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ABSTR ACT: In the mammalian central nervous system, reactive oxygen species (ROS) generation is counterbalanced by antioxidant defenses. When 
large amounts of ROS accumulate, antioxidant mechanisms become overwhelmed and oxidative cellular stress may occur. Therefore, ROS are typically 
characterized as toxic molecules, oxidizing membrane lipids, changing the conformation of proteins, damaging nucleic acids, and causing deficits in 
synaptic plasticity. High ROS concentrations are associated with a decline in cognitive functions, as observed in some neurodegenerative disorders and age-
dependent decay of neuroplasticity. Nevertheless, controlled ROS production provides the optimal redox state for the activation of transductional pathways 
involved in synaptic changes. Since ROS may regulate neuronal activity and elicit negative effects at the same time, the distinction between beneficial and 
deleterious consequences is unclear. In this regard, this review assesses current research and describes the main sources of ROS in neurons, specifying their 
involvement in synaptic plasticity and distinguishing between physiological and pathological processes implicated.
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Introduction
Reactive oxygen species (ROS) are chemically reactive 
molecules derived from the reduction of molecular oxygen. In 
living organisms, ROS are generated as a subproduct of cellular 
metabolism or through the activity of specific enzymatic com-
plexes. The first step in ROS production is the reduction of 
molecular oxygen (O2) to anion superoxide (O2

−), which is the 
precursor of other reactive species. Hydrogen peroxide (H2O2) 
is produced through dismutation (a chemical process that gen-
erates oxidized molecules) of superoxide. H2O2 can be con-
verted into hydroxyl radical (OH) or water.1 OH is extremely 
reactive and immediately removes electrons from other mole-
cules, turning them into new radicals and propagating the for-
mation of ROS in a chain reaction. H2O2 has lower reactivity, 
and this condition allows this molecule to diffuse into the cyto-
plasm and eventually reach the nucleus to interact with DNA.

Over the past decade, the study of the biological activity 
of ROS in the nervous system has gained particular interest. 
Since ROS are highly unstable and reactive molecules, they 
are potentially capable of interfering with many cellular 
processes. ROS can react with proteins and nucleic acids and 
disrupt their cellular functions. Typically, oxidative stress 
occurs when the damaging effects of ROS exceed the ability 
of biological systems to neutralize the oxidizing agents and 
repair cellular damage.2

Nevertheless, the idea that ROS are only harmful mol-
ecules that threaten cellular health has been reviewed in 
recent years. Neurons of the central nervous system (CNS) 
process neural signals through modification mechanisms of 
synaptic efficacy.3,4 These mechanisms require complex intra-
cellular signalization pathways that involve the production of 
ROS.5,6 Thus, the relationship between ROS production and 
synaptic plasticity is extremely ambiguous: ROS appear to be 
essential for the intracellular signaling involved in plasticity in 
the CNS,7–12 but at the same time, excessive ROS accumula-
tion in the brain can result in cellular oxidative damage. The 
boundary between the positive and negative effects of ROS is 
still unclear, as oxygen metabolism in cells often induces both 
physiological and pathological consequences, by using inter-
twined transduction cellular pathways.13

This review provides an account of the ROS studies 
undertaken so far in order to provide a clearer understanding. 
To this end, we discuss the relationship between ROS and 
plasticity, exposing the main cellular mechanisms responsible 
for pathological and physiological processes.

Synaptic Plasticity
One of the most remarkable and important features of the 
CNS is its ability to process and store information through 
synaptic changes. The capability of synapses to alter their own 
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strength as a response to previous stimulation is called synaptic 
plasticity.14 Synaptic modifications result from changes in the 
quantity of neurotransmitters released and/or from changes 
in how effectively the cells respond to neurotransmitters. 
Such modifications comprise long-term potentiation (LTP), 
which is a long-lasting increase in synaptic efficiency, and 
long-term depression (LTD), which is a long-lasting decrease 
in the strength of synaptic transmission.15–18 The level of 
intracellular calcium (Ca2+) is the key factor triggering LTP 
or LTD in excitatory glutamatergic neurons.19,20 During the 
induction of synaptic plasticity, intracellular calcium levels 
may increase due to stimulation of N-methyl-d-aspartate 
(NMDA) receptors, opening of L-type voltage-dependent 
calcium channels (L-VDCCs), and activation of metabotropic 
glutamatergic receptors.

In the hippocampus and cerebral cortex, high-frequency 
stimulation (HFS) results in massive calcium influx, induc-
ing LTP, while low-frequency stimulation (LFS) leads to 
lower calcium currents and triggers LTD.16,21–25 In these 
structures, NMDA glutamate receptors are the principal 
factors enabling the rise of intracellular Ca2+ inside the post-
synaptic neuron. NMDA receptor activation requires both 
presynaptic glutamate release and depolarization of the post-
synaptic plasma membrane. When HFS of presynaptic fibers 
occurs, high amounts of glutamate are released and activate 
alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionate 
(AMPA) postsynaptic glutamatergic receptors, inducing 
strong membrane depolarization. Such levels of postsynaptic 
depolarization displace the magnesium ions that normally 
block the NMDA receptor channel. Thus, HFS presynaptic 
fiber leads to strong NMDA receptor activation, providing 
high calcium influx in the postsynaptic neuron. On the other 
hand, LFS leads to lower levels of postsynaptic depolariza-
tion, and therefore, the calcium influx passing through the 
NMDA receptor is lower compared to HFS. The calcium 
signals caused by HFS lead to LTP expression, while the 
amount of calcium provided by LFS induces LTD.18,26–28 
Since NMDA receptors are sensitive to both presynaptic 
glutamate release and postsynaptic depolarization, they act 
as coincidence detectors of pre- and postsynaptic activities.29 
The probability of NMDA receptors opening is directly 
related to the frequency of stimulations being delivered to 
synapses. In this way, synapses can selectively strengthen or 
weaken in a use-dependent manner.

Once calcium has entered the postsynaptic cell, the 
expression of synaptic plasticity requires the activation of 
multiple protein kinase signaling cascades, such as the cal-
cium calmodulin kinase II (CaMKII), extracellular signal-
regulated kinase (ERK), cyclic adenosine monophosphate 
(cAMP)-dependent protein kinase A (PKA), and protein 
kinase C (PKC).3,30 These pathways modify the number and 
efficacy of AMPA glutamate receptors in the postsynaptic 
membrane, allowing changes in the glutamate-induced depo-
larization. After LTP is induced, the number and efficiency 

of AMPA receptors increase, while the opposite occurs 
during LTD.3,30

Often, the long-term maintenance of synaptic changes 
requires the synthesis of new proteins.31,32 Intracellular 
pathways activated by Ca2+ induce nuclear translocation of 
specific kinases (PKA, CaMKII, and ERK), which in turn 
phosphorylate other targets, including transcription fac-
tors such as the cAMP response element-binding protein 
(CREB). The combined activation of the abovementioned 
transduction pathways results in multiple transcription fac-
tors initiating a wave of transcriptions. This process results 
in newly formed proteins, such as the AMPA receptor sub-
units GluR1 and GluR2, brain-derived neurotrophic factor 
(BDNF), tissue plasminogen activator, postsynaptic density 
protein 95 (PSD-95), and fragile X mental retardation pro-
tein. These new proteins allow the possibility of long-term 
synaptic modifications by altering the electrical properties 
of the membrane, changing receptor expression, modifying 
synaptic morphology and size, and changing the number of 
synaptic connections.33

Thus, in forebrain circuitries, high NMDA receptor-
dependent increases in intracellular calcium are commonly 
associated with LTP induction, while moderate calcium 
influx is thought to induce LTD. This strict rule does not 
apply to all SNC structures. For example, in cerebellar 
synaptic plasticity, high calcium concentrations are respon-
sible for triggering LTD, while LTP requires lower calcium 
levels. Coupled activation of parallel and climbing fibers pro-
vides the calcium concentration required for LTD. Activation 
of climbing fibers induces Ca2+ influx through voltage-gated 
Ca2+ channels, while parallel fiber inputs induce Ca2+ release 
from the intracellular stores by activating the type 1 metabo-
tropic glutamatergic receptor (mGluR1).34,35 The two Ca2+ 
signals act synergistically to activate PKC, which is funda-
mental for the expression of cerebellar LTD.36 When lower 
calcium signals stimulate the Purkinje postsynaptic cell, 
LTP is induced through the activation of the phospholipase 
A2-arachidonic acid (PLA2-AA) pathway and the produc-
tion of nitric oxide (NO).37

Intracellular calcium concentration alone is not the only 
factor responsible for the occurrence of synaptic plasticity. 
Spatial distribution and timing of Ca2+ signals also play a role 
in the expression of plastic changes.38–40 Ca2+ spikes and Ca2+ 
release from intracellular stores can occur with different tim-
ing at different points of dendritic arbors and such differences 
may result in the activation of different molecular pathways.41

Synaptic plasticity processes in the hippocampus, cer-
ebellum, and cerebral cortex are probably the most studied, 
given their obvious relationship with memory and learning. 
However, the possibility of changes in synaptic transmission 
is a fundamental property present in most, if not all, struc-
tures of the CNS. For example, the phrenic nerve of the spinal 
cord undergoes synaptic changes to sustain rapid and strong 
increases in respiratory motor output as a defense against 
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hypoxia.42 Repeated stimulation of the carotid sinus nerve 
augments phrenic inspiratory activity through a process of 
synaptic potentiation called phrenic long-term facilitation 
(pLTF), which persists despite the regulation of arterial blood 
gases at their baseline values.43 Drugs that interfere with 
serotonergic neurotransmission attenuate this effect, sug-
gesting that LTF is a central neural mechanism of synaptic 
facilitation and not the simple result of changes in peripheral 
chemoreceptor sensitivity.44 This form of plasticity requires 
the synthesis of BDNF and the activation of the tropomyosin 
receptor kinase B.45 Similar to LTP, pLTF involves the stimu-
lation of NMDA receptors as well as the phosphorylation of 
ERK and PKC.45–47

It has been proposed that age-related cognitive impair-
ments are caused by a decline in synaptic plasticity in neurons 
of the brain.48 Neurodegenerative processes are typically char-
acterized by synaptic damage, and synaptic loss is one of the 
strongest correlates to the cognitive impairment of patients 
with neurological disorders.49,50 Several lines of investigation 
support the notion that such pathologies result in the altera-
tion of intracellular signaling pathways related to synaptic 
plasticity.51–53 In this sense, investigations into the relation-
ship between ROS and neuroplasticity could provide impor-
tant perspectives in the understanding of CNS pathologies, 
considering the ambiguous role of ROS in cellular functions. 
Increased evidence has shown that ROS act as small signal-
ing molecules triggering the aforementioned intracellular 
cascades.54–57 Many of the kinase proteins inducing synaptic 
structural and functional changes require a certain redox 
environment, as their activity can be modulated by virtue of 
ROS levels. Modifications in ROS concentrations might serve 
to regulate the expression of LTP and LTD acting at different 
steps of the transduction process. In the following sections, 
we will first describe the cellular structures that are active in 
the generation of ROS. Then, we will discuss how ROS are 
involved in synaptic plasticity, both under physiological and 
pathological conditions.

Sources of ROS in the Brain
Mitochondria are the main cellular organelle involved in the 
production of energy using oxygen, and for this reason, they 
produce the largest amount of ROS. Amounts of ROS that are 
large enough to participate in cellular processes can be gener-
ated by other sources, such as the enzyme neural nitric oxide 
synthase (nNOS) and the nicotinamide adenine dinucleotide 
phosphate hydrogen (NADPH) oxidase. In the following 
sections, we briefly describe the principal sources contributing 
to the generation of ROS in neurons.

Mitochondria. Neurons use mitochondrial oxidative 
phosphorylation to generate adenosine triphosphate (ATP), in 
order to provide the energy required for cellular metabolism. 
The major byproduct of this process is the anion superoxide, 
which is rapidly dismutated to H2O2 by the mitochondrial 
enzyme superoxide dismutase 2 (SOD2).58 Since neuronal 

tissues have extremely high metabolic rates, neurons produce 
elevated amounts of ROS compared to other organs.59 The 
production of ROS in the mitochondrial respiratory chain 
derives from a leak of superoxide in complexes I and III.60 
Complex I operates by pumping four protons from the 
internal matrix to the intermembrane space, creating the pro-
ton gradient necessary for ATP formation.61 This complex 
oxidizes the nicotinamide adenine dinucleotide hydrogen 
(NADH) molecule by using the coenzyme Q10 as an elec-
tron acceptor.60 In this process, electrons are transferred from 
NADH to molecular oxygen, resulting in the formation of 
the free radical superoxide.62 Complex III participates in the 
generation of the proton gradient, by releasing protons across 
the mitochondrial membrane. This mechanism requires a 
two-step reduction of ubiquinonic structures: in the first step, 
two electrons are removed from the Q0 ubiquinone and trans-
ferred to two molecules of cytochrome c; in the second step, 
two electrons are used to reduce the quinone to quinol.60 Like 
complex I, complex III can leak some electrons and contribute 
to mitochondrial superoxide formation.63 Mitochondrial ROS 
generation seems to reflect the level of neuronal activity, as 
superoxide production is enhanced during intense synaptic 
transmission.

Mitochondria-derived ROS concentrations are regulated 
by intracellular calcium levels. ROS increase when mitochon-
dria are treated with high concentrations of Ca2+ and Na+, 
for example, after sustained NMDA receptor activation.64,65 
Inhibitors of complexes I and III reduce the NMDA receptor-
dependent superoxide generation in cortical neurons, sug-
gesting a causal relationship between the NMDA receptor, 
the electron transport chain activity, and the production of 
ROS.66 Ca2+ influx from NMDA receptors triggers mito-
chondrial activation of caspase-3, which in turn stimulates the 
synthesis of the myocyte enhancer factor 2 (MEF2). MEF2 
regulates the transcription of the mitochondrial gene NADH 
dehydrogenase 6 (ND6), which encodes an essential compo-
nent of complex I. When MEF2 expression is blocked, the 
activity of complex I is decreased, and, consequently, ROS 
production from the electron transport chain is increased.67,68 
The MEF2-dependent expression of ND6 also reduces 
cellular levels of the antioxidant enzymes superoxidase and 
hydrogen peroxidase.

Neural nitric oxide synthase. Nitric oxide synthase 
(NOS) is an enzyme, which catalyzes the production of 
NO by oxidizing l-arginine to l-citrulline. NOS activity 
requires NADPH, tetrahydrobiopterin, and molecular oxy-
gen as cofactors.69 NO is a free radical with an unpaired elec-
tron and is active as a cellular signaling molecule modulating 
several physiological processes, including immune defense, 
vascular tone, insulin secretion, peristalsis, airway tone, neu-
ral development, and angiogenesis.70 Although NO is con-
sidered a nitrogen reactive species, it is capable of interacting 
with ROS and interfering with redox homeostasis. NOS 
can directly interfere with ROS production: once produced, 
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NO can react with superoxide and generate peroxynitrite, a 
highly reactive compound.71 Furthermore, if l-arginine is 
present at low levels, superoxide and H2O2 can be generated 
instead of NO.72

The NOS isoform localized in neurons of the nervous 
system is named nNOS.73,74 Intracellular-free calcium con-
centration regulates nNOS through the Ca2+-binding protein 
calmodulin. During calcium influx inside the cell, NOS become 
fully active upon interaction with calmodulin.75 The binding 
of calmodulin with intracellular Ca2+ becomes the main regu-
lator of nNOS activity.74 The predominant splice variant of 
nNOS in the brain contains an N-terminal-binding domain 
that anchors this complex to the postsynaptic membrane, 
which is close to the NMDA receptor.76 This interaction 
allows the Ca2+ influx through NMDA to be coupled to NO 
synthesis and activity.77

Functionally, nNOS represents an important factor 
regulating synaptic transmission. NO is a critical signaling 
molecule important for some mechanisms of synaptic plas-
ticity, functioning as a retrograde neurotransmitter during 
LTP.78,79 Inhibitors of NOS, competing for the l-arginine 
substrate, can prevent the induction of LTP.78

In addition to promoting plasticity, nNOS may act as a 
factor limiting high levels of NMDA receptor activity. The 
NMDA receptor function can be blocked by treating neurons 
with NO-producing agents.80,81 When nNOS is stimulated 
with l-arginine, a strong and long-lasting inhibition of the 
NMDA receptor function is observed.82 The nNOS-mediated 
inhibition of the NMDA receptor is suppressed when hemo-
globin is adopted as a NO scavenger.83 NO produced by 
nNOS inhibits NMDA receptors through mechanisms of 
S-nitrosylation and activation of dexamethasone-induced 
Ras protein (DexRas), suggesting that nNOS participates in 
feedback mechanisms preventing excessive influx of calcium 
inside the cell.82,84–87

Monoamine oxidase. Monoamine oxidase (MAO) 
is an enzyme that catalyzes the oxidation of monoamines. 
Two subtypes of MAO have been described, MAO-A and 
MAO-B, and both isoforms are implicated in redox-state 
modulation of glia and neuronal cells.58,88–90 They belong to 
the protein family of flavin-containing amine oxidoreduc-
tases and are located in the outer mitochondrial membrane 
in most cell types, including neurons.58,88,91 MAO-oxidizing 
activity requires the cofactor flavin adenine dinucleotide, 
which binds to the cysteine residue of the complex. The enzy-
matic reaction of MAOs uses molecular oxygen to remove an 
amine group from a molecule to produce the corresponding 
aldehyde and ammonia, by catalyzing the oxidative deamina-
tion of monoamines. In this process, H2O2 is produced as a 
subproduct of the reaction.58,92

MAO-A and MAO-B are fundamental for the inactiva-
tion of monoaminergic neurotransmitters, a pharmacological 
target of several drugs, designed to raise levels of MAO in the 
CNS. In humans, MAO-A is highly expressed in the brain 

and liver, whereas MAO-B is abundant in the liver, lungs, 
and intestine. In the brain, MAO-A is mainly located in 
neurons, while MAO-B is preferentially expressed in glia and 
astrocytes, placing both subtypes of that enzyme in a position 
to interfere with ROS production in the CNS.91 In neurons, 
MAO-A is mainly found in all catecholaminergic neurons and 
MAO-B is principally expressed in serotonergic neurons and 
glial cells.88 MAO-A oxidizes noradrenaline and serotonin, 
whereas MAO-B mainly beta-phenylethylamine.

MAO enzymes are involved in the homeostasis of mono-
aminergic neurotransmitters. MAO deficiency leads to exces-
sive levels of serotonin, norepinephrine, and dopamine. Large 
amounts of evidence demonstrate that learning and memory 
require controlled levels of catecholamines in brain tissues.93–97

NADPH oxidase. NADPH oxidase is a membrane-
bound enzymatic complex producing superoxide through the 
oxidation of NADPH. As an ROS generator, the complex 
has a peculiarity when compared to other cell sources: while 
the production of ROS by mitochondria is a side product of 
the respiratory process, superoxide generation via NADPH 
oxidase is the main function of this enzyme. NADPH oxidase 
was first characterized as an enzyme acting in the immune 
system. Specifically, it is located in the plasma membrane or 
phagosomes of polymorphonuclear neutrophils.98 Under nor-
mal circumstances, the complex is latent, but it is promptly 
activated to assemble in the membranes during respiratory 
bursts. Neutrophils activate NADPH oxidase to function in 
host defense. Superoxide is produced to kill bacteria and fungi 
ingested inside the phagosomes.98,99

NADPH oxidase is made up of six subunits. One of 
these is a Rho protein with GTPase activity. Two sub-
units (gp91phox and p22phox) are anchored to the plasma 
membrane, and the other three components are found in 
the cytoplasm (p40phox, p47phox, and p67phox).98,99 When 
specific cellular events recruit the involvement of NADPH 
oxidase, the p47phox subunit ensures that cytosolic subunits 
correctly assemble the membrane components to form the 
NADPH complex. Once formed, the enzymatic complex 
catalyzes the oxidation of NADPH to NADPH+, passing 
an electron to molecular oxygen and forming the superoxide 
anion.99,100 The protein Rho and p67phox subunit activate 
the gp91phox subunit, which is responsible for catalyzing the 
formation of superoxide. The activity of NADPH oxidase is 
regulated by many intracellular signaling pathways. The most 
crucial factor leading to the activation of the enzyme is the 
presence of Ca2+ in the cytosol.101

Over the past decade, researchers have found evidence 
that NADPH oxidase is present in other cell types involved 
in nonphagocytic activities, including regulation of cellular 
growth and death, cellular endothelial function, and media-
tion of intracellular signaling.102,103 More recent studies iden-
tified the presence of NADPH oxidase in the postsynaptic 
terminals of several structures in the nervous system, suggest-
ing a possible involvement of NADPH oxidase in neuronal 
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activity.104–107 Immunohistochemical studies in mouse and 
rat tissue extensively identified the distribution of NADPH 
oxidase in the brain, with higher concentrations in the cortex 
and hippocampus.105,106 NADPH oxidase is present in cell 
bodies and dendrites of hippocampal neurons and colocalizes 
at synaptic sites with synaptoneurosomes and synaptophysin.107

NADPH oxidase is thought to be the major source of 
superoxide production in the nervous system during physi-
ological conditions. Given the importance of calcium influx 
for the activation of the complex, the postsynaptic localiza-
tion of NADPH oxidase in neurons suggests an important 
role in cellular mechanisms involved in synaptic plasticity. In 
this context, NADPH oxidase as a source of ROS has recently 
attracted notable interest, since this complex is promptly 
activated after stimulation of the NMDA receptor.108,109

Physiological Effects of ROS
Involvement of ROS in cellular signaling. Oxidative 

stress is often associated with age-dependent loss of synaptic 
plasticity and cognitive functions. Nevertheless, when antiox-
idative defenses are efficient enough to neutralize the harmful 
effect of oxidizing molecules (Fig. 1, point 11), the presence of 
ROS is fundamental for many physiological cellular processes. 
Several studies provide evidence that ROS participate as sig-
naling molecules in a wide range of cellular functions. In a 
variety of biological mechanisms, ROS modulate intracellular 
transduction pathways and transcriptional factors involved in 
cell proliferation, differentiation, and maturation.8,10,110–117

Compared to other cellular mechanisms, redox signal-
ing uses molecules with greater potential for nonspecific reac-
tions. ROS have many more potential targets compared to 
other molecules such as cAMP.118 ROS do not act as mes-
saging molecule-binding receptors in the traditional sense but 
rather oxidizing specific amino acid residues. For example, 
ROS regulate cellular activities by acting on redox-sensitive 
cysteine residues, which are typically located in active sites 
and catalytic domains of protein tyrosine phosphatases.119,120 
Cysteine residues are particularly susceptible to oxidation 
due to low pKa value.121 Serine/threonine phosphatases such 
as protein phosphatase 1 (PP1) and protein phosphatase 2A 
(PP2A) are also susceptible to oxidative inactivation.122 Phos-
phatases downregulate the phosphorylation state and 
activity of proteins involved in numerous signal transduction 
pathways.54,123,124 Thus, ROS production can positively mod-
ulate signal transduction by decreasing phosphatase activity, 
indirectly facilitating the reactions catalyzed by protein kinases 
phosphorylation. Often, the effectiveness of signal transduc-
tion cannot rely on the mere activation of protein kinase, and 
ROS-dependent inhibition of phosphatases is required.

In the nervous system, ROS production regulates neu-
ronal development from neuronal precursors.125–127 Redox 
signaling is required for cell expansion in their niches of 
proliferation.128 ROS and oxidative states influence signaling 
cascades important for neurogenesis by modulating the redox 

state of tyrosine-phosphorylated proteins such as PKC and by 
regulating redox sensitive transcriptional factors such as the 
nuclear factor kB (NF-kB), the activator protein 1 (AP-1), and 
nuclear factor of activated T-cells.129

Redox signaling is also required to trigger neuronal 
differentiation and axon formation.130,131 Differentiation 
from neuronal progenitors to neurons is regulated through 
interactions involving p53 protein, redox balance, and 
metabolic states.125 Angiotensin II (Ang-II), BDNF, and 
vascular cell adhesion molecule-1 modulate cellular ROS 
production to regulate neural precursor proliferation and 
differentiation132,133 In PC12 cells, the nerve growth fac-
tor induces neurite outgrowth, and this effect is inhibited by 
antioxidants.134 Also, redox states regulate changes in micro-
tubules and actin filament organization occurring in response 
to extracellular signals.135,136

In cortical neurons, the pairing of H2O2 application and 
depolarization enhances the intracellular Ca2+ signaling, pro-
moting a form of activity-dependent modulation of cellular 
excitability.137 The temporal pairing of depolarization and 
oxidation is critical for this potentiation, suggesting a physi-
ological link between functional activity and the metabolic 
state in neurons. In hippocampal slices, ERK phosphorylation 
increases after H2O2 application, and this effect is blocked 
by antioxidant application.138 Likewise, exogenous H2O2 
increases ERK and CREB phosphorylation in PC12 cells and 
cortical neurons.7,12,139–141

Based on these studies, many neurobiologists are 
investigating the possibility that ROS can act as messengers 
in the transduction pathways important for synaptic plas-
ticity in the CNS.

ROS production is required for synaptic plasticity. 
Direct evidence shows that ROS participate in synaptic plas-
ticity processes as second messengers in several areas of the 
nervous system, including the hippocampus, cerebral cortex, 
spinal cord, hypothalamus, and amygdala.5,6,9,142–148

ROS production is necessary for hippocampal LTP, 
which is a form of synaptic enhancement involved in cer-
tain types of mammalian learning and memory.56,149–156 It is 
generally accepted that the hippocampus participates in the 
processes of information storage adopting synaptic potentia-
tion mechanisms, which are based on changes in calcium levels 
of dendritic spine and local protein synthesis.4,157–159 In the 
CA1 area, most forms of LTP induced by HFS are dependent 
on Ca2+ entry into the postsynaptic neuron through NMDA 
receptor activation.160,161 Genetic or pharmacological manipu-
lations that reduce the production of ROS negatively affect 
the LTP, suggesting that hippocampal plasticity involved 
in memory formation and/or consolidation requires specific 
redox states.56,149,152,162–164

In the amygdala, ROS mediate pain neuroplasticity by 
increasing excitatory neurotransmission and excitability of the 
central nucleus of the amygdala (CeA), which is responsible 
for the emotional-affective aspect of pain modulation and 
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Figure 1. Physiological effects of ROS on synaptic plasticity. NMDA receptor stimulation (1) during normal brain activity results in calcium influx. Neural 
nitric oxide synthase (nnos) is activated (2) through the ca2+-dependent pathway involving calmodulin. Stimulation of nNOS leads to controlled bursts 
of superoxide production from NADPH oxidase (3) via protein kinase G (PKG). Superoxide is rapidly transmuted to H2o2, which pass the membrane and 
participate in various cellular processes. H2o2 and calcium are required for the recruiting of protein kinase C (PKC) and extracellular signal-regulated 
kinase (ErK) (4). H2o2 also facilitates the calmodulin-dependent activation of neurogranine and calcium calmodulin kinase II (camKii) sequentially (5). 
nitric oxide (no) produced by nnos allows the entrance of fe2+ through interaction with the divalent metal transporter 1 (DMT-1) (6). H2o2 and fe2+ 
react to form the high reactive species OH−, which stimulates the ryanodine receptors (RyR) allowing the liberation of calcium from the endoplasmic 
reticulum (7) amplifying the Ca2+ signal. The activity of ERK, PKC, and CaMKII results in AMPA receptor phosphorylation, which is fundamental to 
increase the number of units in the plasma membrane and increase the receptor efficacy. ERK and CaMKII translocate into the nucleus and activate 
specific transcription factors such as the cAMP response element-binding protein (CREB) (8). New proteins are synthesized in order to promote long-term 
changes in synaptic function and synaptic morphology. If dopaminergic modulation occurs, the production of antioxidants is increased (9). Dopamine 
and D1 receptors form an internalized complex, which reacts with the accumulated ROS as a reducing factor (10). the relative abundance of antioxidant 
enzymes assures the preponderance of physiological over pathological processes. Antioxidants neutralize the excessive production of ROS, especially 
those derived from mitochondria (11). In the nucleus, base excision repair (BER) components compensate DNA damage caused by ROS (12).
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pain related behavior.143,151,165–169 Excitability and synaptic 
transmission of the CeA are increased in acute and chronic 
inflammation.165,168,169 Experimentally induced inflammation 
enhances CeA neuronal activity together with animal behav-
ioral responses, and such effects are inhibited when SOD is 
administrated.143,170,171 ROS contribute to changes in the pro-
cessing of the visceral pain response by enhancing the excit-
atory drive of output neurons from the amygdala, suggesting 
that oxidative cellular states are important for the neural pro-
cessing of emotional-affective aspects of pain.143,171

In the spinal cord, ROS act as a signaling molecule in 
neuroplasticity processes related to persistent neuropathic and 
inflammatory pain.172–174 Spinal cord LTP is thought to be 
the physiological substrate for sustained central sensitization, 
the main mechanism underlying these forms of pain.171,175,176 
Experimental evidence suggests that ROS operate in the spi-
nal cord circuitry during sensitization.177,178 Application of 
ROS scavengers impairs the induction and maintenance of 
LTP in spinal cord tissue preparations. Administra-
tion of ROS donors is sufficient to induce LTP, but if HFS 
is applied after the establishment of ROS-induced potentia-
tion, the LTP is attenuated. Similar effects are observed when 
application of HSF occurs first and the ROS donor is admin-
istrated subsequently, suggesting that overproduction of ROS 
is detrimental to LTP. Sensitization requires HFS to activate 
NMDA receptors leading to production of ROS, which in 
turn participate in the expression of LTP. The authors suggest 
that this process may be the basis of amyloid β (Aβ)-fiber-
mediated allodynia.173

The effects of ROS on synaptic plasticity were also 
studied through invertebrate experimental models. In Aplysia, 
exogenous application of ROS during periods of synaptic 
facilitation activates the Ca2+-independent isoform of PKC, 
which is important for the establishment of changes in syn-
aptic strength.57 In the Drosophila neuromuscular junction, 
redox mechanisms regulate synaptic function and behav-
ioral expressions.179 ROS production leads to an increase in 
synaptic size and potentiation of vesicle release. Moreover, 
social deprivation enhances synaptic transmission and neural 
excitability, favoring the occurrence of aggressive behaviors, 
and these effects are prevented by mutations of genes impli-
cated in the ROS metabolism.180

ROS and plasticity: effects of superoxide and hydro-
gen peroxide. Normally, ROS production during neuronal 
activity begins with the formation of the superoxide anion, 
mainly through the activity of mitochondria and NADPH 
oxidase. Once produced, superoxide can potentially react 
with nearby cellular components, but it is rapidly converted 
into H2O2, which is a more stable molecule than superoxide. 
Despite H2O2 being less reactive, its higher stability grants it a 
larger diffusion. H2O2 is capable of passing the cell membrane 
through aquaporin homologs and acts as a second-messenger 
molecule in nearby synaptic terminals and neurons.181 
Depending on the concentration of iron cation (Fe2+), present 

in molecules such as hemoglobin, H2O2 can be converted into 
hydroxyl radical, which is a more reactive species.182 However, 
as most reactive ROS are quickly transformed into more stable 
molecules, distinguishing between the differential and relative 
contribution of superoxide, H2O2, and hydroxyl radical in the 
modulation of synaptic plasticity is extremely difficult.

Electrophysiological studies found that superoxide accu-
mulates in hippocampal slices after heavy NMDA receptor 
stimulation.183 Administration of exogenous superoxide scav-
engers blocks the induction of LTP in the CA1 area of hip-
pocampal slices, suggesting that the presence of superoxide is 
necessary for synaptic LTP.149,184 On the other hand, super-
oxide scavengers do not have effects on short-term plasticity 
or post-tetanic potentiation, suggesting that superoxide acts 
specifically on LTP.149

In the hippocampus, the relationship between synaptic 
plasticity and superoxide production has been extensively 
investigated using enzymes called SOD, through either 
exogenous application of SOD or using transgenic animals 
overexpressing endogenous SOD. These enzymes and other 
artificial superoxide scavengers block the HFS-induced LTP 
in the CA1 area.149 Exogenous administration of superox-
ide through xanthine = xanthine oxidase (X = XO) results in 
transient reduction in postsynaptic response, followed by a late 
form of LTP, which can be inhibited by SOD application.152 
Superoxide-induced LTP occludes HFS-induced LTP, indi-
cating that these two forms of synaptic potentiation are based 
on similar mechanisms.

Neurons have three isoforms of endogenous SOD: cyto-
solic SOD (SOD1), extracellular SOD (EC-SOD), and mito-
chondrial SOD (SOD2). Mice overexpressing EC-SOD or 
SOD1 exhibit deficits in LTP, but the mechanisms underlying 
these effects are different depending on the overexpressed 
SOD isoform. In EC-SOD transgenic mice, the LTP is 
impaired because superoxide production available in the 
hippocampal slice is not sufficient to allow the induction of 
LTP.150,185 On the other hand, SOD1 transgenic mice exhibit 
deficits in LTP due to the increase in H2O2 accumulation.185 
Mice overexpressing SOD2 show normal LTP, suggesting 
that mitochondrial ROS are unlikely to play a role in promot-
ing synaptic plasticity.186

The production of superoxide seems to be associated 
with forms of plasticity that require the abundant presence 
of intracellular calcium. First, as described above, superoxide 
is fundamental to induce LTP in the hippocampus, which 
requires high concentrations of intracellular calcium. Second, 
superoxide is important to induce LTD in the cerebellum, 
where synaptic depression requires a high influx of calcium. In 
fact, reducing superoxide availability suppresses the induction 
of LTD in the cerebellar Purkinje neurons.148

In studies where superoxide was found to be required 
for LTP, exogenous SOD produced increased concentra-
tions of H2O2, attenuating LTP. These results indicate that 
overproduction of H2O2 inhibits synaptic potentiation.56 
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Also, some studies found that H2O2 impairs LTP in rat 
hippocampal slices187,188: H2O2 administration (20–100 μM) 
facilitates LTD and suppresses several types of LTP induction, 
namely, synaptic potentiation based on muscarinic receptor 
activation, tetanic stimulation, and voltage-gated calcium 
channel opening.189 However, lower concentrations of H2O2 
(1  μM) cause a huge increase in tetanic LTP and enhance 
NMDA receptor-independent LTP.187 Potentiation of synap-
tic responses is attenuated by the application of the H2O2 scav-
enger catalase.150 Thus, facilitating or impairing the effects of 
H2O2 on plasticity seems to be dose-dependent effects.

Ultimately, superoxide production appears to be the 
mandatory process required to begin the redox changes that 
modulate plasticity. The short-living superoxide is then con-
verted to longer lasting H2O2, which regulates synaptic plas-
ticity in a dose-dependent manner.187

ROS sources and physiological effects on synaptic 
plasticity signaling. As described in “Synaptic plasticity” 
section, ROS can be produced by various cellular structures. 
Some studies investigated the involvement of ROS in synaptic 
plasticity, focusing on the role of specific endogenous cellular 
sources. These finding are discussed below in this section.

Mitochondria. Some studies provide indirect evidence 
that mitochondrial ROS production might be involved in 
synaptic plasticity.190–192 The localization of mitochondria in 
dendrites is activity dependent, and intense stimuli causing 
high calcium influx lead to increased superoxide produced 
by mitochondria (Fig. 2, points 2–8).193–195 Mitochondrial 
superoxide release upregulates the activation of CaMKII and 
PKA, two kinase proteins involved in cellular mechanisms of 
synaptic potentiation. On the other hand, the phosphatase 
PP1 associated with LTD is downregulated by mitochondrial 
ROS.190,191 The application of complex I inhibitors reduces the 
production of H2O2, the influx of calcium, and the phosphor-
ylation of ERK.196 The mitochondrial effects on intracellular 
signaling are mediated through regulation of ROS, which is 
influenced by activity-dependent regulation of mitochondrial 
motility and localization.192

One study tried to directly associate the production of 
mitochondrial ROS with synaptic plasticity but obtained 
negative results in this sense.186 The authors found that trans-
genic mice overexpressing SOD2 do not show any deficit in 
hippocampal LTP or memory. However, supporting evidence 
has shown that generation of ROS by mitochondria fol-
lowing mitochondrial Ca2+ uptake (MCU) is a key step for 
the induction of LTP in the spinal cord, since inhibition of 
MCU blocks potentiation despite the increase in cytosolic 
Ca2+ levels produced after NMDA receptor activation.177,197 
ROS derived from mitochondria, mainly superoxide, activate 
downstream signaling cascades involving PKA, PKC, and 
ERK. Activation of these protein kinases by superoxide is 
essential for sensitization at the spinal dorsal horn.197

Neural nitric oxide synthase. ROS production through 
nNOS may contribute in the modulation of synaptic plasticity. 

However, the role that nNOS-derived ROS play in plasticity 
is difficult to assess. The available pharmacological approaches 
do not allow the selective blocking of ROS production with-
out interfering with the generation of NO. Since ROS pro-
duction becomes significant only in conditions of l-arginine 
deficiency, nNOS contribution in plasticity and memory is 
typically attributed to NO.72 Nevertheless, one study found 
that nNOS expression causes an increase in ERK activation, 
and this effect is inhibited by the presence of SOD, suggest-
ing that phosphorylation of ERK might occur through the 
production of ROS.198 However, it is important to consider 
that nNOS stimulation has potentially aversive properties 
for the induction of plasticity. First, NO produced by nNOS 
may inhibit the functionality of the NMDA receptor so as to 
reduce the flow of calcium in the postsynaptic neuron.82,84–87 
Second, NO can be converted into peroxynitrite by reacting 
with the superoxide provided by other sources of ROS. In 
doing so, nNOS reduces the amount of superoxide available to 
be converted into hydrogen peroxide, and thus, to be used in 
other signal transduction pathways related to plasticity.

Monoamine oxidase. Studies that tried to correlate the 
MAO activity with neuronal plasticity and memory have 
adopted transgenic animals and pharmacological inhibitors. 
Knockout mice for MAO exhibit an increase in hippocampal 
LTP, which is related to changes in the expression of NMDA 
glutamate receptor subunits.93 In the barrel cortex, MAO 
knockout mice exhibit potentiated thalamocortical excita-
tion and feedforward inhibition.199 However, these results are 
difficult to interpret with regard to the relationship between 
MAO and ROS production. The effects caused by MAO 
blockade are better attributable to the direct action over the 
monoamine turnover, rather than to changes in redox cellular 
environment.

NADPH oxidase. Both in the hippocampus and visual 
cortex, NADPH oxidase produces bursts of superox-
ide as a response to Ca2+ influx through NMDA recep-
tor stimulation.109,142 The NMDA-induced increase in ROS 
mediated by NADPH oxidase requires the activation of 
nNOS and protein kinase G.200 Considering its localization in 
neural structures and connection with the NMDA receptor, it 
has been suggested that NADPH oxidase could be the major 
source of ROS playing a physiological role in the mechanisms 
of synaptic plasticity.109 This idea is supported by the find-
ings that human patients with mutations in genes encoding 
NADPH oxidase display mild cognitive deficits.201

Activation of NMDA receptors stimulates NADPH 
oxidase to generate the superoxide anion (Fig. 1, point 1), 
which readily dismutates into H2O2. Once produced, H2O2 
is capable of passing the plasma membrane to interact with 
pre- and postsynaptic mechanisms and affect synaptic trans-
mission. Since NADPH oxidase produces large amounts 
of superoxide in a controlled manner, it appears to be the 
ideal source of ROS to provide rapid and controlled oxida-
tive responses to specific stimuli of extracellular signaling.202 
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β

β

Figure 2. Pathological effects of ROS on synaptic plasticity. Glutamatergic over stimulation and Aβ oligopeptides sustain nmDa receptor hyperactivation (1). 
Massive calcium influx (2) leads to NADPH oxidase-mediated superoxide production (3) via activation of calmodulin, neural nitric oxide synthase (nnos) 
and protein kinase G (PKG), respectively. Superoxide is converted to H2o2, which passes the plasma membranes and accumulates inside the cell (4). H2o2 
stimulates the L-type voltage-dependent calcium channels (L-VDCC) further increasing the concentration of intracellular calcium (5). H2o2 accumulation 
creates the intracellular redox environment suitable for triggering the phospholipase A2 (PLA2) pathway through recruitment of extracellular signal-regulated 
kinase (ErK) and interleukin 1β (il-1β) (6). Activation of PLA2 stimulates the release of arachidonic acid (AA) from the plasma membrane (7). the aa 
oxidative metabolism in the mitochondria promotes high levels of mitochondrial ROS accumulation (8) and the release of cytochrome C (9), which starts 
the apoptotic cascade involving caspases proteins. With the relative absence of antioxidant enzymes, excessive H2o2 generated by mitochondria reach the 
nucleus and provoke DNA damage. H2o2 facilitates the calmodulin-mediated activation of calcineurin and CaMKII. Calcineurin dephosphorylates protein 
phosphatase 1 (pp1) (10), which in turn dephosphorylates the AMPA receptor promoting its internalization. CaMKII participates in the down regulation of 
nmDa receptors (11) by reducing the amount of NR2B subunits in the population of active receptors.
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One of the most important processes in this sense is the 
activation of ERK via NMDA receptor stimulation (Fig. 1, 
point 4). Inhibition of NADPH oxidase by diphenylene iodo-
nium blocks the NMDA receptor-dependent phosphorylation 
of ERK in the CA1 area of the hippocampus. Mutant mice 
lacking the subunit p47phox, one of the essential subunits 
of NADPH oxidase, also show impaired LTP.108 ROS pro-
duction through NADPH oxidase participates in the intra-
cellular pathway linking stimulation of NMDA receptors to 
ERK activation. Pharmacological and genetic manipulations 
leading to NADPH oxidase blockage abolish ERK activation 
induced by NMDA receptor activation.108

Experimental evidence from animal models showed that 
ROS production through NADPH oxidase is primarily a 
physiological process important for synaptic plasticity mecha-
nisms operating in the hippocampus and visual cortex.142,162 
Knockout animals for the subunits p47phox and gp91phox 
exhibit impaired LTP and reduced post-tetanic facilita-
tion in the hippocampus, along with mild deficits in spatial 
memory.162 Experiments performed in the visual cortex of 
gp91phox knockout mice showed that NADPH oxidase is 
necessary for the induction of LTP and LTD, both in young 
and adult animals.142 However, applications of the NADPH 
oxidase inhibitors block LTP but not LTD. This suggests that 
visual cortical LTP requires acute bursts of ROS to be pro-
duced during NMDA stimulation, while chronic and milder 
activation of NADPH oxidase is sufficient for LTD mecha-
nism to occur.

Interestingly, NMDA receptor-mediated postsynaptic 
responses in the visual cortex are reduced in gp91phox knock-
out mice. This suggests that ROS produced by NADPH oxi-
dase might act as a positive feedback mechanism, increasing 
the efficacy of the NMDA receptor. Indeed, NMDA recep-
tor function is modulated by the redox cellular environ-
ment. Some reductant species inhibit, while others enhance 
the activity of the NMDA receptor.203 Oxidation abolishes 
the capability of reductants to modify the NMDA receptor 
function. ROS produced via NADPH oxidase could be 
directly involved in NMDA receptor redox modulation. 
Alternatively, NADPH oxidase-derived superoxide might 
influenciate NMDA receptor activity by interacting with NO. 
Superoxide easily reacts with NO, which is known to be a 
potent inhibitor of the NMDA receptor.84 In mesangial cells, 
NO bioavailability is reduced by NADPH oxidase, whose 
activity increases the interaction between NO and superoxide 
to form peroxynitrite.204 A similar mechanism could operate 
in neurons and could be responsible for reducing the NO-
mediated inhibition of NMDA receptor. During the induc-
tion of synaptic plasticity, superoxide generated by NADPH 
oxidase might counteract the NO-dependent inhibition over 
the NMDA receptor and consequently facilitate plasticity.

The activation of NADPH oxidase is important for some 
processes of neuroplasticity occurring as a reaction to lesions 
and external insults. For example, NADPH oxidase-generated 

ROS drives the structural neuronal remodeling occurring 
after ocular enucleation. Neurons of superior colliculus and 
dorsal lateral geniculate nucleus react to ocular enucleation 
undertaking structural reorganization through increase in 
the production of neurofilament and microtubule-associated 
protein-2 (NMAP2). These effects are accompanied by ele-
vated ROS production via NADPH oxidase, as both ROS 
generation and NMAP2 synthesis are inhibited by NADPH 
oxidase inhibitors.205

NADPH oxidase is located at membrane sites of phrenic 
motoneurons of the C4 ventral horn. NADPH oxidase-
derived ROS participate in respiratory plasticity of phrenic 
motor neurons, which is recorded in the phrenic nerve fol-
lowing acute intermittent hypoxia.104,146 pLTF requires the 
production of ROS to stimulate protein kinases and inhibit 
protein phosphatases.206 Superoxide generation is fundamen-
tal for such a process, since pLTF is blocked after application 
of a SOD mimetic into the cervical spinal region that contains 
the phrenic motor neurons.145 Results showed that the main 
source of ROS involved in pLTF is NADPH oxidase, as phar-
macological inhibition of this complex attenuates the expres-
sion of pLTF in a dose-dependent manner. Increased ROS 
formation during acute intermittent hypoxia facilitates pLTF 
by inhibiting specific protein phosphatases, while intrave-
nous administration of SOD mimetics blocks pLTF.145,146,206 
Intrathecal injections of NADPH oxidase inhibitors also 
attenuates pLTF, demonstrating that spinal NADPH oxidase 
activity is a necessary source of ROS for this form of respira-
tory plasticity.104

Interestingly, when NADPH oxidase-mediated ROS 
are neutralized through SOD overexpression, compensatory 
mechanisms activate to maintain synaptic facilitation. Trans-
genic animals overexpressing a mutated form of SOD1 
(SOD1G93A) are typically adopted as a model for ALS neu-
rodegenerative disease. Although SOD1-elevated expression 
is potentially capable of decreasing oxidative stress, it pro-
motes neurodegeneration on motor neurons by enhancing 
the formation of protein aggregates.207,208 Despite superoxide 
accumulation being decreased in SOD1G93A animals, pLTF 
is enhanced at the end stage of the disease, suggesting that 
compensatory mechanisms maintain ROS homeostasis and 
preserve hypoxia-induced respiratory plasticity.209

In the paraventricular nucleus of the hypothalamus 
(PVN), NADPH oxidase participates in mechanisms increas-
ing neuronal excitability during autonomic and neuroendo-
crine homeostatic responses. When blood pressure decreases, 
Ang-II stimulates PVN neurons, whose activity increases 
sympathetic nerve activity to counterbalance the pressure 
drop. Enhanced synaptic signaling from the forebrain through 
PVN increases arterial pressure by inducing sympathetic 
long-term facilitation.210 High circulating levels of Ang-II 
also trigger changes in PVN synaptic transmission through 
modifications in NMDA receptor functioning.211 Upregula-
tion of ROS in the PVN contributes to increased sympathetic 
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activity during blood pressure and adipose tissue metabolic 
responses.147,212–217 Microinjection of a SOD mimetic into 
the PVN decreases arterial pressure and sympathetic nerve 
activity, suggesting that ROS signaling contributes to Ang-II 
effects on hypothalamic arterial pressure homeostasis.217 
During feedback attenuation of augmented sympathetic 
reflexes, antioxidant enzymes are overexpressed in the PVN, 
suggesting that elevated ROS generation is implicated in this 
process.218 These studies support the idea that NADPH oxi-
dase plays an important role in modulating synaptic plasticity 
of the PVN. It is possible that ROS are active in feedback 
mechanisms as well, since H2O2 administration was found 
to tonically suppress sympathetic responses to glutamate 
stimulation of PVN.219

Intracellular mechanisms of ROS-dependent plastic-
ity. As discussed above, ROS are key molecules for the signaling 
related to synaptic plasticity in various neural structures. Some 
works have studied the specific intracellular mechanisms in 
which ROS interact in more detail. Such mechanisms are dis-
cussed in this section and summarized in Table 1.

In the hippocampus, ROS are important for the activa-
tion of protein kinases fundamental for plasticity and memory, 
such as ERK, CaMKII, and PKC, during the induction of 
long-lasting LTP.11,138,164,183,220,221 Plasticity onset implies 
NMDA receptor opening (Fig. 1, point 1) to cause superox-
ide increase, mainly through the activation of the NADPH 
oxidase (Fig. 1, points 2 and 3).56,108,109,142,200 Superoxide is 
required for the activation of both PKC and ERK during LTP 
induction.56,222–224 Activation of ERK through NMDA recep-
tors requires a suitable oxidative redox state, as the presence of 
antioxidants and superoxide scavengers block the activation 
of ERK obtained through NMDA administration in hippo-
campal slices.108 PKC activation is an important step for the 
induction of LTP, as induction of synaptic potentiation needs 
the translocation of PKC to the plasma membrane.224,225 

It has been proposed that oxygen radicals enhance the auto-
phosphorylation of PKC, as well as the release of glutamate, 
playing a role as a modulator of presynaptic efficacy.163

In the hippocampus, ERK activation requires super-
oxide to be partially converted into hydrogen peroxide, as 
H2O2 is fundamental for ERK and CREB phosphorylation 
in response to NMDA receptor stimulation (Fig. 1, points 4 
and 8).7,55,108 H2O2 participates in the intracellular signaling 
of hippocampal plasticity by stimulating calcium release from 
intracellular neuronal stores. NMDA receptor-mediated pro-
duction of H2O2 is fundamental for the opening of ryanodine 
receptors (RyRs).226 RyRs are calcium channels activated by 
previous calcium influx and participate in various signaling 
pathways important for synaptic plasticity.227 The presence of 
H2O2 allows RyR to provide the calcium levels required for 
ERK and CREB phosphorylation (Fig. 1, point 7).108 In fact, 
inhibiting RyR with ryanodine diminishes H2O2-induced 
ERK and CREB activation. H2O2 can also stimulate ERK 
through direct redox modifications of the Ras protein.228,229 
H2O2 elevates the mRNA levels of the early genes c-fos and 
egr-1, and these effects are prevented by the RyR blocker 
ryanodine. Thus, the establishment of long-term synaptic 
changes in the hippocampus requires ERK phosphorylation 
and CREB-mediated gene expression, and these purposes can 
be achieved through the ROS-dependent activation of RyR.

The participation of H2O2 in hippocampal plasticity 
depends in part on postsynaptic cell iron concentration. Iron 
cations (Fe2+) are strong pro-oxidant elements, due to their 
capacity to participate in one-electron reactions. The presence 
of iron in the intracellular fluid is not necessarily harmful for 
neural functioning but may be rather beneficial, given that 
its concentration is kept within physiological range. Iron is 
important for the maintenance of the appropriated redox 
environment for synaptic plasticity in neurons. Fe2+ catalyzes 
the transformation of the mild oxidant H2O2 into hydroxyl 

Table 1. physiological effects of ros on synaptic plasticity.

NEURAL STRUCTURE EFFECTS OF ROS MECHANISMS

Hippocampus induction of ltp O2
- conveted to H2O2

up-regulation of neurogranine, ErK, pKc, and camKii pathways

H2O2 conveted to OH-

Opening of RyR and increased calcium levels

Amygdala induction of ltp up-regulation of ErK and pKa pathways

Visual cortex induction of ltp and ltD up-regulation of nmDa receptor activity

Dorsal horn induction of ltp up-regulation of pKc, pKa and camKii pathways

Cerebellum induction of ltD Down-regulation of calcineurin

motor phrenic nerve induction of pltf Down-regulation of protein phosphatases

Neuromuscular junction 
(Drosophila)

induction of ltp up-regulation of vesicle liberation via up-regulation of JnK/ap-1 
and fos expression

Note: The effects observed in some brain structures and the main mechanisms involved are summarized. 
Abbreviations: LTP, long-term potentiation; ERK, extracellular-regulated kinase; PKC, protein kinase C; PKA, protein kinase A; CaMKII, calcium calmodulin 
kinase II; LTD, long-term depression; NMDA, N-methyl-d-aspartate; JNK/AP-1, c-Jun N-terminal kinase/activating protein 1.
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radical (OH), which is much more reactive than H2O2.182 
In cultured cortical and hippocampal neurons, activation of 
NMDA receptors allows the entrance of iron inside the post-
synaptic cell, resulting in OH production. Stimulation of the 
NMDA receptor (Fig. 1, point 1) induces calcium entry and 
NO production through activation of nNOS (Fig. 1, point 2), 
allowing Fe2+ entry through NO-mediated opening of the 
divalent metal transporter 1 (DMT-1; Fig. 1, point 4). NO 
modifies a cysteine residue in the GTPase Dexras1, thus 
enhancing iron uptake by activating a complex made up of 
Dexras1, peripheral benzodiazepine receptor-associated 
protein 7, and DMT-1.227,230 In this context, iron uptake pro-
vides the neuronal redox conditions necessary for the proper 
functioning of cellular factors involved in synaptic plasticity.231

The presence of iron inside the cell is necessary to stim-
ulate the opening of RyR channels induced by ROS. Iron-
generated OH amplifies the calcium signaling initiated by 
stimulation of NMDA receptors.232 In PC12 cells, iron appli-
cation generates calcium signals through RyR and activates 
the ERK pathway, while iron chelators block these effects.233 
Iron promotes formation of OH, which elicits RyR-mediated 
calcium signals (Fig. 1, point 7) capable of facilitating the acti-
vation of the ERK pathway (Fig. 1, point 4). After NMDA 
receptor stimulation, the opening of RyR channels elevates 
postsynaptic Ca2+ influx from endoplasmic reticulum in hip-
pocampal dendritic spines.234 Preincubation of hippocam-
pal neurons in culture with ryanodine blocks both NMDA 
receptor-mediated intracellular calcium increase and ERK 
phosphorylation.233 High concentrations of ryanodine com-
pletely inhibit RyR channels, reduce CREB phosphorylation, 
and prevent the establishment of LTP,235 while lower con-
centrations of ryanodine activate RyR channels, allowing the 
shift from the early to late phase of LTP.235 Finally, NMDA 
receptor activation also results in the oxidation of neurogranin 
(Fig. 1, point 5).236 Oxidation or phosphorylation of neuro-
granin allows calmodulin to activate CaMKII, contributing 
to the expression of plastic changes.163,236

In summary, during the induction of plasticity in the 
hippocampus, NMDA receptors provide the first rise of 
intracellular postsynaptic calcium concentration. Second, the 
activation of NMDA receptors leads to H2O2 production and 
iron entry. Third, H2O2 and iron react to produce the high 
reactive radical OH. Fourth, OH interacts with the RyR 
channels, which amplify the calcium signaling. Finally, the 
total amount of calcium present in the cytosol supports the 
activation of several cascades fundamental for synaptic plas-
ticity, including the ERK and the CaMKII pathways.237,238

Interestingly, in neural structures other than the hip-
pocampus, the effects of ROS on the induction of synaptic 
plasticity also involve the activation of protein kinase. ROS-
mediated synaptic potentiation of the amygdala upregulates 
protein kinases, as combined application of ERK and PKA 
inhibitors completely block the excitatory effects of ROS 
donors on the CeA.9 Also, the induction of spinal cord LTP 

during sensitization requires increased AMPA receptor phos-
phorylation at the PKC, PKA, and CaMKII sites, and these 
effects are reversed when ROS availability is reduced.173

As an alternative to protein kinase activation, ROS can 
facilitate intracellular cascades related to synaptic plasticity 
through the inhibition of protein phosphatase. At high con-
centrations, H2O2 blocks the activity of tyrosine phospha-
tases, thus enhancing the function of tyrosine kinases.119,239 
Phosphatases regulate K+ and other ion channels, thus inhibi-
tion of these proteins may directly alter neuronal excitability 
and affect the occurrence of synaptic changes.240,241

In neurons of the phrenic motor nerve, ROS inhibit the 
activity of phosphatases, modifying the kinase/phosphatase 
balance of protein involved in respiratory synaptic facilitation. 
Oxidation shifts the balance toward phosphorylation 
and facilitates the induction and maintenance of synaptic 
facilitation.145,206 ROS are fundamental for the activity of sev-
eral protein kinases important for pLTF, including PKC.242,243 
In this case, protein kinase activation is enhanced indirectly 
by ROS-induced inhibition of protein phosphatase activity. 
When activated by their endogenous ligand, growth factor 
receptors generate ROS, which in turn inhibit protein tyro-
sine phosphatases.242 This process enables receptor activity, 
promoting cellular pathways important for plasticity.242

ROS-mediated downregulation of phosphatase occurs 
for hippocampal LTP and cerebellar LTD. During the 
induction of potentiation in the hippocampus, superoxide 
inactivates calcineurin, a calcium/calmodulin-dependent pro-
tein phosphatase that stimulates LTD.244,245 Such inactivation 
occurs with electrical stimulation and might serve to facilitate 
the phosphorylation of proteins involved in LTP.246 LTD of 
Purkinje cells of the cerebellum also requires the inactivation 
of calcineurin, and superoxide anions promote synaptic 
depression by blocking the activity of this protein.148

Experiments performed in Drosophila raised the possibil-
ity that ROS may act on synaptic plasticity interfering with 
presynaptic mechanisms of neurotransmitter release.247 In the 
neuromuscular junction of Drosophila, ROS promotes syn-
aptic strengthening through an increase in neurotransmitter 
release. Presynaptic potentiation is established by augmenting 
the pool of actively cycling vesicles and reducing the reserve 
pool.248–250 Such forms of synaptic plasticity require upregula-
tion of presynaptic c-Jun N-terminal kinase (JNK)/AP-1 sig-
naling pathways and Fos expression.250 Inhibiting JNK and 
Fos activity reduces ROS-induced increase in synaptic size, 
and synapse overgrowth has been observed in mutant animals 
defective in antioxidant mechanisms and animals subjected to 
excessive ROS generation.180,247

Dopamine: balancing neuroprotection and neurotox-
icity. Oxidative stress is often thought to be related to patho-
logical conditions, affecting neurons during aging and brain 
disease. However, reducing synaptic efficacy through oxida-
tive burden could be part of a physiological process, which 
selectively weakens neural connections in a use-dependent 

http://www.la-press.com
http://www.la-press.com/journal-of-experimental-neuroscience-j131


Reactive oxygen species 

35Journal of ExpErimEntal nEurosciEncE 2016:10(s1)

manner. In this regard, an interesting redox hypothesis of 
synaptic plasticity has been formulated, suggesting that the 
balance between neuroprotective and neurotoxic redox agents 
is controlled by the level of dopamine.251 According to this 
hypothesis, dopamine release would modulate the amount of 
oxidative stress, affecting synapses in the cerebral cortex and 
hippocampus.

Stimuli correlated with reward and motivation are 
accompanied by increased release of dopamine widely in the 
brain.251,252 Positive reinforcement acts through dopaminergic 
transmission to modulate plasticity at glutamatergic synapses, 
in order to enhance the storage and processing of important 
information. Thus, motivational reinforcement increases 
dopamine release, which in turns promotes the synapses active 
at the time, while decreases in dopamine release lead to sup-
pression of inactive synapses.252,253

In brain homogenates of mitochondria and microsome 
preparations, catecholamines and their metabolites were 
found to be endogenous antioxidants with potent scavenging 
effects on superoxide anions and hydroxyl radicals.254,255 For 
example, oxidative stress measured through B-phycoerythrin 
fluorescence decay is prevented by dopamine.256 It has been 
suggested that synaptic plasticity could be in part medi-
ated by the antioxidant action of dopamine on redox cellular 
environment.257,258 In this sense, dopamine would act as 
an endogenous antioxidant in the brain, providing pro-
tection against oxidative stress in synapses that require 
reinforcement.254 Dopamine would move the redox state 
toward a neuroprotective direction in glutamatergic synapses, 
favoring spine differentiation and growth, and low levels of 
dopamine would promote spine suppression due to the lack of 
antioxidant cover against oxidative stress.

Dopamine shows a significant effect in suppressing 
superoxide anions and hydroxyl radicals, through a direct 
and indirect mechanism.255 Direct antioxidant effects are 
achieved when dopamine is converted to o-quinone. This mol-
ecule can be subsequently metabolized by 5-cysteinylization 
or 5-glutathionylization to other antioxidant products. 
o-Quinone can eventually be reconverted to dopamine when 
reductive reactions prevail within the cytoplasm. Indirectly, 
dopamine can exert antioxidant effects after binding to D2 
receptors, triggering the synthesis of antioxidant enzymes 
(most likely SOD; Fig. 1, point 9).259

Dopamine receptors can be endocytosed after neurotrans-
mitter binding. This occurs more frequently when the receptor 
is eventually replaced because of accumulated oxidative damage 
in the synapse.260 The receptor–ligand complex is endocytosed 
inside the postsynaptic neuron and transported to the tubulo-
vesicular endosome system. Here, the receptor–ligand complex 
is delivered into the lumen of the endosome, where dissocia-
tion of the ligand from the receptor occurs. Both D1 and D2 
receptors are endocytosed, but only D1 receptors are internal-
ized together with the iron transporter transferrin.261 Since 
the D1 receptor–dopamine complex and transferrin colocalize 

in the same endosome, cheatable iron and dopamine are in 
close contact. Together with transferrin, the D1 receptor–
dopamine complex acts as a catechol–iron complex, which is 
a strong antioxidant capable of transforming superoxide into 
oxygen and hydrogen peroxide (Fig. 1, point 10).260 Thus, the 
catechol–iron complex can perform several antioxidant reac-
tions with superoxide in the cytoplasm.258,262

When there are low antioxidant agents in the cell, 
catecholamines are oxidized to form o-quinones, includ-
ing the neurotoxic free radicals o-semiquinones.263 The glu-
tamate synaptic cleft contains a mixture of dopamine and 
other antioxidants interacting with each other, and ROS 
can oxidize dopamine to form the toxic free radical dopa-
mine o-semiquinone. Thus, dopamine release may be insuf-
ficient to sustain antioxidant protection but sufficient to be 
converted into o-semiquinone metabolite. In this case, the 
o-semiquinone molecule can generate high levels of oxidative 
stress contributing to dendritic spine reduction.257,258

Pathological Effects of ROS
Oxidative stress and age-dependent decline of neural 

functions. Excessive production of ROS leads to oxidative 
stress, which is defined as the imbalance between the produc-
tion of ROS and the antioxidant cellular processes.59 ROS 
accumulation modifies the conformation of several proteins 
and causes the oxidization of cellular components such as 
membrane lipids, proteins, and DNA.264,265 Oxidative stress 
in a brain region occurs when ROS production is greater than 
antioxidant defenses. Redox mechanisms are those providing 
a balanced interaction between oxidative reactions and anti-
oxidative (reductive) defenses. ROS accumulation in biologi-
cal tissues is normally controlled by antioxidant enzymes such 
as vitamins, SOD, catalase, and peroxidases.266

The brain is particularly vulnerable to oxidative stress, 
because it consumes a large amount of oxygen, has abundant 
lipid content, and has little antioxidant activity compared to 
other organs. The major antioxidants in the brain are ascor-
bate, glutathione (mainly inside astrocytes), and vitamin E 
in the plasma membrane. It has been proposed that the age-
related decline in memory and cognition could result from 
ROS-induced dysregulation of Ca2+-dependent cellular 
processes. The aging-associated pro-oxidizing shift in cellular 
redox status disrupts the redox-regulated Ca2+ signaling, lead-
ing to overoxidation of redox sensitive proteins.267

Indirect evidence that ROS accumulation can be harm-
ful to synaptic plasticity comes from studies in which the 
production of ROS has been related to decay of mnemonic 
and cognitive abilities with age. Various works show oxi-
dative stress linked to age-dependent decline in cognitive 
functions.56,149,150,264,268–274 Such pathological effects of ROS 
have been observed both in human patients and in animal 
models. Behavioral deficits related to memory tasks are asso-
ciated with increases in oxidative stress in aged animals.275–278 
Comparisons between young and old brain tissues revealed 
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higher levels of ROS in aged animals when compared to 
young animals.144,189,279–285 Supplements containing anti-
oxidants are effective in reducing the age-related deficits of 
spatial learning performance of rats, while chronic adminis-
tration of the free radical scavenger alpha-lipoic acid improves 
spatial memory.286–288 Results obtained from the object rec-
ognition tests showed that mice deficient in the antioxidant 
enzyme SOD (Sod3−/−) don’t clearly distinguish between 
new and familiar objects.289 In addition, Sod3−/− mice require 
more days of training to improve their performance in the 
Morris water maze test, when compared to wild mice.290 
In old animals, behavioral deficits in the fear-conditioning 
test are rescued through treatment with synthetic catalytic 
scavengers of ROS, which prevent protein oxidation and lipid 
peroxidation by 50%.284 Thus, using antioxidants to reduce 
age-accumulated ROS levels minimizes protein oxidation and 
counteracts the decay of cognitive functions.

Oxidative stress in brain diseases. ROS accumulation 
in the brain has been associated with the onset of neurode-
generative and psychiatric diseases, whose consequence is to 
reduce several neuronal cellular functions, including synaptic 
plasticity.291–295 ROS accumulation in neurons and the result-
ing oxidative stress are responsible for the loss of cognitive 
and motor functions in several brain diseases.296 Alzheimer’s 
disease (AD) is one of the most common neurodegenerative 
pathologies in aged populations. Aβ peptides self-aggregate 
to form intercellular plaques. During this process, Aβ induces 
membrane-associated oxidative stress, which increases neu-
ronal vulnerability to excitotoxicity.297 By increasing ROS 
generation, Aβ can lead to nuclear and mitochondrial DNA 
damage in neurons.298,299

ROS production is also involved in Parkinson’s disease 
(PD) and Huntington’s disease (HD), two neurodegenerative 
disorders commonly found in older people. PD causes cellular 
death in dopaminergic neurons of the substantia nigra, severely 
impairing neural motor control. Oxidative damage was found 
in the substantia nigra during PD disease progression, sug-
gesting that ROS may play a role in the neurodegeneration 
of dopaminergic neurons.24,300 HD is a genetically inherited 
neurodegenerative pathology, whose cellular features derive 
from nucleotides repetitions of the huntingtin gene. This 
genetic mutation enhances NMDA receptor activity and sen-
sitizes type 1 inositol 1,4,5-trisphosphate receptors, upsetting 
the intracellular calcium balance.301,302 As a consequence of 
disrupted calcium homeostasis, mitochondrial function is 
affected, resulting in impairment of the energy metabolism 
and generation of ROS.303

There is also evidence linking the production of ROS 
with Rett syndrome (RS). RS is an X-linked brain disorder 
caused by mutations in the transcription factor called methyl 
CpG-binding protein 2 (MeCP2). This disease affects the bal-
ance between neural excitation and inhibition, causing autism-
like behavior and cognitive deficits.304 Hippocampal slices of 
the RS mouse model exhibit intensified levels of oxidization, 

a more vulnerable redox-balance, and more intense responses 
to oxidative challenge, suggesting that excessive ROS produc-
tion might underlie the physiopathology of RS.305

Within the last decade, many studies have pointed out 
that psychiatric disorders might be partially caused by oxida-
tive stress.292,306,307 This hypothesis is supported by research 
focused on the effects of antidepressants in animal models 
of stress and depression. The antidepressant venlafaxine 
decreases the hippocampal lipid peroxidation and protects the 
hippocampus against the oxidative DNA damage caused by 
the forced swim test and tail suspension test.308 In addition, 
brains of animals treated with antidepressants after restraint 
stress exposure show significant alteration in the activity of 
SOD. Lipid peroxidation products accumulate in stressed ani-
mals, and these accumulations become normalized by anti-
depressant treatments.309 Depressive-like behavior induced by 
the chronic unpredictable stress (CUS) paradigm is typically 
accompanied by increased lipid peroxidation and decreased 
catalase levels in the cerebral cortex and hippocampus. 
Ascorbic acid and fluoxetine administration significantly 
reversed CUS-induced oxidative damage and depressive-
like behavior.310

Schizophrenia has been recently correlated with elevated 
accumulation of ROS, thought to be responsible for synaptic 
plasticity deficits.311 A subtype of patients with schizophre-
nia develop unbalanced excitation, inhibition, and enhanced 
glutamatergic activity in cortical neural circuits, due to inhibi-
tion of NMDA receptor-mediated neurotransmission and a 
decrease in GABAergic inhibitory modulation. The result is 
the excessive stimulation of AMPA receptors leading to gen-
eration of ROS and cell death via apoptotic mechanisms.312 
Taken together, these findings suggest that pathological 
effects of ROS production are not limited to neurodegenera-
tive disorders but rather can be extended to a broader set of 
neurological and psychiatric diseases.

Oxidative stress and neuronal death. Accumulation of 
excessive levels of ROS activates cellular responses that lead 
to cell death. In cortical neurons, transient exposure to high 
H2O2 concentrations (200  μM) results in hydroxyl radical 
formation and the apoptotic process.187 ROS participation 
in neuronal death is closely related to excessive glutamater-
gic stimulation and calcium influx during sustained periods of 
neuronal activity. Excessive stimulation of NMDA receptors 
leads to massive Ca2+ influx (Fig. 2, points 1 and 2), which 
may activate apoptotic pathways.313,314 Elevated ROS produc-
tion causes neuronal death in neurological and psychiatric 
diseases as a result of glutamate excitotoxicity increase.315–317 
Accumulation of extracellular glutamate and NMDA recep-
tor over activation induces neurotoxicity mediated by H2O2 
(Fig. 2, point 4) in cortical neuronal cultures.318 Exposition 
to glutamate causes oxidative damage in DNA, while intra-
cellular Ca2+ chelators and ROS scavengers prevent this 
insult, suggesting that oxidative stress is an important step 
in the progression of glutamate-mediated DNA damage.319 
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High levels of glutamate induce mitochondrial Ca2+ uptake 
along with increasing mitochondrial respiration. This results 
in ROS overproduction (mainly superoxide), which is capa-
ble of triggering cell death in hippocampal and cortical 
neurons.315,320–322

Neurons have cellular systems counteracting the cytotox-
icity related to glutamatergic overstimulation. Specific cellu-
lar mechanisms neutralize ROS production and/or repair the 
glutamate-induced DNA damage. For example, the activa-
tion of NF-kB protects neurons against oxidative stress and 
excitotoxicity in the hippocampus.323,324 NF-kB is activated 
in response to glutamate signaling, and one important gene 
target of NF-kB is the SOD2, a mitochondrial antioxidant 
enzyme that reduces ROS concentrations.323,325 Other cellular 
factors, such as the base excision repair (BER) components, are 
active in the DNA damage repair processes (Fig. 1, point 12). 
BER function was found to decline with age, suggesting the 
idea that cellular defenses reacting to oxidative stress in the 
brain decrease in an age-dependent manner.326–329

Neuronal activity often implicates intracellular signaling 
based on the entrance of Ca2+ passing through L-VDCC or 
NMDA receptors. Excessive ROS production has been found 
to open L-VDCC pathologically, elevating the influx of Ca2+ 
(Fig. 2, point 5).330,331 Hippocampal neurons react to intra-
cellular calcium increase by producing ROS, which in turn 
can induce the synthesis of interleukin 1β (IL-1β; Fig. 2, 
point 6) and consequentially liberate arachidonic acid (AA) 
from the cell membrane lipids (Fig. 2, point 7).332 AA is an 
important messenger that regulates neuronal excitation; it can 
be released by neurons after neural stimulation to modulate 
synaptic transmission.333,334 However, during the onset of 
pathological processes, the AA cascade leads to the produc-
tion of several eicosanoid products involved in the inflamma-
tory process.335

Many cellular processes underlying ROS-induced cell 
death adopt the phospholipase A2 (PLA2) pathway. PLA2s 
are small proteins commonly involved in neurotransmission 
and capable of inducing AA liberation from the plasma mem-
brane. The PLA2-AA pathway participates in the apoptotic 
cascade triggered as a response to the excess of Ca2+ influx 
inside the cell. Besides directly triggering cell death, PLA2s 
may further increase ROS levels by enhancing the calcium 
influx through L-VDCC. In fact, ROS scavengers and anti-
oxidants reduce Ca2+ currents derived from L-VDCC and 
prevent neurons from undergoing PLA2-induced neuronal 
cell death.330

The presence of ROS supports the activation of the 
PLA2-AA pathway by promoting the phosphorylation of the 
protein kinase ERK (Fig. 2, point 6).11 Once released from 
the plasma membrane, AA undergoes oxidative metabolism 
leading to production of mitochondrial ROS in the hippo-
campus and cerebral cortex (Fig. 2, point 8).336,337 Alterna-
tively, AA can stimulate the release of cytochrome c from the 
mitochondria, resulting in the activation of caspases proteins 

(Fig. 2, point 9), which initiate the intracellular signaling, 
leading to DNA fragmentation and neuronal death.338,339

Pathophysiology of ROS and impairment of synap-
tic plasticity. There is much literature to demonstrate that 
oxidative stress underlies the age-dependent decline of syn-
aptic plasticity mechanisms required for cognitive func-
tions.56,144,149–151,264,269–274 In old animals, impairment of 
hippocampal LTP and memory is mediated by elevated levels 
of oxidative stress.185,189,279,281 The overexpression of EC-SOD 
reduces the LTP deficits caused by age.340 In young animals, 
exogenous application of hydrogen peroxide on hippocampal 
slices typically causes impairment of LTP;185,189,237 however, 
in the hippocampus of aged animals, addition of exogenous 
ROS has no effect on LTP, even when high concentrations are 
administrated.185,237 In aged rats, dietary treatment with anti-
oxidants (vitamin E, vitamin C, and α-lipoic acid) or omega-3 
fatty acids reverses the age-related decay of α-tocopherol cel-
lular levels and rescues the expression of LTP.280,281,341 Thus, 
ROS accumulation is an important factor participating in the 
age-dependent decay of synaptic plasticity and consequently, 
in the loss of cognitive functions related to aging.

Interestingly, ROS production derived from cardiovas-
cular diseases might also have neurotoxic effects for brain 
plasticity. There is evidence showing that heart disease is 
linked to cognitive deficits in humans.342 Myocardial infarc-
tion reduces the blood flow in the brain, leading to the pro-
duction of ROS. A recent work used an animal model of 
myocardial infarction to investigate the effects of vascular 
diseases on synaptic plasticity of the hippocampus. The LTP 
of the dentate gyrus was found to be significantly decreased in 
animals subjected to infarction.343

ROS-dependent toxicity and synaptic plasticity. 
The idea of ROS involvement in brain pathology is sup-
ported by the fact that toxic substances that increase oxida-
tive stress have negative effects on plasticity and memory. 
Melamine toxicity breaks down redox balance and oxidation/
antioxidation homeostasis, inducing deficits in learning and 
spatial memory.344–346 Rapamycin can be used as an autophagy 
activator, reducing the melamine-induced excessive genera-
tion of ROS. Rats treated with melamine exhibit undermined 
LTP, LTD, and spatial learning, while rapamycin signifi-
cantly rescues synaptic plasticity and the impairment of cog-
nitive functions.347

Nasal administration of silver nanoparticles increases 
superoxide and hydroxyl radicals in the hippocampus of rats. 
The animals also exhibit deficient LTP in the dentate gyrus 
and reduced spatial memory. The effects induced by nanopar-
ticles are likely mediated by ROS, since immunohistochemi-
cal assays revealed oxidative damage in the hippocampal slices 
of treated animals.348

Diets enriched with methionine result in a high plasma 
level of homocysteine, which causes oxidative stress. Rats fed 
with high concentrations of methionine showed impaired 
LTP in the dentate gyrus, along with deficits in locomotor 
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skills and increased anxiety behavior. Impairment in loco-
motor skills is caused by overproduction of H2O2 through 
hyperactivation of SOD, as SOD activity was found to be 
elevated in the cortex of methionine-treated rats but not in the 
hippocampus.349

ROS sources and pathological effects on synaptic 
plasticity. In this section, we discuss the experimental evi-
dence related to the pathological effects of oxidative stress 
from specific sources of ROS. Table 2 summarizes these 
findings and provides a comparison with studies that investi-
gated ROS sources responsible for physiological mechanisms 
(“ROS sources and physiological effects on synaptic plasticity 
signaling” section).

Mitochondria. The pathological consequences of mito-
chondrial ROS generation have been observed in a larger 
quantity of published studies, compared to the physiological 
effects. Mice lacking the intracellular ROS scavenger perox-
iredoxin II (PrxII−/−) show more prominent age-dependent 
mitochondrial decay and LTP decline in the hippocampal 
CA1 pyramidal neurons, together with learning and memory 
impairments.350 PrxII−/− mice fail to activate synaptic 
plasticity-related cellular signaling pathways involving 
CREB, CaMKII, and ERK. In aged PrxII−/− mice, vitamin 
E reduces cognitive decline by partially compensating deficits 
related to peroxiredoxin II deficiency, including the rescue of 
CREB intracellular signaling. The RS mouse model methyl-
CpG-binding protein 2-deficient mouse (Mecp2−/y) is more 
vulnerable to cellular redox balance, due to metabolic altera-
tions in mitochondrial function resulting in increased oxida-
tive stress and LTP deficits.304,305,351 Incubation of Mecp2−/y 
hippocampal slices with the vitamin E derivative ROS scav-
enger damps neuronal hyperexcitability, improves synaptic 
short-term plasticity, and restores LTP.351 The Angelman 

syndrome mouse model exhibits high levels of superoxide in 
the hippocampus, and these levels can be reduced after applica-
tion of a mitochondria-specific antioxidant. In these animals, 
the antioxidant rescues the neurodevelopmental impairments 
of hippocampal synaptic plasticity and memory deficits.

In the CeA of amygdala, activation of metabotropic glu-
tamatergic receptors type 5 produces intracellular superoxide 
from mitochondria. Superoxide stimulates ERK and PKA to 
increase neuronal excitability.9 This ROS-mediated increase 
in excitability reflects in an augmented nocifensive response 
(response to pain or discomfort) and affective behavior and 
may be the mechanism underlying disorders without or with 
little tissue injury detected, such as irritable bowel syndrome 
and fibromyalgia.

In the Drosophila model, mild disruptions in mitochon-
drial function cause synapse loss via ROS production, as 
genetic manipulations that selectively reduce ROS levels and 
prevent synapse degeneration.352 Such ROS manipulations 
also demonstrate that mitochondrial dysfunction activates 
a process of synaptic loss that does not depend on morpho-
logical changes and energy depletion. Mutations blocking 
mitochondrial trafficking into the axon showed that restrict-
ing ROS actions to the cell body is sufficient to provoke 
synaptic degeneration.

Taken together, these findings suggest that mitochondrial-
derived ROS are more likely to exert pathological effects on 
synaptic plasticity, memory, and cognition, rather than physi-
ological roles in neural cellular signaling.

Monoamine oxidase. Some experimental evidences sug-
gest that ROS production via MAOs might contribute to 
oxidative stress. Aged animals subjected to a procedure induc-
ing PD neurodegeneration were treated with a drug inhibit-
ing the MAO activity. This treatment significantly attenuated 

Table 2. main sources of ros and their effects on synaptic plasticity.

ROS SOURCE EFFECTS OF ROS MECHANISMS

mitochondria Pathologic
– Hippocampal LTP impairment
– Memory and learning impairment

–  Down-regulation of camKii and ErK 
pathways

NADPH oxydase Physiologic
– induction of ltp

– up-regulation of ErK pathway

NADPH oxydase Physiologic
–  induction of ltp and ltD in the visual cortex

– up-regulation of nmDa receptor activity

NADPH oxydase Physiologic
–  Neuronal morphological remodeling in LGN and SC

– up-regulation of nmap2

NADPH oxydase Physiologic
– induction of pltf in phrenic nerve

– up-regulation of kinases proteins
– Down-regulation of phosphatases proteins

NADPH oxydase Physiologic
– Induction of sympathetic LTF in PVN

– up-regulation of nmDa receptor activity

NADPH oxydase Pathologic
– neural degeneration

– up-regulation of pla2-aa pathway

Note: The effects produced by the principal sources of ROS and the main mechanisms involved are summarized.
Abbreviations: LTP, long-term potentiation; LTD, long-term depression; NMDA, N-methyl-d-aspartate; LGN, lateral geniculate nucleus; SC, superior colliculus; 
pLTF, phrenic long-term facilitation; LTF, long-term facilitation; PVN, paraventricular nucleus; CaMKII, calcium calmodulin kinase II; ERK, extracellular-regulated 
kinase; NMAP2, neurofilament and microtubule-associated protein-2; PLA2-AA, phospholipase A2-arachidonic acid.
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the loss of striatal dopamine transmission. The same drug 
improved synaptic plasticity in the hippocampus and cog-
nitive deficits.353 However, such effects caused by MAO 
blockade may be caused by changes in the catecholamine-
mediated neuromodulation rather than to changes in ROS 
accumulation.

The MAO inhibitor deprenyl has been shown to effec-
tively reduce oxidative stress in rats.354 Deprenyl protects aged 
animals from memory deficits and prevents spatial mem-
ory impairment related to ischemia.354–358 In AD patients, 
deprenyl improves the efficiency of memory processes depen-
dent on prefrontal areas. These effects are delayed when com-
pared to the results that would be expected from direct action 
on dopamine. For this reason, the improvements observed 
are more likely to be based on neural recuperation and 
neuroprotection processes that might involve a reduction in 
oxidative damage.358

NAPH oxidase. Some studies highlighted that NADPH 
oxidase could be involved in the brain pathologic conse-
quences of ROS. There is evidence showing that modification 
of the activity of this complex might be linked to alterations 
in neuroplasticity and cognitive functions. For example, in 
microglial CR3 cells of the hippocampus, NADPH oxidase 
suppresses neuronal synaptic transmission in response to trau-
matic events.359 Hypoxia and inflammatory stimuli can act 
synergistically to strongly activate NADPH oxidase. Once 
hyperactivated, the complex produces superoxide, which 
promotes AMPA receptor internalization in nearby postsyn-
aptic terminals, eliciting LTD. This type of LTD may con-
tribute to synaptic weakening and memory deficits occurring 
in neuroinflammation-related brain disorders. Thus, glial 
NADPH oxidase deregulates plasticity in the direction of 
LTD, contributing to pathological conditions of neuronal 
functioning.

The activation of NADPH oxidase can participate in 
the intracellular signaling, facilitating the onset of neurode-
generative diseases. Increased expression of NADPH oxidase 
subunits has been observed in Alzheimer diseased brains.270 
Oligopeptides Aβ interact with the NMDA receptors and this 
mechanism requires ROS through the activation of NADPH 
oxidase. Excitotoxic effects of Aβ are inhibited by NMDA 
receptor antagonists such as memantine, a drug commonly 
used to treat AD patients, suggesting that excessive NMDA 
receptor and NADPH oxidase activation are key events for 
the intracellular pathways leading to neural degeneration.360 
The NMDA-induced activation of NADPH oxidase triggers 
signaling pathways, leading to ERK phosphorylation.109 ERK 
activates the calcium-dependent PLA2 (cPLA2), which is 
involved in inflammatory and apoptotic signaling. ERK cas-
cade activation through Aβ peptides requires the NADPH 
oxidase-dependent redox signaling, as Aβ-induced phosphor-
ylation of ERK is blocked by inhibitors of NADPH oxidase.11 
Thus, ROS generated by NADPH oxidase activate ERK, 
which in turn activates cPLA2. In addition, Aβ-induced 
ROS production leads to AA release from the cell membrane. 
Aβ-induced AA release is inhibited by NMDA recep-
tor antagonists, suggesting the action of Aβ through the 
NMDA receptor.360

Mechanism of ROS physiopathology in synaptic 
plasticity. The pathological effects of ROS on plasticity may 
result from the process of cell death reducing the number of 
neurons available to undergo plastic changes in brain circuit-
ries. However, high levels of ROS can downregulate neuro-
plasticity, without necessarily activating apoptotic pathways, 
resulting in cellular death. ROS effects leading to neuronal 
death or dysregulation of plasticity are summarized in Table 3. 
In this section, we will describe the pathological activity of 
ROS that is apparently limited to downregulation of plasticity. 

Table 3. pathological effects of ros on synaptic plasticity.

NEURAL STRUCTURE EFFECTS OF ROS MECHANISMS

Hippocampus and cerebral cortex neuronal death

– Damage on DNA and proteins

– L-VDCC opening and massive Ca2+ influx

– up-regulation of pla2-aa pathway

– up-regulation of apoptotic pathways

Hippocampus and cerebral cortex Anti-oxidative measures – up-regulation of nf-kB and soD2 expression

Hippocampus LTP impairment

– up-regulation of calcineurin

– up-regulation of pp1

– up-regulation of pla2-aa pathway

– Down-regulation of pi3K/akt pathway

– Decreased nmDa receptor activity via up-regulation of camKii

Cerebellum LTP impairment – Down-regulation of no pathway

Note: The effects observed in some brain structures and the main mechanisms involved are summarized.
Abbreviations: L-VDCC, L-type voltage-dependent calcium channel; PLA2-AA, phospholipase A2-arachidonic acid; NF-kB, nuclear factor kB; SOD2, superoxide 
dismutase 2; LTP, long-term potentiation; PP1, protein phospholipase 1; PI3K/Akt, phosphoinositide 3-kinase; CaMKII, calcium calmodulin kinase II; NMDA, 
N-methyl-d-aspartate; NO, nitric oxide.
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In this regard, we label as pathological the ROS-mediated 
impairment of synaptic strengthening via activation of LTD-
stimulating factors. However, it is important to clarify that the 
effects of ROS on plasticity are sometimes difficult to classify 
as physiological or pathological in absolute terms. ROS may 
act in limiting synaptic changes because of modulatory pro-
cesses, which could be transient and physiologically expected. 
Likewise, temporary suppression of LTP and facilitation of 
LTD can be part of physiological processes that involve sup-
pression of selected synapses.

ROS overproduction suppresses hippocampal LTP, inter-
acting with different cellular pathways. For example, exposure to 
H2O2 undermines the expression of the NMDA-independent 
LTP induced through muscarinic receptor activation or the 
voltage-gated calcium channel.189 H2O2-mediated suppres-
sion of LTP involves the activation of phosphatases calcineurin 
and PP1 (Fig. 2, point 10). This same pathway facilitates the 
occurrence of LTD.144,245 LTP occlusion mechanisms include 
the activation of PP2A, the release of AA through IL-1β and 
the blocking of the phosphoinositide 3-kinase/Akt pathway 
via activation of glycogen synthase kinase 3β.4,279,343,361 In the 
hippocampus of aged rats, LTP deficits are compensated with 
dietary supplementation including AA and its precursor g-lin-
olenic acid. Together, AA and g-linolenic acid restore AA con-
centration to levels observed in young rats.362 Administration 
of ketone bodies lowers intracellular levels of ROS and pre-
vents the impairment of hippocampal LTP caused by H2O2-
induced activation of PP2A.361 Thus, the oxidative blockage 
of LTP seems to be mainly associated with the activation of 
the AA and PP2A pathways, and antioxidants counteract this 
effect by reducing ROS concentrations. Some cellular path-
ways activated during ROS-mediated inhibition of LTP are 
the same cascades potentially capable of inducing apoptosis in 
neurons. This suggests that cellular death might occur as a final 
long-term result of physiopathological pathways that begin 
with the suppression of synaptic connections.

ROS can inhibit hippocampal neuroplasticity through 
direct action on the NMDA receptor. Age-related changes in 
intracellular redox state contribute to the decline of NMDAR 
function through CaMKII (Fig. 2, point 11). The enhance-
ment of the NMDA receptor responses depends on CaMKII 
activity, as this effect is blocked by the presence of CaMKII 
inhibitors.363 Alterations in the endogenous reducing agent 
N-acetyl-l-cysteine (l-NAC) affect the NMDA receptor in 
an age-dependent manner, contributing to synaptic plastic-
ity deficits in aged animals. Chronic treatment with l-NAC 
prevents oxidative damage, restores the activity of NMDA 
receptors, and preserves the LTP expression in the hippo-
campus of aged rats. The oxidizing agent xanthine/xanthine 
oxidase (X/XO) decreases the NMDA receptor-mediated 
synaptic responses of hippocampal slices from young rats; 
while reducing agents enhance NMDA receptor postsynap-
tic potentials selectively in aged animals, when compared to 
young rats. The enhancement of NMDA receptor responses 

also facilitates the induction of LTP in aged but not in young 
animals. NMDA receptor inhibition induced by H2O2 accu-
mulation is related to the downregulation of the NR2B sub-
units of the NMDA receptor.343 These findings indicate that 
NMDA receptor activity is sensitive to intracellular redox 
state. Controlling the redox status in aged animals could 
be a suitable strategy to prevent the age-dependent decay of 
plasticity caused by a decline in NMDA receptor function.364

In the cerebellum, oxidation inhibits signaling pathways 
essential for the NO-dependent LTP at the parallel fiber-
Purkinje cell synapses. This form of LTP is impaired in aged 
mice. It has been proposed that such impairment might be 
caused by ROS-induced protein oxidation. In cerebellar slices 
from young mice, LTP at Purkinje cells is blocked after incu-
bation with oxidizing agents or thiol blocker.365 ROS blocks 
the LTP through the inhibition of the NO-induced protein 
S-nitrosylation, which is a fundamental step for the expression 
of synaptic potentiation.365

Conclusions
This review provides evidence that the effects of ROS on 
synaptic plasticity are ambivalent. The production of ROS 
during normal signaling is essential for the establishment of 
plastic changes, while excessive ROS production and conse-
quent ROS accumulation lead to detrimental processes that 
impair synaptic plasticity and cause cellular injury. Oxidative 
stress occurs when antioxidant defenses cannot balance the 
production of ROS. The age-dependent decline in synaptic 
plasticity and memory is closely related to oxidative stress. 
ROS overproduction is involved in several neurologic and 
psychiatric pathologies, including AD, PD, depression, and 
schizophrenia.

The production of ROS begins with the formation of 
superoxide from oxygen. This first stage is essential for plas-
ticity, given that superoxide scavengers prevent the induction 
of LTP.149,152,184 The main sources of superoxide generation 
are mitochondria and NADPH oxidase. Investigations into 
a possible direct link between mitochondrial ROS and LTP 
presented negative results.186 This could depend on the lim-
ited diffusion of mitochondrial superoxide across the two 
membrane barriers. On the other hand, the importance of 
NADPH oxidase for the induction of plasticity has been 
reported for the hippocampus, PVN, spinal cord, thalamus, 
and cerebral cortex (Table 2).104,108,142,162,205,212 In the physi-
ological context, NADPH oxidase seems to be the major 
source of ROS during synaptic plasticity, and evidence sug-
gests that NADPH oxidase-produced ROS participate in the 
activation of intracellular transduction pathways required for 
synaptic changes. This is supported by the fact that the main 
function of NADPH oxidase is producing superoxide in den-
dritic spines as a response to specific extracellular signaling. 
Thus, the redox signaling required for plasticity is likely to be 
associated with NADPH oxidase, which provides bursts of 
superoxide during NMDA receptor stimulation.
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NADPH oxidase generates superoxide in the extracellu-
lar space. Superoxide itself might directly affect the induction 
of plasticity, for example, by interacting with the extracellu-
lar components of the NMDA receptor or by reacting with 
NO. However, superoxide is rapidly dismuted into hydrogen 
peroxide, which is a more stable molecule and can diffuse 
inside the neuron, modifying the entire cellular redox envi-
ronment. In fact, H2O2 participates in the recruitment of 
important protein kinases (PKC, CaMKII, and ERK) whose 
activities are known to be critical for the establishment of 
long-term synaptic modifications.7,12,129,139–141

Intracellular signaling underlying synaptic plasticity 
appears to rely on mild and controlled levels of H2O2 in the 
cytoplasm. In the hippocampus, a moderate increase in H2O2 
supports synaptic potentiation, while higher concentrations 
decrease LTP, facilitate LTD, and lead to cell death.187 The 
activation of pathways responsible for synaptic loss and apop-
tosis seems to depend significantly on H2O2 concentration 
levels. Intracellular transduction is probably organized to react 
to high levels of hydrogen peroxide by stimulating the PLA2-
AA cascade. Once this pathway is stimulated, the synapse 
inhibits the potentiation mechanisms and, if the oxidative 
stress conditions persist, eventually results in the activation of 
neuronal death processes. Interestingly, not all ROS intracel-
lular modulating activities are directly attributable to H2O2. 
In the cytoplasm, iron cations can react with H2O2 to gener-
ate hydroxyl radical, which opens the RyR Ca2+ channels, so 
amplifying the initial rise in Ca2+ levels mediated by NMDA 
receptor activation.230–235

Research about ROS-dependent plasticity still presents 
unsolved issues, requiring further investigation in future 
studies. The majority of results obtained so far are derived from 
LTP experiments performed in the hippocampus. Associative 
cortical areas involved in cognition have not been investigated. 
It is still unclear whether modulatory mechanisms identified 
in the hippocampus can be generalized to other brain areas. 
Likewise, investigations into the effects of ROS on LTD have 
received limited space, and this should be further expanded in 
future research. Harmful ROS-mediated effects on plasticity 
might occur in different manners. All possibilities for plastic 
changes may be completely blocked, or alternately, one spe-
cific type of plasticity may be affected. For example, glial ROS 
production facilitates LTD in glutamatergic cortical neurons, 
causing the suppression of synaptic transmission, which might 
be related to cognitive deficits.359 For this reason, more com-
prehensive studies should investigate how ROS affect both 
types of synaptic plasticity, in order to better evaluate modu-
latory and degenerative effects and better relate ROS activity 
to altered brain functions.

Although it seems clear that heavy amounts of accumu-
lated ROS are crucial for the prevalence of pathological over 
physiological processes, the levels of tolerance and toxicity 
have been poorly characterized. Works that attempted to 
establish a dose-dependent relationship between ROS and 

plasticity have been few, and future investigations should also 
proceed further in this direction.

Finally, it is important to emphasize that interaction 
mechanisms between ROS and cellular factors also require 
deeper investigation. As we described, in many cases redox 
states change the balance between protein kinases and phos-
phatases, in favor of kinase activity. However, most studies 
assessed the resulting increase in kinase activities, without 
investigating the underlying processes. Therefore, it is still 
unclear in which cases ROS directly improves the function-
ing of protein kinases and in which cases they reduce the 
activation of protein phosphatase.

Interestingly, a research line has investigated the role of 
dopamine as an antioxidant, proposing an idea that overlaps 
the boundaries between the physiological and pathological 
roles of ROS.252,257,258 The catecholamine redox hypothesis 
suggests that selective suppression of specific synapses could 
take place through changes in dopaminergic neuromodula-
tion. According to this hypothesis, reducing dopaminergic 
transmission would select some synapses for elimination by 
increasing their susceptibility to oxidative stress. Unfortu-
nately, this line of research has not been further investigated in 
recent years, although this perspective might radically change 
the current opinion about the pathological and physiological 
effects of ROS on synaptic plasticity.

Author Contributions
Wrote the first draft of the manuscript: RDP and TFB. 
Contributed to the writing of the manuscript: JF-O. Agreed 
with manuscript results and conclusions: RDP, TFB, and 
JF-O. Jointly developed the structure and arguments for the 
manuscript: RDP, TFB, and JF-O. Made critical revisions 
and approved final version: RDP, TFB, and JF-O. All authors 
reviewed and approved the final manuscript.

REFERENCES
 1. Turrens JF. Mitochondrial formation of reactive oxygen species. J Physiol. 

2003;552(pt 2):335–344.
 2. Rahman K. Studies on free radicals, antioxidants, and co-factors. Clin Interv 

Aging. 2007;2(2):219–236.
 3. Elgersma Y, Silva AJ. Molecular mechanisms of synaptic plasticity and memory. 

Curr Opin Neurobiol. 1999;9(2):209–213.
 4. Lynch MA. Long-term potentiation and memory. Physiol Rev. 2004;84(1):87–136.
 5. Hidalgo C, Arias-Cavieres A. Calcium, reactive oxygen species, and synaptic 

plasticity. Physiology (Bethesda). 2016;31(3):201–215.
 6. Massaad CA, Klann E. Reactive oxygen species in the regulation of synaptic 

plasticity and memory. Antioxid Redox Signal. 2011;14(10):2013–2054.
 7. Crossthwaite AJ, Hasan S, Williams RJ. Hydrogen peroxide-mediated phos-

phorylation of ERK1/2, Akt/PKB and JNK in cortical neurones: dependence on 
Ca(2+) and PI3-kinase. J Neurochem. 2002;80(1):24–35.

 8. Flohe L, Brigelius-Flohe R, Saliou C, Traber MG, Packer L. Redox regulation 
of NF-kappa B activation. Free Radic Biol Med. 1997;22(6):1115–1126.

 9. Li Z, Ji G, Neugebauer V. Mitochondrial reactive oxygen species are activated 
by mGluR5 through IP3 and activate ERK and PKA to increase excitability of 
amygdala neurons and pain behavior. J Neurosci. 2011;31(3):1114–1127.

 10. Sen CK, Packer L. Antioxidant and redox regulation of gene transcription. 
FASEB J. 1996;10(7):709–720.

 11. Serrano F, Chang A, Hernandez C, Pautler RG, Sweatt JD, Klann E. NADPH 
oxidase mediates beta-amyloid peptide-induced activation of ERK in hippocam-
pal organotypic cultures. Mol Brain. 2009;2:31.

http://www.la-press.com
http://www.la-press.com/journal-of-experimental-neuroscience-j131


Beckhauser et al

42 Journal of ExpErimEntal nEurosciEncE 2016:10(s1)

 12. Zhang L, Jope RS. Oxidative stress differentially modulates phosphorylation of 
ERK, p38 and CREB induced by NGF or EGF in PC12 cells. Neurobiol Aging. 
1999;20(3):271–278.

 13. Kot J, Winklewski PJ, Sicko Z, Tkachenko Y. Effect of oxygen on neuronal 
excitability measured by critical flicker fusion frequency is dose dependent. J Clin 
Exp Neuropsychol. 2015;37(3):276–284.

 14. Hughes JR. Post-tetanic potentiation. Physiol Rev. 1958;38(1):91–113.
 15. Bliss TV, Lomo T. Long-lasting potentiation of synaptic transmission in the 

dentate area of the anaesthetized rabbit following stimulation of the perforant 
path. J Physiol. 1973;232(2):331–356.

 16. Markram H, Lubke J, Frotscher M, Sakmann B. Regulation of synaptic efficacy 
by coincidence of postsynaptic APs and EPSPs. Science. 1997;275(5297):213–215.

 17. Bear MF. A synaptic basis for memory storage in the cerebral cortex. Proc Natl 
Acad Sci U S A. 1996;93(24):13453–13459.

 18. Castellani GC, Quinlan EM, Cooper LN, Shouval HZ. A biophysical model of 
bidirectional synaptic plasticity: dependence on AMPA and NMDA receptors. 
Proc Natl Acad Sci U S A. 2001;98(22):12772–12777.

 19. Artola A, Singer W. Long-term depression of excitatory synaptic transmission and 
its relationship to long-term potentiation. Trends Neurosci. 1993;16(11):480–487.

 20. Zucker RS. Calcium- and activity-dependent synaptic plasticity. Curr Opin 
Neurobiol. 1999;9(3):305–313.

 21. Bell CC, Han VZ, Sugawara Y, Grant K. Synaptic plasticity in a cerebellum-like 
structure depends on temporal order. Nature. 1997;387(6630):278–281.

 22. Bi GQ , Poo MM. Synaptic modifications in cultured hippocampal neurons: 
dependence on spike timing, synaptic strength, and postsynaptic cell type. 
J Neurosci. 1998;18(24):10464–10472.

 23. Debanne D, Gahwiler BH, Thompson SM. Long-term synaptic plasticity 
between pairs of individual CA3 pyramidal cells in rat hippocampal slice 
cultures. J Physiol. 1998;507(pt 1):237–247.

 24. Zhang J, Perry G, Smith MA, et al. Parkinson’s disease is associated with oxida-
tive damage to cytoplasmic DNA and RNA in substantia nigra neurons. Am J 
Pathol. 1999;154(5):1423–1429.

 25. Feldman DE. Timing-based LTP and LTD at vertical inputs to layer II/III 
pyramidal cells in rat barrel cortex. Neuron. 2000;27(1):45–56.

 26. Aroniadou VA, Teyler TJ. The role of NMDA receptors in long-term potentia-
tion (LTP) and depression (LTD) in rat visual cortex. Brain Res. 1991;562(1): 
136–143.

 27. Artola A, Singer W. Long-term potentiation and NMDA receptors in rat visual 
cortex. Nature. 1987;330(6149):649–652.

 28. Luscher C, Malenka RC. NMDA receptor-dependent long-term potentiation 
and long-term depression (LTP/LTD). Cold Spring Harb Perspect Biol. 2012; 
4(6):a005710.

 29. Kaneki K, Araki O, Tsukada M. Dual synaptic plasticity in the hippocampus: 
Hebbian and spatiotemporal learning dynamics. Cogn Neurodyn. 2009;3(2): 
153–163.

 30. Kim JJ, Yoon KS. Stress: metaplastic effects in the hippocampus. Trends Neurosci. 
1998;21(12):505–509.

 31. Abel T, Kandel E. Positive and negative regulatory mechanisms that mediate 
long-term memory storage. Brain Res Brain Res Rev. 1998;26(2–3):360–378.

 32. Mayford M, Kandel ER. Genetic approaches to memory storage. Trends Genet. 
1999;15(11):463–470.

 33. Pfeiffer BE, Huber KM. Current advances in local protein synthesis and synaptic 
plasticity. J Neurosci. 2006;26(27):7147–7150.

 34. Aiba A, Kano M, Chen C, et al. Deficient cerebellar long-term depression and 
impaired motor learning in mGluR1 mutant mice. Cell. 1994;79(2):377–388.

 35. Miyakawa H, Lev-Ram V, Lasser-Ross N, Ross WN. Calcium transients evoked 
by climbing fiber and parallel fiber synaptic inputs in guinea pig cerebellar 
Purkinje neurons. J Neurophysiol. 1992;68(4):1178–1189.

 36. Hirono M, Sugiyama T, Kishimoto Y, et al. Phospholipase Cbeta4 and protein 
kinase Calpha and/or protein kinase CbetaI are involved in the induction of 
long term depression in cerebellar Purkinje cells. J Biol Chem. 2001;276(48): 
45236–45242.

 37. Wang DJ, Su LD, Wang YN, et al. Long-term potentiation at cerebellar parallel 
fiber-Purkinje cell synapses requires presynaptic and postsynaptic signaling cas-
cades. J Neurosci. 2014;34(6):2355–2364.

 38. Bading H. Nuclear calcium signalling in the regulation of brain function. Nat 
Rev Neurosci. 2013;14(9):593–608.

 39. Vanhoutte P, Bading H. Opposing roles of synaptic and extrasynaptic NMDA 
receptors in neuronal calcium signalling and BDNF gene regulation. Curr Opin 
Neurobiol. 2003;13(3):366–371.

 40. Wiegert JS, Bading H. Activity-dependent calcium signaling and ERK-MAP 
kinases in neurons: a link to structural plasticity of the nucleus and gene tran-
scription regulation. Cell Calcium. 2011;49(5):296–305.

 41. Vogt KE, Canepari M. On the induction of postsynaptic granule cell-Purkinje 
neuron LTP and LTD. Cerebellum. 2010;9(3):284–290.

 42. Wilkerson JE, Mitchell GS. Daily intermittent hypoxia augments spinal BDNF 
levels, ERK phosphorylation and respiratory long-term facilitation. Exp Neurol. 
2009;217(1):116–123.

 43. Mahamed S, Mitchell GS. Respiratory long-term facilitation: too much or too 
little of a good thing? Adv Exp Med Biol. 2008;605:224–227.

 44. Fuller DD, Bach KB, Baker TL, Kinkead R, Mitchell GS. Long term facilita-
tion of phrenic motor output. Respir Physiol. 2000;121(2–3):135–146.

 45. Hoffman MS, Nichols NL, Macfarlane PM, Mitchell GS. Phrenic long-term 
facilitation after acute intermittent hypoxia requires spinal ERK activation but 
not TrkB synthesis. J Appl Physiol (1985). 2012;113(8):1184–1193.

 46. Liu J, Wei X, Zhao C, et al. 5-HT induces enhanced phrenic nerve activity via 
5-HT(2A) receptor/PKC mechanism in anesthetized rats. Eur J Pharmacol. 2011; 
657(1–3):67–75.

 47. McGuire M, Zhang Y, White DP, Ling L. Phrenic long-term facilitation requires 
NMDA receptors in the phrenic motonucleus in rats. J Physiol. 2005;567(pt 2): 
599–611.

 48. Burke SN, Barnes CA. Neural plasticity in the ageing brain. Nat Rev Neurosci. 
2006;7(1):30–40.

 49. Crews L, Masliah E. Molecular mechanisms of neurodegeneration in 
Alzheimer’s disease. Hum Mol Genet. 2010;19(R1):R12–R20.

 50. Saura CA, Valero J. The role of CREB signaling in Alzheimer’s disease and other 
cognitive disorders. Rev Neurosci. 2011;22(2):153–169.

 51. Paula-Lima AC, Brito-Moreira J, Ferreira ST. Deregulation of excitatory neu-
rotransmission underlying synapse failure in Alzheimer’s disease. J Neurochem. 
2013;126(2):191–202.

 52. Pozueta J, Lefort R, Shelanski ML. Synaptic changes in Alzheimer’s disease and 
its models. Neuroscience. 2013;251:51–65.

 53. Knuesel I. Reelin-mediated signaling in neuropsychiatric and neurodegenerative 
diseases. Prog Neurobiol. 2010;91(4):257–274.

 54. Corcoran A, Cotter TG. Redox regulation of protein kinases. FEBS J. 2013; 
280(9):1944–1965.

 55. Son Y, Cheong YK, Kim NH, Chung HT, Kang DG, Pae HO. Mitogen-
activated protein kinases and reactive oxygen species: how can ROS activate 
MAPK pathways? J Signal Transduct. 2011;2011:792639.

 56. Klann E, Roberson ED, Knapp LT, Sweatt JD. A role for superoxide in protein 
kinase C activation and induction of long-term potentiation. J Biol Chem. 1998; 
273(8):4516–4522.

 57. Zabouri N, Sossin WS. Oxidation induces autonomous activation of protein 
kinase C Apl I, but not protein kinase C Apl II in homogenates of Aplysia neu-
rons. Neurosci Lett. 2002;329(3):257–260.

 58. Voet D, Voet JG, Pratt CW. Fundamentals of Biochemistry. Life at the Molecular 
Level. New York: John Wiley and Sons; 2008.

 59. Halliwell B. Reactive oxygen species and the central nervous system. J Neurochem. 
1992;59(5):1609–1623.

 60. Stowe DF, Camara AK. Mitochondrial reactive oxygen species production in 
excitable cells: modulators of mitochondrial and cell function. Antioxid Redox 
Signal. 2009;11(6):1373–1414.

 61. Lambert AJ, Brand MD. Superoxide production by NADH:ubiquinone oxidore-
ductase (complex I) depends on the pH gradient across the mitochondrial inner 
membrane. Biochem J. 2004;382(pt 2):511–517.

 62. Zoccarato F, Cavallini L, Bortolami S, Alexandre A. Succinate modulation 
of H2O2 release at NADH:ubiquinone oxidoreductase (complex I) in brain 
mitochondria. Biochem J. 2007;406(1):125–129.

 63. St-Pierre J, Buckingham JA, Roebuck SJ, Brand MD. Topology of superoxide 
production from different sites in the mitochondrial electron transport chain. 
J Biol Chem. 2002;277(47):44784–44790.

 64. Reynolds IJ, Hastings TG. Glutamate induces the production of reactive oxygen 
species in cultured forebrain neurons following NMDA receptor activation. 
J Neurosci. 1995;15(5 pt 1):3318–3327.

 65. Dykens JA. Isolated cerebral and cerebellar mitochondria produce free radicals 
when exposed to elevated CA2+ and Na+: implications for neurodegeneration. 
J Neurochem. 1994;63(2):584–591.

 66. Dugan LL, Sensi SL, Canzoniero LM, et al. Mitochondrial production of 
reactive oxygen species in cortical neurons following exposure to N-methyl-D-
aspartate. J Neurosci. 1995;15(10):6377–6388.

 67. Bai Y, Attardi G. The mtDNA-encoded ND6 subunit of mitochondrial NADH 
dehydrogenase is essential for the assembly of the membrane arm and the respira-
tory function of the enzyme. EMBO J. 1998;17(16):4848–4858.

 68. She H, Yang Q , Shepherd K, et al. Direct regulation of complex I by mitochon-
drial MEF2D is disrupted in a mouse model of Parkinson disease and in human 
patients. J Clin Invest. 2011;121(3):930–940.

 69. Griffith OW, Stuehr DJ. Nitric oxide synthases: properties and catalytic mecha-
nism. Annu Rev Physiol. 1995;57:707–736.

 70. Blaise GA, Gauvin D, Gangal M, Authier S. Nitric oxide, cell signaling and cell 
death. Toxicology. 2005;208(2):177–192.

 71. Radi R, Beckman JS, Bush KM, Freeman BA. Peroxynitrite oxidation of sulfhy-
dryls. The cytotoxic potential of superoxide and nitric oxide. J Biol Chem. 1991; 
266(7):4244–4250.

 72. Heinzel B, John M, Klatt P, Bohme E, Mayer B. Ca2+/calmodulin-dependent 
formation of hydrogen peroxide by brain nitric oxide synthase. Biochem J. 1992; 
281(pt 3):627–630.

http://www.la-press.com
http://www.la-press.com/journal-of-experimental-neuroscience-j131


Reactive oxygen species 

43Journal of ExpErimEntal nEurosciEncE 2016:10(s1)

 73. Bredt DS, Hwang PM, Snyder SH. Localization of nitric oxide synthase indicat-
ing a neural role for nitric oxide. Nature. 1990;347(6295):768–770.

 74. Bredt DS, Snyder SH. Isolation of nitric oxide synthetase, a calmodulin-
requiring enzyme. Proc Natl Acad Sci U S A. 1990;87(2):682–685.

 75. Schmidt HH, Pollock JS, Nakane M, Forstermann U, Murad F. Ca2+/calmodulin-
regulated nitric oxide synthases. Cell Calcium. 1992;13(6–7):427–434.

 76. Christopherson KS, Hillier BJ, Lim WA, Bredt DS. PSD-95 assembles a ternary 
complex with the N-methyl-D-aspartic acid receptor and a bivalent neuronal 
NO synthase PDZ domain. J Biol Chem. 1999;274(39):27467–27473.

 77. Sattler R, Xiong Z, Lu WY, Hafner M, MacDonald JF, Tymianski M. Specific 
coupling of NMDA receptor activation to nitric oxide neurotoxicity by PSD-95 
protein. Science. 1999;284(5421):1845–1848.

 78. Schuman EM, Madison DV. A requirement for the intercellular messenger nitric 
oxide in long-term potentiation. Science. 1991;254(5037):1503–1506.

 79. Zorumski CF, Izumi Y. Nitric oxide and hippocampal synaptic plasticity. 
Biochem Pharmacol. 1993;46(5):777–785.

 80. Kim WK, Choi YB, Rayudu PV, et al. Attenuation of NMDA receptor activity 
and neurotoxicity by nitroxyl anion, NO. Neuron. 1999;24(2):461–469.

 81. Fang M, Jaffrey SR, Sawa A, Ye K, Luo X, Snyder SH. Dexras1: a G protein spe-
cifically coupled to neuronal nitric oxide synthase via CAPON. Neuron. 2000; 
28(1):183–193.

 82. Manzoni O, Bockaert J. Nitric oxide synthase activity endogenously modulates 
NMDA receptors. J Neurochem. 1993;61(1):368–370.

 83. Gunasekar PG, Kanthasamy AG, Borowitz JL, Isom GE. NMDA receptor 
activation produces concurrent generation of nitric oxide and reactive oxygen 
species: implication for cell death. J Neurochem. 1995;65(5):2016–2021.

 84. Manzoni O, Prezeau L, Marin P, Desagher S, Bockaert J, Fagni L. Nitric oxide-
induced blockade of NMDA receptors. Neuron. 1992;8(4):653–662.

 85. Lei SZ, Pan ZH, Aggarwal SK, et al. Effect of nitric oxide production on the 
redox modulatory site of the NMDA receptor-channel complex. Neuron. 1992; 
8(6):1087–1099.

 86. Aizenman E, Potthoff WK. Lack of interaction between nitric oxide and the 
redox modulatory site of the NMDA receptor. Br J Pharmacol. 1999;126(1): 
296–300.

 87. Choi YB, Lipton SA. Redox modulation of the NMDA receptor. Cell Mol Life 
Sci. 2000;57(11):1535–1541.

 88. Nagatsu T. Progress in monoamine oxidase (MAO) research in relation to 
genetic engineering. Neurotoxicology. 2004;25(1–2):11–20.

 89. Naoi M, Maruyama W, Yi H, Inaba K, Akao Y, Shamoto-Nagai M. Mitochon-
dria in neurodegenerative disorders: regulation of the redox state and death sig-
naling leading to neuronal death and survival. J Neural Transm (Vienna). 2009; 
116(11):1371–1381.

 90. Yu PH, Davis BA, Boulton AA. Neuronal and astroglial monoamine oxidase: 
pharmacological implications of specific MAO-B inhibitors. Prog Brain Res. 1992; 
94:309–315.

 91. Riederer P, Konradi C, Schay V, et al. Localization of MAO-A and MAO-B in 
human brain: a step in understanding the therapeutic action of L-deprenyl. Adv 
Neurol. 1987;45:111–118.

 92. Naoi M, Maruyama W. Type B monoamine oxidase and neurotoxins. Eur Neurol. 
1993;33(suppl 1):31–37.

 93. Singh C, Bortolato M, Bali N, et al. Cognitive abnormalities and hippocampal 
alterations in monoamine oxidase A and B knockout mice. Proc Natl Acad Sci 
U S A. 2013;110(31):12816–12821.

 94. Banerjee KK, Bishayee A, Chatterjee M. Effects of human placental extract on 
brain monoamines and monoamine oxidase activity in rats. Tohoku J Exp Med. 
1995;176(1):17–24.

 95. Cerasa A, Gioia MC, Fera F, et al. Ventro-lateral prefrontal activity during working 
memory is modulated by MAO A genetic variation. Brain Res. 2008;1201:114–121.

 96. Cai Z. Monoamine oxidase inhibitors: promising therapeutic agents for 
Alzheimer’s disease (review). Mol Med Rep. 2014;9(5):1533–1541.

 97. Delumeau JC, Bentue-Ferrer D, Gandon JM, Amrein R, Belliard S, Allain H. 
Monoamine oxidase inhibitors, cognitive functions and neurodegenerative dis-
eases. J Neural Transm Suppl. 1994;41:259–266.

 98. Lambeth JD. NOX enzymes and the biology of reactive oxygen. Nat Rev 
Immunol. 2004;4(3):181–189.

 99. Babior BM. NADPH oxidase. Curr Opin Immunol. 2004;16(1):42–47.
 100. Sumimoto H, Miyano K, Takeya R. Molecular composition and regulation of 

the Nox family NAD(P)H oxidases. Biochem Biophys Res Commun. 2005;338(1): 
677–686.

 101. Brechard S, Tschirhart EJ. Regulation of superoxide production in neutrophils: 
role of calcium influx. J Leukoc Biol. 2008;84(5):1223–1237.

 102. Griendling KK. Novel NAD(P)H oxidases in the cardiovascular system. Heart. 
2004;90(5):491–493.

 103. Ray R, Shah AM. NAD(P)H oxidase and endothelial cell function. Clin Sci 
(Lond). 2005;109(3):217–226.

 104. MacFarlane PM, Satriotomo I, Windelborn JA, Mitchell GS. NADPH oxidase 
activity is necessary for acute intermittent hypoxia-induced phrenic long-term 
facilitation. J Physiol. 2009;587(pt 9):1931–1942.

 105. Kim MJ, Shin KS, Chung YB, Jung KW, Cha CI, Shin DH. Immunohisto-
chemical study of p47Phox and gp91Phox distributions in rat brain. Brain Res. 
2005;1040(1–2):178–186.

 106. Serrano F, Kolluri NS, Wientjes FB, Card JP, Klann E. NADPH oxidase immu-
noreactivity in the mouse brain. Brain Res. 2003;988(1–2):193–198.

 107. Tejada-Simon MV, Serrano F, Villasana LE, et al. Synaptic localization of a 
functional NADPH oxidase in the mouse hippocampus. Mol Cell Neurosci. 2005; 
29(1):97–106.

 108. Kishida KT, Pao M, Holland SM, Klann E. NADPH oxidase is required for 
NMDA receptor-dependent activation of ERK in hippocampal area CA1. 
J Neurochem. 2005;94(2):299–306.

 109. Brennan AM, Suh SW, Won SJ, et al. NADPH oxidase is the primary source 
of superoxide induced by NMDA receptor activation. Nat Neurosci. 2009;12(7): 
857–863.

 110. Dugan LL, Creedon DJ, Johnson EM Jr, Holtzman DM. Rapid suppression 
of free radical formation by nerve growth factor involves the mitogen-activated 
protein kinase pathway. Proc Natl Acad Sci U S A. 1997;94(8):4086–4091.

 111. Sampath D, Perez-Polo R. Regulation of antioxidant enzyme expression by 
NGF. Neurochem Res. 1997;22(4):351–362.

 112. Suzuki YJ, Forman HJ, Sevanian A. Oxidants as stimulators of signal transduc-
tion. Free Radic Biol Med. 1997;22(1–2):269–285.

 113. Esposito F, Ammendola R, Faraonio R, Russo T, Cimino F. Redox control of sig-
nal transduction, gene expression and cellular senescence. Neurochem Res. 2004; 
29(3):617–628.

 114. Finkel T. Oxidant signals and oxidative stress. Curr Opin Cell Biol. 2003;15(2): 
247–254.

 115. Brigelius-Flohe R, Banning A, Kny M, Bol GF. Redox events in interleukin-1 
signaling. Arch Biochem Biophys. 2004;423(1):66–73.

 116. Klann E, Thiels E. Modulation of protein kinases and protein phosphatases by 
reactive oxygen species: implications for hippocampal synaptic plasticity. Prog 
Neuropsychopharmacol Biol Psychiatry. 1999;23(3):359–376.

 117. Borquez DA, Urrutia PJ, Wilson C, van Zundert B, Nunez MT, Gonzalez-
Billault C. Dissecting the role of redox signaling in neuronal development. 
J Neurochem. 2016;137(4):506–517.

 118. Forman HJ, Ursini F, Maiorino M. An overview of mechanisms of redox signal-
ing. J Mol Cell Cardiol. 2014;73:2–9.

 119. Nakamura K, Hori T, Sato N, Sugie K, Kawakami T, Yodoi J. Redox regulation 
of a src family protein tyrosine kinase p56lck in T cells. Oncogene. 1993;8(11): 
3133–3139.

 120. Nakashima I, Takeda K, Kawamoto Y, Okuno Y, Kato M, Suzuki H. Redox 
control of catalytic activities of membrane-associated protein tyrosine kinases. 
Arch Biochem Biophys. 2005;434(1):3–10.

 121. Rhee SG, Kang SW, Jeong W, Chang TS, Yang KS, Woo HA. Intracellular 
messenger function of hydrogen peroxide and its regulation by peroxiredoxins. 
Curr Opin Cell Biol. 2005;17(2):183–189.

 122. Rao RK, Clayton LW. Regulation of protein phosphatase 2A by hydrogen 
peroxide and glutathionylation. Biochem Biophys Res Commun. 2002;293(1): 
610–616.

 123. Howe CJ, Lahair MM, McCubrey JA, Franklin RA. Redox regulation of the 
calcium/calmodulin-dependent protein kinases. J Biol Chem. 2004;279(43): 
44573–44581.

 124. Truong TH, Carroll KS. Redox regulation of protein kinases. Crit Rev Biochem 
Mol Biol. 2013;48(4):332–356.

 125. Forsberg K, Di Giovanni S. Cross talk between cellular redox status, metabo-
lism, and p53 in neural stem cell biology. Neuroscientist. 2014;20(4):326–342.

 126. Forsberg K, Wuttke A, Quadrato G, Chumakov PM, Wizenmann A, Di 
Giovanni S. The tumor suppressor p53 fine-tunes reactive oxygen species levels 
and neurogenesis via PI3 kinase signaling. J Neurosci. 2013;33(36):14318–14330.

 127. Dickinson BC, Peltier J, Stone D, Schaffer DV, Chang CJ. Nox2 redox signal-
ing maintains essential cell populations in the brain. Nat Chem Biol. 2011;7(2): 
106–112.

 128. Chaudhari P, Ye Z, Jang YY. Roles of reactive oxygen species in the fate of stem 
cells. Antioxid Redox Signal. 2014;20(12):1881–1890.

 129. Giorgi C, Agnoletto C, Baldini C, et al. Redox control of protein kinase C: cell- 
and disease-specific aspects. Antioxid Redox Signal. 2010;13(7):1051–1085.

 130. Wang K, Zhang T, Dong Q , Nice EC, Huang C, Wei Y. Redox homeostasis: 
the linchpin in stem cell self-renewal and differentiation. Cell Death Dis. 2013; 
4:e537.

 131. Kennedy KA, Sandiford SD, Skerjanc IS, Li SS. Reactive oxygen species and the 
neuronal fate. Cell Mol Life Sci. 2012;69(2):215–221.

 132. Chao J, Yang L, Buch S, Gao L. Angiotensin II increased neuronal stem cell 
proliferation: role of AT2R. PLoS One. 2013;8(5):e63488.

 133. Topchiy E, Panzhinskiy E, Griffin WS, Barger SW, Das M, Zawada WM. 
Nox4-generated superoxide drives angiotensin II-induced neural stem cell 
proliferation. Dev Neurosci. 2013;35(4):293–305.

 134. Suzukawa K, Miura K, Mitsushita J, et al. Nerve growth factor-induced neuro-
nal differentiation requires generation of Rac1-regulated reactive oxygen species. 
J Biol Chem. 2000;275(18):13175–13178.

http://www.la-press.com
http://www.la-press.com/journal-of-experimental-neuroscience-j131


Beckhauser et al

44 Journal of ExpErimEntal nEurosciEncE 2016:10(s1)

 135. Stanley A, Thompson K, Hynes A, Brakebusch C, Quondamatteo F. NADPH 
oxidase complex-derived reactive oxygen species, the actin cytoskeleton, and 
Rho GTPases in cell migration. Antioxid Redox Signal. 2014;20(13):2026–2042.

 136. Neukirchen D, Bradke F. Neuronal polarization and the cytoskeleton. Semin Cell 
Dev Biol. 2011;22(8):825–833.

 137. Yermolaieva O, Brot N, Weissbach H, Heinemann SH, Hoshi T. Reactive 
oxygen species and nitric oxide mediate plasticity of neuronal calcium signaling. 
Proc Natl Acad Sci U S A. 2000;97(1):448–453.

 138. Kanterewicz BI, Knapp LT, Klann E. Stimulation of p42 and p44 mitogen-
activated protein kinases by reactive oxygen species and nitric oxide in hippo-
campus. J Neurochem. 1998;70(3):1009–1016.

 139. Bedogni B, Pani G, Colavitti R, et al. Redox regulation of cAMP-responsive 
element-binding protein and induction of manganous superoxide dismutase 
in nerve growth factor-dependent cell survival. J Biol Chem. 2003;278(19): 
16510–16519.

 140. Guyton KZ, Liu Y, Gorospe M, Xu Q , Holbrook NJ. Activation of mitogen-
activated protein kinase by H2O2. Role in cell survival following oxidant injury. 
J Biol Chem. 1996;271(8):4138–4142.

 141. Yoshizumi M, Kogame T, Suzaki Y, et al. Ebselen attenuates oxidative stress-
induced apoptosis via the inhibition of the c-Jun N-terminal kinase and acti-
vator protein-1 signalling pathway in PC12 cells. Br J Pharmacol. 2002;136(7): 
1023–1032.

 142. De Pasquale R, Beckhauser TF, Hernandes MS, Giorgetti Britto LR. LTP 
and LTD in the visual cortex require the activation of NOX2. J Neurosci. 2014; 
34(38):12778–12787.

 143. Ji G, Li Z, Neugebauer V. Reactive oxygen species mediate visceral pain-related 
amygdala plasticity and behaviors. Pain. 2015;156(5):825–836.

 144. Kamsler A, Segal M. Hydrogen peroxide modulation of synaptic plasticity. 
J Neurosci. 2003;23(1):269–276.

 145. MacFarlane PM, Mitchell GS. Respiratory long-term facilitation following 
intermittent hypoxia requires reactive oxygen species formation. Neuroscience. 
2008;152(1):189–197.

 146. MacFarlane PM, Wilkerson JE, Lovett-Barr MR, Mitchell GS. Reactive 
oxygen species and respiratory plasticity following intermittent hypoxia. Respir 
Physiol Neurobiol. 2008;164(1–2):263–271.

 147. Ding L, Zhang LL, Gao R, et al. Superoxide anions in paraventricular nucleus 
modulate adipose afferent reflex and sympathetic activity in rats. PLoS One. 2013; 
8(12):e83771.

 148. Fujii H, Hirano T. Calcineurin regulates induction of late phase of cerebellar 
long-term depression in rat cultured Purkinje neurons. Eur J Neurosci. 2002; 
16(9):1777–1788.

 149. Klann E. Cell-permeable scavengers of superoxide prevent long-term potentia-
tion in hippocampal area CA1. J Neurophysiol. 1998;80(1):452–457.

 150. Thiels E, Urban NN, Gonzalez-Burgos GR, et al. Impairment of long-term 
potentiation and associative memory in mice that overexpress extracellular 
superoxide dismutase. J Neurosci. 2000;20(20):7631–7639.

 151. Gahtan E, Auerbach JM, Groner Y, Segal M. Reversible impairment of long-
term potentiation in transgenic Cu/Zn-SOD mice. Eur J Neurosci. 1998;10(2): 
538–544.

 152. Knapp LT, Klann E. Potentiation of hippocampal synaptic transmission by 
superoxide requires the oxidative activation of protein kinase C. J Neurosci. 2002; 
22(3):674–683.

 153. Medina JH, Izquierdo I. Retrograde messengers, long-term potentiation and 
memory. Brain Res Brain Res Rev. 1995;21(2):185–194.

 154. Logue SF, Paylor R, Wehner JM. Hippocampal lesions cause learning deficits in 
inbred mice in the Morris water maze and conditioned-fear task. Behav Neurosci. 
1997;111(1):104–113.

 155. Tsien JZ, Huerta PT, Tonegawa S. The essential role of hippocampal CA1 
NMDA receptor-dependent synaptic plasticity in spatial memory. Cell. 1996; 
87(7):1327–1338.

 156. Casey M, Maguire C, Kelly A, Gooney MA, Lynch MA. Analysis of the presyn-
aptic signaling mechanisms underlying the inhibition of LTP in rat dentate gyrus 
by the tyrosine kinase inhibitor, genistein. Hippocampus. 2002;12(3):377–385.

 157. Jedlicka P, Vlachos A, Schwarzacher SW, Deller T. A role for the spine appara-
tus in LTP and spatial learning. Behav Brain Res. 2008;192(1):12–19.

 158. Bliss TV, Collingridge GL. A synaptic model of memory: long-term potentia-
tion in the hippocampus. Nature. 1993;361(6407):31–39.

 159. Axmacher N, Mormann F, Fernandez G, Elger CE, Fell J. Memory formation by 
neuronal synchronization. Brain Res Rev. 2006;52(1):170–182.

 160. Lynch G, Larson J, Kelso S, Barrionuevo G, Schottler F. Intracellular injections 
of EGTA block induction of hippocampal long-term potentiation. Nature. 1983; 
305(5936):719–721.

 161. Malenka RC, Kauer JA, Zucker RS, Nicoll RA. Postsynaptic calcium is suf-
ficient for potentiation of hippocampal synaptic transmission. Science. 1988; 
242(4875):81–84.

 162. Kishida KT, Hoeffer CA, Hu D, Pao M, Holland SM, Klann E. Synaptic plas-
ticity deficits and mild memory impairments in mouse models of chronic granu-
lomatous disease. Mol Cell Biol. 2006;26(15):5908–5920.

 163. Klann E, Chen SJ, Sweatt JD. Mechanism of protein kinase C activation during 
the induction and maintenance of long-term potentiation probed using a selec-
tive peptide substrate. Proc Natl Acad Sci U S A. 1993;90(18):8337–8341.

 164. Knapp LT, Klann E. Role of reactive oxygen species in hippocampal long-term 
potentiation: contributory or inhibitory? J Neurosci Res. 2002;70(1):1–7.

 165. Neugebauer V, Galhardo V, Maione S, Mackey SC. Forebrain pain mechanisms. 
Brain Res Rev. 2009;60(1):226–242.

 166. Maren S. Synaptic mechanisms of associative memory in the amygdala. Neuron. 
2005;47(6):783–786.

 167. Seymour B, Dolan R. Emotion, decision making, and the amygdala. Neuron. 
2008;58(5):662–671.

 168. Phelps EA, LeDoux JE. Contributions of the amygdala to emotion processing: 
from animal models to human behavior. Neuron. 2005;48(2):175–187.

 169. Neugebauer V, Li W, Bird GC, Han JS. The amygdala and persistent pain. 
Neuroscientist. 2004;10(3):221–234.

 170. Ji G, Neugebauer V. Reactive oxygen species are involved in group I mGluR-
mediated facilitation of nociceptive processing in amygdala neurons. J Neuro-
physiol. 2010;104(1):218–229.

 171. Ji RR, Kohno T, Moore KA, Woolf CJ. Central sensitization and LTP: do pain 
and memory share similar mechanisms? Trends Neurosci. 2003;26(12):696–705.

 172. Gao X, Kim HK, Chung JM, Chung K. Reactive oxygen species (ROS) are 
involved in enhancement of NMDA-receptor phosphorylation in animal models 
of pain. Pain. 2007;131(3):262–271.

 173. Lee I, Kim HK, Kim JH, Chung K, Chung JM. The role of reactive oxygen spe-
cies in capsaicin-induced mechanical hyperalgesia and in the activities of dorsal 
horn neurons. Pain. 2007;133(1–3):9–17.

 174. Schwartz ES, Lee I, Chung K, Chung JM. Oxidative stress in the spinal cord is 
an important contributor in capsaicin-induced mechanical secondary hyperalge-
sia in mice. Pain. 2008;138(3):514–524.

 175. Sandkuhler J. Learning and memory in pain pathways. Pain. 2000;88(2):113–118.
 176. Sandkuhler J, Lee J. How to erase memory traces of pain and fear. Trends 

Neurosci. 2013;36(6):343–352.
 177. Kim HK, Park SK, Zhou JL, et al. Reactive oxygen species (ROS) play an 

important role in a rat model of neuropathic pain. Pain. 2004;111(1–2):116–124.
 178. Salvemini D, Doyle TM, Cuzzocrea S. Superoxide, peroxynitrite and oxidative/

nitrative stress in inflammation. Biochem Soc Trans. 2006;34(pt 5):965–970.
 179. Ueda A, Wu CF. Effects of social isolation on neuromuscular excitability and 

aggressive behaviors in Drosophila: altered responses by Hk and gsts1, two muta-
tions implicated in redox regulation. J Neurogenet. 2009;23(4):378–394.

 180. Milton VJ, Jarrett HE, Gowers K, et al. Oxidative stress induces overgrowth of 
the Drosophila neuromuscular junction. Proc Natl Acad Sci U S A. 2011;108(42): 
17521–17526.

 181. Bienert GP, Moller AL, Kristiansen KA, et al. Specific aquaporins facilitate 
the diffusion of hydrogen peroxide across membranes. J Biol Chem. 2007;282(2): 
1183–1192.

 182. Symons MCR, Gutteridge JMC. Free Radicals and Iron: Chemistry, Biology and 
Medicine. Oxford: Oxford University Press; 1998.

 183. Bindokas VP, Jordan J, Lee CC, Miller RJ. Superoxide production in rat hip-
pocampal neurons: selective imaging with hydroethidine. J Neurosci. 1996;16(4): 
1324–1336.

 184. Viggiano A, Seru R, Damiano S, De Luca B, Santillo M, Mondola P. Inhibition of 
long-term potentiation by CuZn superoxide dismutase injection in rat dentate gyrus: 
involvement of muscarinic M1 receptor. J Cell Physiol. 2012;227(8):3111–3115.

 185. Kamsler A, Segal M. Paradoxical actions of hydrogen peroxide on long-term 
potentiation in transgenic superoxide dismutase-1 mice. J Neurosci. 2003;23(32): 
10359–10367.

 186. Hu D, Cao P, Thiels E, et al. Hippocampal long-term potentiation, memory, and 
longevity in mice that overexpress mitochondrial superoxide dismutase. Neuro-
biol Learn Mem. 2007;87(3):372–384.

 187. Kamsler A, Segal M. Hydrogen peroxide as a diffusible signal molecule in syn-
aptic plasticity. Mol Neurobiol. 2004;29(2):167–178.

 188. Katsuki H, Nakanishi C, Saito H, Matsuki N. Biphasic effect of hydrogen perox-
ide on field potentials in rat hippocampal slices. Eur J Pharmacol. 1997;337(2–3): 
213–218.

 189. Auerbach JM, Segal M. Peroxide modulation of slow onset potentiation in rat 
hippocampus. J Neurosci. 1997;17(22):8695–8701.

 190. Hongpaisan J, Winters CA, Andrews SB. Strong calcium entry activates mito-
chondrial superoxide generation, upregulating kinase signaling in hippocampal 
neurons. J Neurosci. 2004;24(48):10878–10887.

 191. Hongpaisan J, Winters CA, Andrews SB. Calcium-dependent mitochondrial 
superoxide modulates nuclear CREB phosphorylation in hippocampal neurons. 
Mol Cell Neurosci. 2003;24(4):1103–1115.

 192. Brusco J, Haas K. Interactions between mitochondria and the transcription 
factor myocyte enhancer factor 2 (MEF2) regulate neuronal structural and 
functional plasticity and metaplasticity. J Physiol. 2015;593(16):3471–3481.

 193. Li Z, Okamoto K, Hayashi Y, Sheng M. The importance of dendritic mito-
chondria in the morphogenesis and plasticity of spines and synapses. Cell. 2004; 
119(6):873–887.

http://www.la-press.com
http://www.la-press.com/journal-of-experimental-neuroscience-j131


Reactive oxygen species 

45Journal of ExpErimEntal nEurosciEncE 2016:10(s1)

 194. Chang DT, Honick AS, Reynolds IJ. Mitochondrial trafficking to synapses in 
cultured primary cortical neurons. J Neurosci. 2006;26(26):7035–7045.

 195. Macaskill AF, Rinholm JE, Twelvetrees AE, et al. Miro1 is a calcium sensor for 
glutamate receptor-dependent localization of mitochondria at synapses. Neuron. 
2009;61(4):541–555.

 196. Yi JS, Holbrook BC, Michalek RD, Laniewski NG, Grayson JM. Electron trans-
port complex I is required for CD8+ T cell function. J Immunol. 2006;177(2): 
852–862.

 197. Kim HY, Lee KY, Lu Y, et al. Mitochondrial Ca(2+) uptake is essential for 
synaptic plasticity in pain. J Neurosci. 2011;31(36):12982–12991.

 198. Wang W, Wang S, Nishanian EV, Del Pilar Cintron A, Wesley RA, Danner RL. 
Signaling by eNOS through a superoxide-dependent p42/44 mitogen-activated 
protein kinase pathway. Am J Physiol Cell Physiol. 2001;281(2):C544–C554.

 199. Yang Z, Seif I, Armstrong-James M. Adult experience-dependent plasticity of 
S1 barrel cortex in the normal and monoamine oxidase-A knockout (Tg8) mouse. 
Cereb Cortex. 2002;12(12):1269–1279.

 200. Girouard H, Wang G, Gallo EF, et al. NMDA receptor activation increases 
free radical production through nitric oxide and NOX2. J Neurosci. 2009;29(8): 
2545–2552.

 201. Pao M, Wiggs EA, Anastacio MM, et al. Cognitive function in patients with 
chronic granulomatous disease: a preliminary report. Psychosomatics. 2004;45(3): 
230–234.

 202. Quinn MT, Gauss KA. Structure and regulation of the neutrophil respiratory 
burst oxidase: comparison with nonphagocyte oxidases. J Leukoc Biol. 2004;76(4): 
760–781.

 203. Majewska MD, Bell JA, London ED. Regulation of the NMDA receptor by redox 
phenomena: inhibitory role of ascorbate. Brain Res. 1990;537(1–2):328–332.

 204. Lee DY, Wauquier F, Eid AA, et al. Nox4 NADPH oxidase mediates 
peroxynitrite-dependent uncoupling of endothelial nitric-oxide synthase and 
fibronectin expression in response to angiotensin II: role of mitochondrial reac-
tive oxygen species. J Biol Chem. 2013;288(40):28668–28686.

 205. Hernandes MS, Britto LR, Real CC, Martins DO, Lopes LR. Reactive oxygen 
species and the structural remodeling of the visual system after ocular enucle-
ation. Neuroscience. 2010;170(4):1249–1260.

 206. Wilkerson JE, Macfarlane PM, Hoffman MS, Mitchell GS. Respiratory 
plasticity following intermittent hypoxia: roles of protein phosphatases and reac-
tive oxygen species. Biochem Soc Trans. 2007;35(pt 5):1269–1272.

 207. Hayashi Y, Homma K, Ichijo H. SOD1 in neurotoxicity and its controversial 
roles in SOD1 mutation-negative ALS. Adv Biol Regul. 2016;60:95–104.

 208. Julien JP, Kriz J. Transgenic mouse models of amyotrophic lateral sclerosis. 
Biochim Biophys Acta. 2006;1762(11–12):1013–1024.

 209. Nichols NL, Satriotomo I, Harrigan DJ, Mitchell GS. Acute intermittent 
hypoxia induced phrenic long-term facilitation despite increased SOD1 expres-
sion in a rat model of ALS. Exp Neurol. 2015;273:138–150.

 210. Shell B, Faulk K, Cunningham JT. Neural control of blood pressure in chronic 
intermittent hypoxia. Curr Hypertens Rep. 2016;18(3):19.

 211. Glass MJ, Wang G, Coleman CG, et al. NMDA receptor plasticity in the 
hypothalamic paraventricular nucleus contributes to the elevated blood pressure 
produced by angiotensin II. J Neurosci. 2015;35(26):9558–9567.

 212. Botelho-Ono MS, Pina HV, Sousa KH, Nunes FC, Medeiros IA, Braga VA.  
Acute superoxide scavenging restores depressed baroreflex sensitivity in 
renovascular hypertensive rats. Auton Neurosci. 2011;159(1–2):38–44.

 213. Burmeister MA, Young CN, Braga VA, Butler SD, Sharma RV, Davisson RL. 
In vivo bioluminescence imaging reveals redox-regulated activator protein-1 
activation in paraventricular nucleus of mice with renovascular hypertension. 
Hypertension. 2011;57(2):289–297.

 214. Campos RR, Oliveira-Sales EB, Nishi EE, Paton JF, Bergamaschi CT. Mecha-
nisms of renal sympathetic activation in renovascular hypertension. Exp Physiol. 
2015;100(5):496–501.

 215. Erdos B, Broxson CS, King MA, Scarpace PJ, Tumer N. Acute pressor effect of 
central angiotensin II is mediated by NAD(P)H-oxidase-dependent production 
of superoxide in the hypothalamic cardiovascular regulatory nuclei. J Hypertens. 
2006;24(1):109–116.

 216. Kitiyakara C, Wilcox CS. Antioxidants for hypertension. Curr Opin Nephrol 
Hypertens. 1998;7(5):531–538.

 217. Oliveira-Sales EB, Nishi EE, Carillo BA, et al. Oxidative stress in the sympa-
thetic premotor neurons contributes to sympathetic activation in renovascular 
hypertension. Am J Hypertens. 2009;22(5):484–492.

 218. Yuan N, Zhang F, Zhang LL, et al. SOD1 gene transfer into paraventricular 
nucleus attenuates hypertension and sympathetic activity in spontaneously 
hypertensive rats. Pflugers Arch. 2013;465(2):261–270.

 219. Cardoso LM, Colombari E, Toney GM. Endogenous hydrogen peroxide in 
the hypothalamic paraventricular nucleus regulates sympathetic nerve activity 
responses to L-glutamate. J Appl Physiol (1985). 2012;113(9):1423–1431.

 220. Kemmerling U, Munoz P, Muller M, et al. Calcium release by ryanodine 
receptors mediates hydrogen peroxide-induced activation of ERK and CREB 
phosphorylation in N2a cells and hippocampal neurons. Cell Calcium. 2007;41(5): 
491–502.

 221. Larsson R, Cerutti P. Translocation and enhancement of phosphotransferase 
activity of protein kinase C following exposure in mouse epidermal cells to oxi-
dants. Cancer Res. 1989;49(20):5627–5632.

 222. English JD, Sweatt JD. Activation of p42 mitogen-activated protein kinase in 
hippocampal long term potentiation. J Biol Chem. 1996;271(40):24329–24332.

 223. English JD, Sweatt JD. A requirement for the mitogen-activated protein kinase 
cascade in hippocampal long term potentiation. J Biol Chem. 1997;272(31): 
19103–19106.

 224. Malinow R, Schulman H, Tsien RW. Inhibition of postsynaptic PKC or 
CaMKII blocks induction but not expression of LTP. Science. 1989;245(4920): 
862–866.

 225. Sacktor TC, Osten P, Valsamis H, Jiang X, Naik MU, Sublette E. Persistent 
activation of the zeta isoform of protein kinase C in the maintenance of long-
term potentiation. Proc Natl Acad Sci U S A. 1993;90(18):8342–8346.

 226. Hidalgo C, Donoso P, Carrasco MA. The ryanodine receptors Ca2+ release 
channels: cellular redox sensors? IUBMB Life. 2005;57(4–5):315–322.

 227. Cheah JH, Kim SF, Hester LD, et al. NMDA receptor-nitric oxide transmis-
sion mediates neuronal iron homeostasis via the GTPase Dexras1. Neuron. 2006; 
51(4):431–440.

 228. Adachi T, Pimentel DR, Heibeck T, et al. S-glutathiolation of Ras mediates 
redox-sensitive signaling by angiotensin II in vascular smooth muscle cells. J Biol 
Chem. 2004;279(28):29857–29862.

 229. Heo J, Campbell SL. Mechanism of redox-mediated guanine nucleotide exchange 
on redox-active Rho GTPases. J Biol Chem. 2005;280(35):31003–31010.

 230. Munoz P, Humeres A, Elgueta C, Kirkwood A, Hidalgo C, Nunez MT. Iron 
mediates N-methyl-D-aspartate receptor-dependent stimulation of calcium-
induced pathways and hippocampal synaptic plasticity. J Biol Chem. 2011; 
286(15):13382–13392.

 231. Munoz P. Iron-mediated redox modulation in neural plasticity. Commun Integr 
Biol. 2012;5(2):166–168.

 232. Adasme T, Haeger P, Paula-Lima AC, et al. Involvement of ryanodine receptors 
in neurotrophin-induced hippocampal synaptic plasticity and spatial memory 
formation. Proc Natl Acad Sci U S A. 2011;108(7):3029–3034.

 233. Munoz P, Zavala G, Castillo K, Aguirre P, Hidalgo C, Nunez MT. Effect of 
iron on the activation of the MAPK/ERK pathway in PC12 neuroblastoma cells. 
Biol Res. 2006;39(1):189–190.

 234. Emptage N, Bliss TV, Fine A. Single synaptic events evoke NMDA receptor-
mediated release of calcium from internal stores in hippocampal dendritic spines. 
Neuron. 1999;22(1):115–124.

 235. Lu YF, Hawkins RD. Ryanodine receptors contribute to cGMP-induced late-
phase LTP and CREB phosphorylation in the hippocampus. J Neurophysiol. 
2002;88(3):1270–1278.

 236. Li J, Pak JH, Huang FL, Huang KP. N-methyl-D-aspartate induces neurogranin/
RC3 oxidation in rat brain slices. J Biol Chem. 1999;274(3):1294–1300.

 237. Watson JB, Khorasani H, Persson A, Huang KP, Huang FL, O’Dell TJ. Age-
related deficits in long-term potentiation are insensitive to hydrogen peroxide: 
coincidence with enhanced autophosphorylation of Ca2+/calmodulin-dependent 
protein kinase II. J Neurosci Res. 2002;70(3):298–308.

 238. Krapivinsky G, Krapivinsky L, Manasian Y, et al. The NMDA receptor is coupled 
to the ERK pathway by a direct interaction between NR2B and RasGRF1. 
Neuron. 2003;40(4):775–784.

 239. Whisler RL, Goyette MA, Grants IS, Newhouse YG. Sublethal levels of oxi-
dant stress stimulate multiple serine/threonine kinases and suppress protein 
phosphatases in Jurkat T cells. Arch Biochem Biophys. 1995;319(1):23–35.

 240. Holmes TC, Fadool DA, Levitan IB. Tyrosine phosphorylation of the Kv1.3 
potassium channel. J Neurosci. 1996;16(5):1581–1590.

 241. Levitan IB. Modulation of ion channels by protein phosphorylation and dephos-
phorylation. Annu Rev Physiol. 1994;56:193–212.

 242. Droge W. Free radicals in the physiological control of cell function. Physiol Rev. 
2002;82(1):47–95.

 243. McGuire M, Ling L. Ventilatory long-term facilitation is greater in 1- vs. 
2-mo-old awake rats. J Appl Physiol (1985). 2005;98(4):1195–1201.

 244. Wang X, Culotta VC, Klee CB. Superoxide dismutase protects calcineurin from 
inactivation. Nature. 1996;383(6599):434–437.

 245. Mulkey RM, Endo S, Shenolikar S, Malenka RC. Involvement of a calcineurin/
inhibitor-1 phosphatase cascade in hippocampal long-term depression. Nature. 
1994;369(6480):486–488.

 246. Bito H, Deisseroth K, Tsien RW. CREB phosphorylation and dephosphoryla-
tion: a Ca(2+)- and stimulus duration-dependent switch for hippocampal gene 
expression. Cell. 1996;87(7):1203–1214.

 247. Milton VJ, Sweeney ST. Oxidative stress in synapse development and function. 
Dev Neurobiol. 2012;72(1):100–110.

 248. Collins CA, Wairkar YP, Johnson SL, DiAntonio A. Highwire restrains synap-
tic growth by attenuating a MAP kinase signal. Neuron. 2006;51(1):57–69.

 249. Kim SM, Kumar V, Lin YQ , Karunanithi S, Ramaswami M. Fos and Jun 
potentiate individual release sites and mobilize the reserve synaptic vesicle pool 
at the Drosophila larval motor synapse. Proc Natl Acad Sci U S A. 2009;106(10): 
4000–4005.

http://www.la-press.com
http://www.la-press.com/journal-of-experimental-neuroscience-j131


Beckhauser et al

46 Journal of ExpErimEntal nEurosciEncE 2016:10(s1)

 250. Sanyal S, Sandstrom DJ, Hoeffer CA, Ramaswami M. AP-1 functions upstream 
of CREB to control synaptic plasticity in Drosophila. Nature. 2002;416(6883): 
870–874.

 251. Smythies J. The biochemical basis of synaptic plasticity and neurocomputation: 
a new theory. Proc Biol Sci. 1997;264(1381):575–579.

 252. Schultz W. Dopamine neurons and their role in reward mechanisms. Curr Opin 
Neurobiol. 1997;7(2):191–197.

 253. Taber MT, Fibiger HC. Activation of the mesocortical dopamine system by 
feeding: lack of a selective response to stress. Neuroscience. 1997;77(2):295–298.

 254. Liu J, Mori A. Monoamine metabolism provides an antioxidant defense in the 
brain against oxidant- and free radical-induced damage. Arch Biochem Biophys. 
1993;302(1):118–127.

 255. Yen GC, Hsieh CL. Antioxidant effects of dopamine and related compounds. 
Biosci Biotechnol Biochem. 1997;61(10):1646–1649.

 256. Kang MY, Tsuchiya M, Packer L, Manabe M. In vitro study on antioxidant 
potential of various drugs used in the perioperative period. Acta Anaesthesiol 
Scand. 1998;42(1):4–12.

 257. Smythies J. Redox aspects of signaling by catecholamines and their metabolites. 
Antioxid Redox Signal. 2000;2(3):575–583.

 258. Smythies J. Redox mechanisms at the glutamate synapse and their significance: 
a review. Eur J Pharmacol. 1999;370(1):1–7.

 259. Sawada H, Ibi M, Kihara T, et al. Dopamine D2-type agonists protect mesen-
cephalic neurons from glutamate neurotoxicity: mechanisms of neuroprotective 
treatment against oxidative stress. Ann Neurol. 1998;44(1):110–119.

 260. Dumartin B, Caille I, Gonon F, Bloch B. Internalization of D1 dopamine recep-
tor in striatal neurons in vivo as evidence of activation by dopamine agonists. 
J Neurosci. 1998;18(5):1650–1661.

 261. Vickery RG, Christine C, Von Zastrow M. Subtype-specific differences in dopa-
mine receptor endocytosis. Soc Neurosc Abst. 1998;24(1–2):23.

 262. Zhao ZS, Khan S, O’Brien PJ. Catecholic iron complexes as cytoprotective 
superoxide scavengers against hypoxia:reoxygenation injury in isolated hepato-
cytes. Biochem Pharmacol. 1998;56(7):825–830.

 263. Cook JA, Wink DA, Blount V, Krishna MC, Hanbauer I. Role of antioxidants in 
the nitric oxide-elicited inhibition of dopamine uptake in cultured mesencephalic 
neurons. Insights into potential mechanisms of nitric oxide-mediated neurotox-
icity. Neurochem Int. 1996;28(5–6):609–617.

 264. Dasuri K, Zhang L, Keller JN. Oxidative stress, neurodegeneration, and the bal-
ance of protein degradation and protein synthesis. Free Radic Biol Med. 2013; 
62:170–185.

 265. Pisoschi AM, Pop A. The role of antioxidants in the chemistry of oxidative stress: 
a review. Eur J Med Chem. 2015;97:55–74.

 266. Brigelius-Flohe R. Tissue-specific functions of individual glutathione peroxi-
dases. Free Radic Biol Med. 1999;27(9–10):951–965.

 267. Bodhinathan K, Kumar A, Foster TC. Redox sensitive calcium stores underlie 
enhanced after hyperpolarization of aged neurons: role for ryanodine receptor 
mediated calcium signaling. J Neurophysiol. 2010;104(5):2586–2593.

 268. Toescu EC. Normal brain ageing: models and mechanisms. Philos Trans R Soc 
Lond B Biol Sci. 2005;360(1464):2347–2354.

 269. Mattson MP, Liu D. Energetics and oxidative stress in synaptic plasticity and 
neurodegenerative disorders. Neuromolecular Med. 2002;2(2):215–231.

 270. Zekry D, Epperson TK, Krause KH. A role for NOX NADPH oxidases in 
Alzheimer’s disease and other types of dementia? IUBMB Life. 2003;55(6): 
307–313.

 271. Labunskyy VM, Gladyshev VN. Role of reactive oxygen species-mediated sig-
naling in aging. Antioxid Redox Signal. 2013;19(12):1362–1372.

 272. Radi E, Formichi P, Battisti C, Federico A. Apoptosis and oxidative stress in 
neurodegenerative diseases. J Alzheimers Dis. 2014;42(suppl 3):S125–S152.

 273. Dias V, Junn E, Mouradian MM. The role of oxidative stress in Parkinson’s 
disease. J Parkinsons Dis. 2013;3(4):461–491.

 274. Blesa J, Trigo-Damas I, Quiroga-Varela A, Jackson-Lewis VR. Oxidative stress 
and Parkinson’s disease. Front Neuroanat. 2015;9:91.

 275. Carney JM, Starke-Reed PE, Oliver CN, et al. Reversal of age-related increase 
in brain protein oxidation, decrease in enzyme activity, and loss in temporal and 
spatial memory by chronic administration of the spin-trapping compound N-tert-
butyl-alpha-phenylnitrone. Proc Natl Acad Sci U S A. 1991;88(9):3633–3636.

 276. Forster MJ, Dubey A, Dawson KM, Stutts WA, Lal H, Sohal RS. Age-related 
losses of cognitive function and motor skills in mice are associated with oxi-
dative protein damage in the brain. Proc Natl Acad Sci U S A. 1996;93(10): 
4765–4769.

 277. Cantuti-Castelvetri I, Shukitt-Hale B, Joseph JA. Neurobehavioral aspects of 
antioxidants in aging. Int J Dev Neurosci. 2000;18(4–5):367–381.

 278. Fukui K, Onodera K, Shinkai T, Suzuki S, Urano S. Impairment of learning and 
memory in rats caused by oxidative stress and aging, and changes in antioxidative 
defense systems. Ann N Y Acad Sci. 2001;928:168–175.

 279. Murray CA, Lynch MA. Evidence that increased hippocampal expression of 
the cytokine interleukin-1 beta is a common trigger for age- and stress-induced 
impairments in long-term potentiation. J Neurosci. 1998;18(8):2974–2981.

 280. Murray CA, Lynch MA. Dietary supplementation with vitamin E reverses the 
age-related deficit in long term potentiation in dentate gyrus. J Biol Chem. 1998; 
273(20):12161–12168.

 281. McGahon BM, Martin DS, Horrobin DF, Lynch MA. Age-related changes in 
LTP and antioxidant defenses are reversed by an alpha-lipoic acid-enriched diet. 
Neurobiol Aging. 1999;20(6):655–664.

 282. Driver AS, Kodavanti PR, Mundy WR. Age-related changes in reactive oxygen 
species production in rat brain homogenates. Neurotoxicol Teratol. 2000;22(2): 
175–181.

 283. O’Donnell E, Vereker E, Lynch MA. Age-related impairment in LTP is accom-
panied by enhanced activity of stress-activated protein kinases: analysis of under-
lying mechanisms. Eur J Neurosci. 2000;12(1):345–352.

 284. Liu R, Liu IY, Bi X, et al. Reversal of age-related learning deficits and brain 
oxidative stress in mice with superoxide dismutase/catalase mimetics. Proc Natl 
Acad Sci U S A. 2003;100(14):8526–8531.

 285. Sohal RS, Dubey A. Mitochondrial oxidative damage, hydrogen peroxide 
release, and aging. Free Radic Biol Med. 1994;16(5):621–626.

 286. Joseph JA, Shukitt-Hale B, Denisova NA, et al. Reversals of age-related 
declines in neuronal signal transduction, cognitive, and motor behavioral defi-
cits with blueberry, spinach, or strawberry dietary supplementation. J Neurosci. 
1999;19(18):8114–8121.

 287. Stoll S, Rostock A, Bartsch R, Korn E, Meichelbock A, Muller WE. The potent 
free radical scavenger alpha-lipoic acid improves cognition in rodents. Ann N Y 
Acad Sci. 1994;717:122–128.

 288. Liu J, Atamna H, Kuratsune H, Ames BN. Delaying brain mitochondrial decay 
and aging with mitochondrial antioxidants and metabolites. Ann N Y Acad Sci. 
2002;959:133–166.

 289. Zou Y, Corniola R, Leu D, et al. Extracellular superoxide dismutase is impor-
tant for hippocampal neurogenesis and preservation of cognitive functions after 
irradiation. Proc Natl Acad Sci U S A. 2012;109(52):21522–21527.

 290. Raber J, Villasana L, Rosenberg J, Zou Y, Huang TT, Fike JR. Irradiation 
enhances hippocampus-dependent cognition in mice deficient in extracellular 
superoxide dismutase. Hippocampus. 2011;21(1):72–80.

 291. Brewer GJ. Neuronal plasticity and stressor toxicity during aging. Exp Gerontol. 
2000;35(9–10):1165–1183.

 292. Michel TM, Frangou S, Thiemeyer D, et al. Evidence for oxidative stress in 
the frontal cortex in patients with recurrent depressive disorder—a postmortem 
study. Psychiatry Res. 2007;151(1–2):145–150.

 293. Kishida KT, Klann E. Sources and targets of reactive oxygen species in synaptic 
plasticity and memory. Antioxid Redox Signal. 2007;9(2):233–244.

 294. Sesti F. Oxidation of K(+) channels in aging and neurodegeneration. Aging Dis. 
2016;7(2):130–135.

 295. Sesti F, Liu S, Cai SQ. Oxidation of potassium channels by ROS: a general 
mechanism of aging and neurodegeneration? Trends Cell Biol. 2010;20(1):45–51.

 296. Chaturvedi RK, Flint Beal M. Mitochondrial diseases of the brain. Free Radic 
Biol Med. 2013;63:1–29.

 297. Mattson MP, Cheng B, Davis D, Bryant K, Lieberburg I, Rydel RE. beta-
Amyloid peptides destabilize calcium homeostasis and render human cortical 
neurons vulnerable to excitotoxicity. J Neurosci. 1992;12(2):376–389.

 298. Kruman II, Kumaravel TS, Lohani A, et al. Folic acid deficiency and homocys-
teine impair DNA repair in hippocampal neurons and sensitize them to amyloid 
toxicity in experimental models of Alzheimer’s disease. J Neurosci. 2002;22(5): 
1752–1762.

 299. Bozner P, Grishko V, LeDoux SP, Wilson GL, Chyan YC, Pappolla MA. 
The amyloid beta protein induces oxidative damage of mitochondrial DNA. 
J Neuropathol Exp Neurol. 1997;56(12):1356–1362.

 300. Alam ZI, Jenner A, Daniel SE, et al. Oxidative DNA damage in the parkin-
sonian brain: an apparent selective increase in 8-hydroxyguanine levels in 
substantia nigra. J Neurochem. 1997;69(3):1196–1203.

 301. Bezprozvanny I, Hayden MR. Deranged neuronal calcium signaling and 
Huntington disease. Biochem Biophys Res Commun. 2004;322(4):1310–1317.

 302. Zhang H, Li Q , Graham RK, Slow E, Hayden MR, Bezprozvanny I. Full 
length mutant huntingtin is required for altered Ca2+ signaling and apoptosis of 
striatal neurons in the YAC mouse model of Huntington’s disease. Neurobiol Dis. 
2008;31(1):80–88.

 303. Brouillet E, Conde F, Beal MF, Hantraye P. Replicating Huntington’s disease 
phenotype in experimental animals. Prog Neurobiol. 1999;59(5):427–468.

 304. Johnston M, Blue ME, Naidu S. Recent advances in understanding synaptic abnor-
malities in Rett syndrome. F1000Res. 2015;4. doi:10.12688/f1000research.6987.1.

 305. Grosser E, Hirt U, Janc OA, et al. Oxidative burden and mitochondrial dysfunc-
tion in a mouse model of Rett syndrome. Neurobiol Dis. 2012;48(1):102–114.

 306. Michel TM, Thome J, Martin D, et al. Cu, Zn- and Mn-superoxide dismutase 
levels in brains of patients with schizophrenic psychosis. J Neural Transm 
(Vienna). 2004;111(9):1191–1201.

 307. Michel TM, Camara S, Tatschner T, et al. Increased xanthine oxidase in the 
thalamus and putamen in depression. World J Biol Psychiatry. 2010;11(2 pt 2): 
314–320.

http://www.la-press.com
http://www.la-press.com/journal-of-experimental-neuroscience-j131


Reactive oxygen species 

47Journal of ExpErimEntal nEurosciEncE 2016:10(s1)

 308. Abdel-Wahab BA, Salama RH. Venlafaxine protects against stress-induced 
oxidative DNA damage in hippocampus during antidepressant testing in mice. 
Pharmacol Biochem Behav. 2011;100(1):59–65.

 309. Zafir A, Ara A, Banu N. Invivo antioxidant status: a putative target of 
antidepressant action. Prog Neuropsychopharmacol Biol Psychiatry. 2009;33(2): 
220–228.

 310. Moretti M, Colla A, de Oliveira Balen G, et al. Ascorbic acid treatment, simi-
larly to fluoxetine, reverses depressive-like behavior and brain oxidative damage 
induced by chronic unpredictable stress. J Psychiatr Res. 2012;46(3):331–340.

 311. Martins-de-Souza D, Harris LW, Guest PC, Bahn S. The role of energy metabo-
lism dysfunction and oxidative stress in schizophrenia revealed by proteomics. 
Antioxid Redox Signal. 2011;15(7):2067–2079.

 312. Deutsch SI, Rosse RB, Schwartz BL, Mastropaolo J. A revised excitotoxic 
hypothesis of schizophrenia: therapeutic implications. Clin Neuropharmacol. 2001; 
24(1):43–49.

 313. Choi DW. Excitotoxic cell death. J Neurobiol. 1992;23(9):1261–1276.
 314. Mattson MP, Barger SW, Begley JG, Mark RJ. Calcium, free radicals, and excito-

toxic neuronal death in primary cell culture. Methods Cell Biol. 1995;46:187–216.
 315. Mattson MP. Excitotoxic and excitoprotective mechanisms: abundant targets 

for the prevention and treatment of neurodegenerative disorders. Neuromolecular 
Med. 2003;3(2):65–94.

 316. Kumar P, Kalonia H, Kumar A. Huntington’s disease: pathogenesis to animal 
models. Pharmacol Rep. 2010;62(1):1–14.

 317. Radak Z, Hart N, Sarga L, et al. Exercise plays a preventive role against 
Alzheimer’s disease. J Alzheimers Dis. 2010;20(3):777–783.

 318. Mailly F, Marin P, Israel M, Glowinski J, Premont J. Increase in external glu-
tamate and NMDA receptor activation contribute to H2O2-induced neuronal 
apoptosis. J Neurochem. 1999;73(3):1181–1188.

 319. Yang JL, Tadokoro T, Keijzers G, Mattson MP, Bohr VA. Neurons efficiently 
repair glutamate-induced oxidative DNA damage by a process involving CREB-
mediated up-regulation of apurinic endonuclease 1. J Biol Chem. 2010;285(36): 
28191–28199.

 320. Sengpiel B, Preis E, Krieglstein J, Prehn JH. NMDA-induced superoxide 
production and neurotoxicity in cultured rat hippocampal neurons: role of 
mitochondria. Eur J Neurosci. 1998;10(5):1903–1910.

 321. Chinopoulos C, Tretter L, Rozsa A, Adam-Vizi V. Exacerbated responses to 
oxidative stress by an Na(+) load in isolated nerve terminals: the role of ATP 
depletion and rise of [Ca(2+)](i). J Neurosci. 2000;20(6):2094–2103.

 322. Reynolds IJ. Mitochondrial membrane potential and the permeability transition 
in excitotoxicity. Ann N Y Acad Sci. 1999;893:33–41.

 323. Mattson MP, Goodman Y, Luo H, Fu W, Furukawa K. Activation of NF-kappaB 
protects hippocampal neurons against oxidative stress-induced apoptosis: evi-
dence for induction of manganese superoxide dismutase and suppression of per-
oxynitrite production and protein tyrosine nitration. J Neurosci Res. 1997;49(6): 
681–697.

 324. Yu Z, Zhou D, Bruce-Keller AJ, Kindy MS, Mattson MP. Lack of the p50 sub-
unit of nuclear factor-kappaB increases the vulnerability of hippocampal neurons 
to excitotoxic injury. J Neurosci. 1999;19(20):8856–8865.

 325. Jiang X, Zhu D, Okagaki P, et al. N-methyl-D-aspartate and TrkB receptor 
activation in cerebellar granule cells: an in vitro model of preconditioning to 
stimulate intrinsic survival pathways in neurons. Ann N Y Acad Sci. 2003;993: 
134–145; discussion 159–160.

 326. Raji NS, Krishna TH, Rao KS. DNA-polymerase alpha, beta, delta and epsilon 
activities in isolated neuronal and astroglial cell fractions from developing and 
aging rat cerebral cortex. Int J Dev Neurosci. 2002;20(6):491–496.

 327. Rao KS, Annapurna VV, Raji NS. DNA polymerase-beta may be the main 
player for defective DNA repair in aging rat neurons. Ann N Y Acad Sci. 2001; 
928:113–120.

 328. Intano GW, Cho EJ, McMahan CA, Walter CA. Age-related base excision 
repair activity in mouse brain and liver nuclear extracts. J Gerontol A Biol Sci Med 
Sci. 2003;58(3):205–211.

 329. Krishna TH, Mahipal S, Sudhakar A, Sugimoto H, Kalluri R, Rao KS. Reduced 
DNA gap repair in aging rat neuronal extracts and its restoration by DNA poly-
merase beta and DNA-ligase. J Neurochem. 2005;92(4):818–823.

 330. Yagami T, Ueda K, Asakura K, et al. Human group IIA secretory phospholipase 
A2 potentiates Ca2+ influx through L-type voltage-sensitive Ca2+ channels in 
cultured rat cortical neurons. J Neurochem. 2003;85(3):749–758.

 331. Ueda K, Shinohara S, Yagami T, Asakura K, Kawasaki K. Amyloid beta protein 
potentiates Ca2+ influx through L-type voltage-sensitive Ca2+ channels: a pos-
sible involvement of free radicals. J Neurochem. 1997;68(1):265–271.

 332. Viviani B, Corsini E, Pesenti M, Galli CL, Marinovich M. Trimethyltin-
activated cyclooxygenase stimulates tumor necrosis factor-alpha release from 
glial cells through reactive oxygen species. Toxicol Appl Pharmacol. 2001;172(2): 
93–97.

 333. Oomagari K, Buisson B, Dumuis A, Bockaert J, Pin JP. Effect of glutamate and 
ionomycin on the release of arachidonic acid, prostaglandins and HETEs from 
cultured neurons and astrocytes. Eur J Neurosci. 1991;3(10):928–939.

 334. Drapeau C, Pellerin L, Wolfe LS, Avoli M. Long-term changes of synaptic 
transmission induced by arachidonic acid in the CA1 subfield of the rat hippo-
campus. Neurosci Lett. 1990;115(2–3):286–292.

 335. Stephenson DT, Lemere CA, Selkoe DJ, Clemens JA. Cytosolic phospholipase 
A2 (cPLA2) immunoreactivity is elevated in Alzheimer’s disease brain. Neurobiol  
Dis. 1996;3(1):51–63.

 336. Adibhatla RM, Hatcher JF, Dempsey RJ. Phospholipase A2, hydroxyl radicals, 
and lipid peroxidation in transient cerebral ischemia. Antioxid Redox Signal. 
2003;5(5):647–654.

 337. Cocco T, Di Paola M, Papa S, Lorusso M. Arachidonic acid interaction with the 
mitochondrial electron transport chain promotes reactive oxygen species genera-
tion. Free Radic Biol Med. 1999;27(1–2):51–59.

 338. Penzo D, Petronilli V, Angelin A, et al. Arachidonic acid released by phospho-
lipase A(2) activation triggers Ca(2+)-dependent apoptosis through the mito-
chondrial pathway. J Biol Chem. 2004;279(24):25219–25225.

 339. Kwon KJ, Jung YS, Lee SH, Moon CH, Baik EJ. Arachidonic acid induces 
neuronal death through lipoxygenase and cytochrome P450 rather than cyclo-
oxygenase. J Neurosci Res. 2005;81(1):73–84.

 340. Hu D, Serrano F, Oury TD, Klann E. Aging-dependent alterations in synaptic 
plasticity and memory in mice that overexpress extracellular superoxide 
dismutase. J Neurosci. 2006;26(15):3933–3941.

 341. McGahon BM, Martin DS, Horrobin DF, Lynch MA. Age-related changes in 
synaptic function: analysis of the effect of dietary supplementation with omega-3 
fatty acids. Neuroscience. 1999;94(1):305–314.

 342. Jefferson AL, Himali JJ, Au R, et al. Relation of left ventricular ejection frac-
tion to cognitive aging (from the Framingham Heart Study). Am J Cardiol. 2011; 
108(9):1346–1351.

 343. Liu C, Liu Y, Yang Z. Myocardial infarction induces cognitive impairment 
by increasing the production of hydrogen peroxide in adult rat hippocampus. 
Neurosci Lett. 2014;560:112–116.

 344. An L, Li Z, Yang Z, Zhang T. Cognitive deficits induced by melamine in rats. 
Toxicol Lett. 2011;206(3):276–280.

 345. Ma C, Kang H, Liu Q , Zhu R, Cao Z. Insight into potential toxicity mecha-
nisms of melamine: an in silico study. Toxicology. 2011;283(2–3):96–100.

 346. Guo C, He Z, Wen L, et al. Cytoprotective effect of trolox against oxidative 
damage and apoptosis in the NRK-52e cells induced by melamine. Cell Biol Int. 
2012;36(2):183–188.

 347. Fu J, Wang H, Gao J, et al. Rapamycin effectively impedes melamine-
induced impairments of cognition and synaptic plasticity in Wistar rats. Mol 
Neurobiol. 2016. doi:10.1007/s12035-016-9687-7.

 348. Liu Y, Guan W, Ren G, Yang Z. The possible mechanism of silver nanoparticle 
impact on hippocampal synaptic plasticity and spatial cognition in rats. Toxicol 
Lett. 2012;209(3):227–231.

 349. Viggiano A, Viggiano E, Monda M, Ingrosso D, Perna AF, De Luca B. 
Methionine-enriched diet decreases hippocampal antioxidant defences and 
impairs spontaneous behaviour and long-term potentiation in rats. Brain Res. 
2012;1471:66–74.

 350. Kim SU, Jin MH, Kim YS, et al. Peroxiredoxin II preserves cognitive function 
against age-linked hippocampal oxidative damage. Neurobiol Aging. 2011;32(6): 
1054–1068.

 351. Janc OA, Muller M. The free radical scavenger Trolox dampens neuronal hyper-
excitability, reinstates synaptic plasticity, and improves hypoxia tolerance in a 
mouse model of Rett syndrome. Front Cell Neurosci. 2014;8:56.

 352. Mast JD, Tomalty KM, Vogel H, Clandinin TR. Reactive oxygen species 
act remotely to cause synapse loss in a Drosophila model of developmental 
mitochondrial encephalopathy. Development. 2008;135(15):2669–2679.

 353. Bar-Am O, Amit T, Kupershmidt L, et al. Neuroprotective and neurorestor-
ative activities of a novel iron chelator-brain selective monoamine oxidase-A/
monoamine oxidase-B inhibitor in animal models of Parkinson’s disease and 
aging. Neurobiol Aging. 2015;36(3):1529–1542.

 354. Kiray M, Bagriyanik HA, Pekcetin C, et al. Deprenyl and the relationship 
between its effects on spatial memory, oxidant stress and hippocampal neurons 
in aged male rats. Physiol Res. 2006;55(2):205–212.

 355. Kiray M, Bagriyanik HA, Pekcetin C, Ergur BU, Uysal N. Protective effects of 
deprenyl in transient cerebral ischemia in rats. Chin J Physiol. 2008;51(5):275–281.

 356. de Lima MN, Laranja DC, Caldana F, Bromberg E, Roesler R, Schroder N. 
Reversal of age-related deficits in object recognition memory in rats with 
l-deprenyl. Exp Gerontol. 2005;40(6):506–511.

 357. de Lima MN, Laranja DC, Caldana F, et al. Selegiline protects against recogni-
tion memory impairment induced by neonatal iron treatment. Exp Neurol. 2005; 
196(1):177–183.

 358. Head E, Hartley J, Kameka AM, et al. The effects of L-deprenyl on spatial short 
term memory in young and aged dogs. Prog Neuropsychopharmacol Biol Psychiatry. 
1996;20(3):515–530.

 359. Zhang J, Malik A, Choi HB, Ko RW, Dissing-Olesen L, MacVicar BA. Microg-
lial CR3 activation triggers long-term synaptic depression in the hippocampus 
via NADPH oxidase. Neuron. 2014;82(1):195–207.

http://www.la-press.com
http://www.la-press.com/journal-of-experimental-neuroscience-j131


Beckhauser et al

48 Journal of ExpErimEntal nEurosciEncE 2016:10(s1)

 360. Shelat PB, Chalimoniuk M, Wang JH, et al. Amyloid beta peptide and NMDA 
induce ROS from NADPH oxidase and AA release from cytosolic phospholi-
pase A2 in cortical neurons. J Neurochem. 2008;106(1):45–55.

 361. Maalouf M, Rho JM. Oxidative impairment of hippocampal long-term poten-
tiation involves activation of protein phosphatase 2A and is prevented by ketone 
bodies. J Neurosci Res. 2008;86(15):3322–3330.

 362. McGahon B, Clements MP, Lynch MA. The ability of aged rats to sustain long-
term potentiation is restored when the age-related decrease in membrane arachi-
donic acid concentration is reversed. Neuroscience. 1997;81(1):9–16.

 363. Bodhinathan K, Kumar A, Foster TC. Intracellular redox state alters NMDA 
receptor response during aging through Ca2+/calmodulin-dependent protein 
kinase II. J Neurosci. 2010;30(5):1914–1924.

 364. Haxaire C, Turpin FR, Potier B, et al. Reversal of age-related oxidative stress 
prevents hippocampal synaptic plasticity deficits by protecting D-serine-
dependent NMDA receptor activation. Aging Cell. 2012;11(2):336–344.

 365. Kakizawa S, Shibazaki M, Mori N. Protein oxidation inhibits NO-mediated 
signaling pathway for synaptic plasticity. Neurobiol Aging. 2012;33(3):535–545.

http://www.la-press.com
http://www.la-press.com/journal-of-experimental-neuroscience-j131

