
Introduction

A continuing rise in the incidence of age-asso-
ciated neurodegenerative diseases has spurred

extensive research in an attempt to discover
their mechanisms, etiology, and prospects for
therapy. A leading hypothesis proposes the
involvement of reactive oxygen species (ROS),
including superoxide radical (O2–), hydrogen
peroxide (H2O2), and hydroxyl radical (OH–) in
neurodegenerative diseases. ROS are proposed
to be involved in molecular processes leading to
neurodegeneration through the adverse effects
of oxidative stress—a condition in which more
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Abstract

Reactive oxygen species (ROS) have been considered for some time only in the context of
oxidative stress-induced cell damage. In this review, we discuss the growing body of evidence
that implicates ROS in general, and hydrogen peroxide (H2O2) in particular, in regulatory events
underlying synaptic plasticity. H2O2 is regarded in this context as a specific diffusible signaling
molecule. The action of H2O2 is assumed to be carried out via the release of calcium ions from
internal stores, modulating the activity of specific calcium-dependent protein phosphatases.
These phosphatases eventually affect neuronal plasticity. We discuss the role of H2O2 in these sys-
tems, stressing the importance of cellular regulation of H2O2 levels that are altered in aging indi-
viduals, in the ability to express plasticity. These studies highlight the function of H2O2 in
processes of learning and memory and their change in elderly individuals, irrespective of neu-
rodegeneration found in Alzheimer’s patients.
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ROS are produced than the cellular defense
mechanisms can handle, leading to eventual
neuronal apoptosis. In this regard, the oxidative
stress that induces apoptosis is believed to be
the underlying mechanism of decline in neu-
ronal efficacy. This mechanism has been pro-
posed for Alzheimer’s disease (AD), Parkinson’s
disease (PD), and amyotrophic lateral sclerosis
(ALS) (1), which are diseases of the nervous sys-
tem involving death of specific neurons, and an
impairment of neurological systems in mostly
aged patients. However, support for this
hypothesis comes mostly from in vitro studies,
many of which employ high concentrations of
ROS that rarely exist in vivo (2–4). Nevertheless,
and despite the inability to directly measure
ROS reliably in living brains, there is a growing
body of evidence indicating that aged brains are
indeed exposed to higher concentrations of ROS
than young ones (5). The cause for this rise
remains unknown but a breakdown in mito-
chondrial regulation of intermediate oxidation
products has been shown to occur in senescent
individuals (6). Likewise, the cellular conse-
quences of the putative rise in ROS are not
clearly understood; which of the many molecu-
lar targets of ROS are the ones responsible for
the loss of neuronal functions and how this loss
is actually expressed (7).

We would like to propose a mechanism
whereby reduced control over ROS production
in aged brains could lead to impaired neuronal
plasticity manifested as cognitive decline irre-
spective of, and prior to, ultimate cell death.
We argue that the role of ROS is more complex
than simple mediation of neuronal death, and
we propose that ROS play a facilitatory action
towards neuronal plasticity. Such a role has
also been suggested recently (8). We review
studies on bimodal action of ROS on neuronal
properties, suggesting a role for H2O2 as a spe-
cific diffusible messenger molecule that modu-
lates the activity of protein phosphatases,
resulting in modulation of neuronal plasticity.
Thus, when H2O2 levels are not under optimal
regulation, cells may lose the ability to utilize
H2O2 as a messenger molecule of neuronal
plasticity, leading to changes in neuronal func-

tions that could be expressed as cognitive or
motor impairments before and irrespective of
the eventual cell death evident in neurodegen-
erative diseases.

Reactive Oxygen Species

Since the beginning of aerobic life the high
energy yield obtained by reducing oxygen
atoms has served as a double-edged sword (1).
Eukaryotic cells have quarantined these
processes in the mitochondria utilizing these
membranous organelles for creating a meta-
bolically dependent proton gradient that could
be utilized for producing ATP with superoxide
anions as a byproduct. Although the mitochon-
dria are probably the major source for superox-
ide anions, they can also be produced by
NMDA receptor activation (9), which could be
important for neuronal signaling. Superoxide
anions contain an unpaired electron, which is
highly reactive (7,10). If left unchecked, it can
oxidize proton-rich molecules such as lipids,
proteins, and nucleic acids, causing reduction
in membrane fluidity, disturbance of cellular
metabolism, or mutations, respectively. The
enzyme superoxide dismutase (SOD) catalyses
the reaction that converts superoxide to H2O2.
H2O2 in itself is much less toxic than superox-
ide, however, it can be converted via the Fen-
ton reaction in the presence of iron ions to
hydroxyl radicals that are more reactive than
superoxide (see Fig. 1). The in vivo occurrence
of this reaction depends on the availability of
free H2O2 and free iron (1) and has been
regarded as the mechanism by which H2O2 can
become toxic. H2O2 is normally converted to
H2O and O2 by cellular antioxidants including
catalase and glutathione peroxidase, however,
under conditions termed “oxidative stress”
more ROS are produced than can be handled
and the overall redox state of a cell can be
altered.

This view of ROS as agents of destruction
wreaking havoc on lipids, proteins, and DNA
promoted studies that use concentrations of
ROS that are several orders of magnitude
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higher than those expected to be present in liv-
ing cells, in an attempt to accelerate processes
that are perceived to occur in vivo. But, what
are the concentrations of ROS in vivo? A study
by Hyslop et al. (11), found that the highest
concentration of H2O2 in the striatum of a
reperfused brain after an ischemic insult was
estimated to be 100 µM. In another microdialy-
sis study, Lei et al. (12) determined basal H2O2
level in gerbil hippocampus to be about 1 µM.
These studies demonstrated a submillimolar
concentration of H2O2 even under extreme
acute pathological conditions that are known to
generate ROS. Despite these low estimates
there are virtually hundreds of studies showing
that millimolar concentrations of H2O2 can pro-
duce apoptosis in different cell types including
neurons (e.g., 2–4,13–16). These studies aim at
understanding mechanisms of neurodegenera-
tion by studying oxidative stress induced apop-
tosis in different cell types. But what is the
validity of these studies as models for neurode-

generation in the brain if the concentrations of
H2O2 employed are at least 10–100 times higher
than those assumed to be present in vivo?
While it may be argued that the high concentra-
tions of extracellular antioxidants present in the
brain mask the true intracellular concentrations
of ROS, this argument is not relevant to studies
conducted with cell cultures that are grown in
serum containing medium that is rich in these
same antioxidants. Furthermore, neuronal
apoptosis has not been proven to be the cause
of the functional deficits seen in early stages of
AD. In fact, early stages of AD and other neu-
rodegenerative disorders are characterized by
episodes of decline in neuronal functions fol-
lowed by remission. A mechanism of neurode-
generation involving cell death, an irreversible
process, would intuitively fail to explain these
remissions. We must therefore search for mech-
anisms that affect the function of living neurons
and not their viability. We assume that such
mechanisms underlie neuronal plasticity.
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Fig. 1. Schematic view of cellular ROS management. Superoxide radicals are produced by mitochondria and
NMDA receptors. This highly active radical can undergo dismutation by the enzyme SOD to form hydrogen
peroxide, which in turn can form hydroxyl radicals via the Fenton reaction in the presence of free iron cations.
These ROS can cause damage to lipids, proteins, and nucleic acids thus causing a disruption of cellular activi-
ties. The anti-oxidative enzymes catalase and glutathione peroxidase can facilitate the conversion of H2O2 to
the benign water and oxygen molecules.



Neuronal Plasticity

A cortical structure that has been employed
extensively in the study of neurodegeneration is
the hippocampus. The hippocampus is part of
the temporal lobe, long known for its involve-
ment in various forms of short-term memory
processes in the brain. In humans, damaged
hippocampus has been associated with loss of
short-term memory, and these observations
have been confirmed in numerous animal stud-
ies (17). The hippocampus undergoes massive
degeneration in AD and as such has been a con-
venient target for many studies attempting to
dissect the cellular and molecular mechanisms
underlying age- and disease-related cell death,
and their functional implications.

Long-term potentiation (LTP) and long-term
depression (LTD), especially in the Schaffer col-
lateral-CA1 synapses of hippocampal slices and
in perforant path-dentate gyrus synapse in vivo
are extensively studied models of synaptic plas-
ticity. LTP is a long-lasting increase in synaptic
efficacy following a potentiating event. Potenti-
ating trains of pulses cause a persistent depo-
larization of postsynaptic membrane resulting
in calcium ion flow through NMDA receptors
and/or voltage-gated calcium channels (VGCCs)
both in vivo and in vitro (18,19). This calcium
flux results in well-characterized signal trans-
duction cascades leading to a change in AMPA
receptor permeability (20,21) which is mani-
fested in larger (LTP) or smaller (LTD) excita-
tory postsynaptic potentials (EPSPs). This
persistent change in EPSPs is regarded as a
model for synaptic plasticity sharing mecha-
nisms that are assumed to operate in learning
and memory. Many of the transducing pro-
cesses during and immediately after the poten-
tiating stimulus are carried out by kinases and
phosphatases (reviewed in ref. 22).

Calcineurin Is a Key Participant 
in Neuronal Plasticity

One protein phosphatase that has been
implicated in LTP is calcineurin, a calcium-

dependent serine/threonine phosphatase that
can dephosphorylate protein kinase A (PKA)
substrates (such as calcium calmodulin kinase
II, CamKII). Calcineurin can also activate pro-
tein phosphatase 1 (PP1) by dephosphorylat-
ing inhibitor-1. It has been hypothesized (23)
that this route is active in calcineurin inhibition
of pCREB activation in response to depolariz-
ing stimuli in hippocampal neurons. Enhanced
activity of calcineurin in a genetic model (24)
caused a decrease in some forms of LTP,
whereas inhibiting brain calcineurin in another
genetic model enhanced memory and LTP (25).
Interestingly, forebrain-specific calcineurin
knockout resulted mostly in impaired LTD and
working memory (26). Inhibiting calcineurin
activity in CA1 cells caused potentiation of
EPSPs in slices from adult but not young rats
(27), while in another study Onuma et al. (28)
show that blocking calcineurin inhibited
VGCC LTP in CA1 of 7–10 wk old mice. These
studies establish a role for calcineurin in
synaptic plasticity with a variety in the direc-
tion of this effect (enhancing or inhibiting LTP)
depending on the background conditions.
Interestingly, a calcineurin inhibitory gene
DSCR1 is expressed in brains of AD patients
three fold over that of controls. The expression
of this gene could be induced by the amyloid β
1-42 peptide associated with senile plaques
(29); this may indicate pathologically low cal-
cineurin activity in AD brains as a contributing
factor in mental decline. Conversely, it may
indicate a response to pathologically high
activity of calcineurin, which may be induced
by ROS.

Calcineurin and Age-Dependent
Hippocampal Decline

Calcineurin is a good candidate for linking
age-dependent deficiencies in hippocam-
pal functions and calcium-dependant cellular
mechanisms, as suggested by Foster et al.
(30). They have shown an elevation in cal-
cineurin activity as well as in the activity of
calcineurin-regulated PP1 in aged rats that
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were impaired in hippocampus dependent
memory tasks.

Calcineurin can be activated by H2O2.
Nuclear factor of activated T cells (NFAT) is a
transcription factor that is activated by cal-
cineurin. NFAT activity can be induced by
asbestos (31) or vanadium (32) in a manner
that is dependent on H2O2 production. It can
be enhanced by the H2O2 producing enzyme
superoxide dismutase (SOD) and can be
blocked by the calcineurin inhibitor Cyclo-
sporin A. Inactivation of calcineurin by H2O2
has been shown (33), however this study used
1 mM H2O2 for time dependence of the reac-
tion showing 75% activity decrease after 30
min. And only as little as 0.3 mM H2O2 for
dose dependence, under which an activity plot
was extrapolated. Accordingly, activation of
calcineurin by micromolar concentrations of
H2O2 cannot be ruled out in that study (33).

CamKII activates calcineurin after being
exposed to a rise in intracellular calcium. Sev-
eral studies have shown that H2O2 can induce
an increase in intracellular calcium using vari-
ous cell types and 0.01–10 mM of H2O2
(16,34–41). In some of these studies the
increase in intracellular calcium was sensitive
to thapsigargin indicating its origin in intracel-
lular calcium stores. These studies show that a
change in ROS can induce a change in calcium,
which can then have an effect on calcineurin.

ROS in Brain Plasticity Studies

As mentioned above, aging of the brain is
accompanied by an increase in ROS produc-
tion. Concomitantly, hippocampal slices taken
from aged and young adult rats exhibit differ-
ent responses to similar trains of stimulation.
Slices from aged rats are impaired in LTP and
they exhibit LTD in response to frequencies of
stimulation that do not affect young rats.
Nifedipine, an L-type VGCC blocker can
reverse some of these changes (42). O’Donnell
et al. (5) also reported an age-dependent
decrease in LTP in rats; a decline thought to be
due to oxidative stress. They also demon-

strated an age-dependent increase in SOD
activity. Moreover, stress activated genes that
were upregulated in aged individuals could be
activated in synaptosomes by applying H2O2
(albeit at a high concentration of 5 mM). An
interesting study by Vereker et al. (43) demon-
strated a connection between stress, SOD activ-
ity, and LTP decline. Stress induced a decrease
in LTP, an increase in SOD activity and an
increase in IL-1β concentration. An increase in
IL-1β concentration could increase SOD activ-
ity without the stress. IL-1β alone also inhib-
ited LTP in a manner that was reversible by
adding anti-oxidants, demonstrating that the
IL-1β mediated stress induced LTP decline was
associated with a rise in ROS. Moreover, they
showed a similar decline in LTP in the pres-
ence of 200 µM H2O2. Interestingly, dietary
manipulation with anti-oxidants could restore
LTP in aged individuals that were otherwise
impaired. McGahon et al. (44), have demon-
strated a reversal of age-dependent LTP
decline by dietary supplementation with
omega-3 fatty acids as did Liu et al. (45) by
feeding other anti-oxidative fatty acids: acetyl-
L-carnitine and/or R-α-lipoic acid.

Direct Application of H2O2
to Brain Slices

Several groups have applied H2O2 to brain
slices for the purpose of studying the effects of
ROS on synaptic plasticity. Pellmar et al. (46)
have shown that 0.5 mM H2O2 can inhibit long
term potentiation (LTP) in guinea pig hip-
pocampal slices. Avshalumov et al. (47)
showed a dramatic effect of 1.2–2 mM H2O2 in
reducing population spikes in hippocampal
slices with a consequent epileptiform activity
when H2O2 was washed out (48). These con-
centrations of H2O2 are likely to produce non-
specific effects, with respect to LTP induction
mechanisms. In contrast, some of the LTP-
related phenomena seen in aged animals could
be mimicked in younger animals exposed to
physiologically relevant concentrations of
H2O2; a low concentration of H2O2 (29 µM)
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inhibits muscarinic as well as tetanically
induced LTP in hippocampal slices (49).

We have shown recently (8), that applying 20
µM of H2O2 to hippocampal slices taken from
rats resulted in reduction of LTP and an
increase in LTD without affecting baseline
properties. Blocking calcineurin could antago-
nize this effect of H2O2. Calcineurin was also
shown to be more active in hippocampal slices
exposed to 20 µM H2O2. Interestingly, 1 µM of
H2O2 had a reverse effect, enhancing LTP to
double that of control. This effect of H2O2 was
also blocked by calcineurin inhibitors but also
by rapamycin—an inhibitor of FKBP-12, which
does not interact with calcineurin. When
bound by rapamycin, FKBP-12 dissociates
from ryanodine receptors that control calcium
flow from internal stores. H2O2 at a concentra-
tion of 1 µM also decreased the range of low
stimulation frequencies that could elicit LTD.
These studies demonstrate the effect of H2O2
on synaptic plasticity when it is applied con-
currently with trains of stimulation, which
normally elicit synaptic plasticity. However,
aged individuals are exposed to chronically
altered levels of ROS, which may affect synap-
tic plasticity in different ways.

Transgenic SOD Overexpressing Mice

Under normal conditions, superoxide radi-
cals produced by the mitochondria but also by
the activity of ion channels, are scavenged by
the enzyme SOD. SOD converts superoxide to
H2O2, which is a less reactive, membrane per-
meable intermediate. Interestingly, the gene
encoding the SOD message resides in humans
on chromosome 21 in a region that is triplicated
in Down syndrome—a genetic form of mental
retardation that shares pathological hallmarks
with AD. Transgenic mice overexpressing
human SOD (tg-SOD) were generated (50) and
have been extensively studied as tentative
models of neurodegeneration. These mice
express several copies of SOD and the brains of
the transgenic strain we are currently using
show sixfold enhanced activity of the enzyme

over controls. The neuromuscular junction in
the tongue of tg-SOD mice is degenerated (51)
and they also exhibit thymic abnormalities (52).
On the other hand, tg-SOD mice were found to
be less susceptible to focal cerebral ischemic
injury (53,54) and SOD overexpressing rats
were also protected against ischemia (55).
While kainic acid induced apoptosis is exacer-
bated in cultured neurons from tg-SOD mice
(52), whole animals injected with kainic acid
are protected from seizure in comparison to
controls (56). Thymocytes from tg-SOD mice
have been shown to produce more H2O2 than
controls (52). We have shown (57) that trans-
genic mice overexpressing SOD were impaired
in spatial memory tasks. Hippocampal slices
taken from these mice were impaired in LTP in
a manner that was reversed by catalase, an
enzyme that breaks down H2O2, and also by
the spin trapping agent N-t-butyl-phenylni-
trone. We also found impairment in perforant
path LTP measured in vivo in SOD transgenic
mice (56), as well as resistance to kainic acid
which induced seizures in wild-type controls.
Hippocampal cells in the transgenic mice were
under a high level of GABAergic inhibition
manifested in over-activity of interneurons in
slices from SOD mice. Consequently, bicu-
culline, a GABAergic antagonist, could restore
LTP in the dentate gyrus of SOD mice.

In our recent studies conducted with these
mice (58) we were able to restore LTP in hip-
pocampal slices of tg-SOD mice by perfusing
them with 50 µM H2O2 in a calcineurin-depen-
dent manner. This concentration of H2O2
inhibited LTP in the wt controls. We were
intrigued to find that aged (2 yr old) tg-SOD
slices had altered calcineurin activity and
larger LTP than controls. Aged wt slices were
impaired in LTP in a manner reversible by 50
µM H2O2, as was the case with young tg-SOD
mice, and they also had high levels of endoge-
nous ROS and phosphatase activity.

Interestingly, mutations leading to the neu-
rodegenerative disease ALS have been mapped
to the SOD gene, however it is believed that
these mutations do not inhibit the dismutase
activity, rather, they constitute a “gain-of-func-
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tion” which may also lead to oxidative stress
through a decrease in the enzymes affinity to
zinc (59).

It has been suggested that the LTP impair-
ment as well as memory deficiencies seen in
tg-SOD mice are due to a rapid elimination of
superoxide radicals produced by the activation
of NMDA receptors and not as a consequence
of high levels of H2O2. This can be deduced
from the elimination of LTP with the addition
of superoxide scavengers (60,61) and is sup-
ported by the fact that catalase added to hip-
pocampal slices exposed to SOD as well as to
slices from extracellular SOD overexpressing
mice (62), could not restore LTP. These results
were interpreted as an indication that the over-
production of H2O2 by itself is not the cause for
the reduction in efficacy of LTP, but perhaps
the fast removal of superoxides by SOD. While
this is an interesting interpretation of the data,
the biochemical nomenclature of unit defini-
tions of different enzymes is such that enzy-
matic activity of different enzymes cannot be
compared on a scale of units. Therefore, 121
U/mL of SOD do not necessarily produce less
H2O2 than 260 units/mL of catalase can break
down. Furthermore, externally perfused cata-
lase would have to permeate the slice and be
active at the synaptic cleft, and with negative
results, and lack of independent confirmation
that the enzyme did work, such data is hard to
interpret. These studies further support the
involvement of ROS in the regulation of synap-
tic plasticity.

In the same study, bicuculline was added to
hippocampal slices and LTP was not restored.
We have found the same with slices from intra-
cellular SOD overexpressing mice (see Fig. 2).
This apparent discrepancy with our perforant
path in vivo study may result from the differ-
ences between the preparations, specifically,
the low amount of interneuron inhibitory
innervation that results from transforming a
three-dimensional hippocampus to a two-
dimensional slice.

It has been hypothesized that superoxide can
activate protein kinases and inhibit protein
phosphatases, such as calcineurin (63), however
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Fig. 2. LTP in hippocampal slices from wild type
(wt) and transgenic SOD overexpressing (tg-SOD)
mice. Hippocampal slices were prepared as
described elsewhere (8) and placed in a recording
chamber with a single recording electrode in CA1
stratum radiatum and two stimulating electrodes as
shown schematically. (A) Wt slices were stimulated
by applying theta burst stimulation (TBS, arrow)
through one electrode (squares) which resulted in
excitatory postsynaptic potentials (EPSPs) that were
1.38 ± 0.07 of baseline 25 min after TBS. This was
followed by application of 10 µM bicuculline (bar)
for 5 min followed by TBS through the second elec-
trode (circles) resulting in EPSPs 1.59 ± 0.11 25 min
after TBS. (B) Tg-SOD mice are impaired in LTP
which cannot be rescued by bicuculline. EPSPs of
the first channel 20 min after bicuculine were 1.04 ±
0.1 of baseline, and EPSPs of the second channel
were 1.15 ± 0.04 of baseline 20 min after TBS.



most of the evidence suggesting phosphatase
inhibition stems from experiments using high
levels of oxidants. Interestingly, Knapp and
Klann (64) have demonstrated that LTP could
be induced in rat hippocampal slices via a PKC
dependent pathway by generating superoxide
radicals with the xanthine/ xanthine oxidase
system.

The age-dependent effect of transgenically
overexpressed SOD on LTP provides a link
between chronically elevated levels of H2O2
and synaptic plasticity deficiencies similar to
those seen in aged individuals.

H2O2 and Calcium Channels

Aging, SOD overexpression, and direct
application of H2O2, can increase the tissue
level of H2O2. Elevated H2O2 can induce the

release of calcium from intracellular stores and
this excess calcium can induce calcineurin
activity via CamKII. Active calcineurin
dephosphorylates I-1 resulting in higher activ-
ity of PP1 (see Fig. 3). Which substrate of PP1
could induce changes in LTP?

Norris et al. (42) found that blocking PP1 and
PP2A enhanced EPSPs in aged but not in adult
rats whereas H-7, a serine / threonine kinase
inhibitor decreased EPSPs in adult but not aged
rats. Blocking potassium currents with apamin
was also effective in restoring LTP in aged
slices (65), suggesting a role for calcium-depen-
dent potassium channels in age-dependent LTP
decline. These data are compatible with Camp-
bell et al. (66) who measured an age-dependent
increase in L-type VGCC current. Furthermore,
Mermelstein et al. (67) have shown that the
state of activity of L-type VGCCs can differen-
tially regulate signal transduction cascades.
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Fig. 3. Representation of the sequence of events that may link between redox changes and alterations in
synaptic plasticity. Aging, transgenic intervention, or exogenous addition of H2O2 (1) can increase the intracel-
lular concentration of H2O2 (2) which can then cause the release of calcium from internal stores (3), activating
calcineurin (4); calcineurin-mediated dephosphorylation of Inhibitor-1 (5) allows protein phosphatase 1 to
dephosphorylate PKA substrates on VGCCs (6), altering the permeability of these to calcium (7) which may alter
the opening time of calcium-dependant potassium channels (8) leading to a change in synaptic plasticity.



Nifedipine, an L-type VGCC blocker was effec-
tive in reversing the effects of 1µM H2O2 on
LTP (8). Recently, Norris et al. (68) have shown
that specific blockade of calcineurin decreased
VGCC currents in cultured hippocampal neu-
rons in a manner that was increased in cultures
that were 4 wk old over cultures that were 2 wk
old. VGCC permeability can be controlled by
PKA phosphorylation of several sites on the
channel protein (69,70).

A calcium imaging study conducted in hip-
pocampal slices taken from young adult and
aged rats measured responses to 7 Hz stimula-
tion: aged slices were found to be impaired in
frequency facilitation in a manner that could
be mimicked in young slices by adding the
VGCC agonist Bay K8644 (71) demonstrating
an age-dependent change in VGCC permeabil-
ity. When postsynaptic cells are depolarized by
sustained stimulation, VGCCs remain open
long enough to allow an inward calcium cur-
rent that acts as a messenger for cellular
events. One of the targets of this calcium cur-
rent is a calcium-dependent potassium channel
that affects the cells ability to undergo further
depolarization. Changing the calcium perme-
ability of VGCCs by H2O2 can thus change the
message that a postsynaptic cell is receiving.

Conclusions

Physiologically relevant concentrations of
H2O2, within the 1–50 µM range can induce
changes in synaptic plasticity. These concentra-
tions of H2O2 have been shown to release cal-
cium from intracellular stores. The release of
calcium may result from a redox sensitive
domain on proteins controlling this release
such as ryanodine receptors. Once a shift in
redox state has occurred, either by external
addition of ROS or by genetic manipulation of
cellular anti-oxidants or by normal aging, a
change in calcium may follow. This excess cal-
cium can activate calcium-dependent proteins
such as CamKII, calcineurin and PP1, which in
turn can alter the calcium permeability of L-
type VGCCs. An altered calcium flux at the

time of synaptic potentiating events can
change the neuronal meaning of that event by
inducing changes in calcium-dependent potas-
sium currents (Fig. 3). While our data make a
strong case for calcineurin as the main trans-
ducer of H2O2-mediated signaling in hip-
pocampal slices, this signaling may involve
other, as yet undiscovered transduction cas-
cades. We do, however, mean to emphasize the
perception of H2O2 as an important signaling
molecule. H2O2 is a short-lived, membrane
permeable, oxidant that is well suited for the
role of messenger. This messenger can induce
the release of calcium on both sides of the
synapse triggering concerted activity. Accord-
ingly, H2O2 acting as an acute messenger mole-
cule produced by the activity of ion channels
depends on existing levels of H2O2 prior to
generation of plastic events. A high back-
ground level of H2O2 can induce higher activ-
ity of anti-oxidants, it can also alter the redox
sensitivity of target molecules. In this way, a
high ambient H2O2 level will dampen the
effect of an H2O2 flux that results from synaptic
activity. Thus, our model explains some of the
age-related neuronal phenomena and allows
for testable predictions that may ultimately
improve the way we treat elderly patients with
neurodegenerative diseases.
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