7). Recently, RyR participation in LTP
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priming (59) and in a novel form of hippocampal metaplasticity has been described (75). In particular, RyR3 knockout
mice exhibit reduced LTP (8, 79), and do not exhibit hippocampal superoxide-induced LTP as normal mice do, suggesting that RyR3 is particularly targeted for this effect (41).
HF stimulation stimulates NF-kB activity through
RyR-mediated Ca2þ release and ROS generation
The increase in NF-kB activity is cell and contextdependent and occasions many functional consequences (64,
68). In mammals, the NF-kB family consists of several proteins, NF-kB1 (p50=p105), NF-kB2 (p52=p100), RelA (p65), cRel and RelB, which form cytoplasmic dimeric complexes.
Normally, cytoplasmic NF-kB complexes are bound to IkBs,
inhibitory proteins that dissociate from the NF-kB complexes
in response to a number of stimuli. IkB dissociation involves
sequential phosphorylation and proteolysis of IkB inhibitors
by the IkB kinase (IKK) complex and the ubiquitin=proteasome system, respectively (64). Degradation of the canonical
inhibitory protein IkBa, which according to our results occurs
in hippocampal and cortical cells after HF stimulation or H2O2
addition, mainly leads to the activation of p50=p65 (64). Following IkB dissociation, the free NF-kB subunits translocate to
the nucleus where they bind to target sequences in the genome. Different cytoplasmic post-translational modifications,
which include phosphorylation, ubiquitination, acetylation,
sumoylation, and S-nitrosylation, either inactivate the IkB
inhibitory proteins or activate the NF-kB subunits directly
(67). The function of NF-kB complexes is also controlled by
nuclear modifications, which regulate transcriptional activity,
DNA binding, and target gene specificity (23, 67). Consequently, many different factors regulate at several levels the
NF-kB-dependent transcriptional response.
We found that HF stimulation (4000 pulses, at 10 or 50 Hz)
of primary hippocampal neurons induced p65 nuclear translocation and NF-kB dependent transcription; nuclear translocation of p65 required ROS and RyR-mediated Ca2þ release
from intracellular stores. The present results, showing that HF
stimulation promotes calcium-dependent NF-kB activation in
primary neurons, add up to previous reports describing
calcium-dependent NF-kB activation (22, 49, 57). In hippocampal neurons depolarized by high Kþ, NF-kB activation
required subplasmalemmal Ca2þ increase originated from extracellular Ca2þ (57), but the participation of Ca2þ from intracellular stores was not reported. In cerebellar neurons, NF-kB
activation induced by KCl-induced depolarization required
mainly extracellular Ca2þand a minor contribution of IP3Rmediated Ca2þ release (49). In striatal neurons, kainate-induced
NF-kB activation requires extracellular Ca2þ (22). We have
previously reported that NF-kB activation produced by high
extracellular Kþ or HF stimulation of primary skeletal muscle
cells requires both RyR- and IP3R-mediated Ca2þ release (83).
The transcription factor NF-kB is widely considered a ROS
target; however, some authors argue that the effects of ROS on
NF-kB activity are cell and context dependent (14, 66). There
are a number of ROS targets at several levels of the NF-kB
pathway (32, 66). These targets include IkBa, a protein amenable to ROS-induced degradation, thereby favoring NF-kB
translocation to the nucleus. At the nucleus, ROS can also
induce redox changes in the p65 protein, which are required
for NF-kB-dependent transcription (32, 66). Reducing condi-
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tions required for NF-kB binding to DNA have also been
described (32, 66).
In the present work, the complete inhibition by DPI and
NAC of p65 translocation induced by HF stimulation of primary hippocampal neurons supports NOX-derived ROS
involvement in this process. In addition, inhibition of RyRmediated Ca2þ release prevented both ROS generation and
p65 translocation. These combined observations suggest that
calcium-induced ROS generation directly enhanced p65
translocation. Yet, RyR inhibition completely prevented NFkB-mediated transcription induced by addition of exogenous
H2O2, which in these conditions stimulates RyR-mediated
Ca2þ release in hippocampal neurons (45). These results invoke a direct role of RyR-mediated Ca2þ release in the activation of NF-kB-mediated transcription produced by
exogenous H2O2, and suggest that both ROS and RyRmediated Ca2þ release are required jointly to induce NF-kB
mediated transcription after HF stimulation, as detailed in
Figure 8. Alternatively, exposure of neurons to exogenous
H2O2 may not mimic effectively the highly localized and
compartment specific H2O2 microdomains generated by different stimulation protocols (24).
The increase in RyR2 protein content caused
by HF stimulation requires ROS
In addition to promoting NF-kB activation, HF stimulation
produced a fast increase (45 min) in c-fos mRNA levels. We reported earlier that primary hippocampal neurons exposed to
H2O2 present increased c-fos mRNA levels, and that this increase
requires functional RyR channels (38). Thus, the increase in ROS
generation and RyR-mediated CICR produced by HF stimulation may cause the observed increase in c-fos mRNA levels.
Concurrently, 6 h after HF stimulation we observed a significant
increase in RyR2 protein levels. Neurons preincubated with NAC
did not present this increase but displayed a significant decrease
in RyR2 protein content. Albeit there is limited information on the
factors that control neuronal RyR2 expression, calcium- and ROSdependent transcription and translation processes are likely to
contribute to RyR2 protein expression in these cells.
Conclusion
The results presented here—showing NF-kB activation by
HF stimulation of primary neurons—represent a novel contribution to the roles Ca2þ and ROS play, acting individually
or jointly, on neuronal signaling pathways. Further studies to
segregate pre- and post-synaptic effects of HF stimulation,
plus identification of other transcriptional activators and
proteins that respond to HF stimulation, should add to our
current knowledge of how neurons decode HF stimulation
into the expression of particular genes.
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Abbreviations Used
CICR ¼ calcium-induced calcium release
CREB ¼ cAMP response element-binding protein
DIV ¼ days in vitro
DMEM ¼ Dulbecco’s modified Eagle’s medium
DPI ¼ diphenyliodonium
ERK1/2 ¼ extracellular-signal related kinases 1/2
GFAP ¼ glial fibrillary acidic protein
HF ¼ high frequency
IkBa ¼ inhibitory NF-kB alpha
IP3R ¼ inositol 1,4,5-trisphosphate receptor
LTP ¼ long-term potentiation
MAP-2 ¼ microtubule-associated protein 2
NAC ¼ N-acetyl-L-cysteine
nNOS ¼ neuronal nitric oxide synthase
NMDA ¼ N-methyl D-aspartate
NO ¼ nitric oxide
NOX ¼ NADPH oxidase
ROI ¼ region of interest
RyR ¼ ryanodine receptor

