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ABSTRACT

A great body of experimental evidence collected over many years indicates that calcium has a central role in a
variety of neuronal functions. In particular, calcium participates in synaptic plasticity, a neuronal process
presumably correlated with cognitive brain functions such as learning and memory. In contrast, only recently,
evidence has begun to emerge supporting a physiological role of reactive oxygen (ROS) and nitrogen (RNS)
species in synaptic plasticity. This subject will be the central topic of this review. The authors also present re-
cent results showing that, in hippocampal neurons, ROS/RNS, including ROS generated by iron through the
Fenton reaction, stimulate ryanodine receptor-mediated calcium release, and how the resulting calcium sig-
nals activate the signaling cascades that lead to the transcription of genes known to participate in synaptic
plasticity. They discuss the possible participation of ryanodine receptors jointly stimulated by calcium and
ROS/RNS in the normal signaling cascades needed for synaptic plasticity, and how too much ROS production
may contribute to neurodegeneration via excessive calcium release. In addition, the dual role of iron as a nec-
essary, but potentially toxic, element for normal neuronal function is discussed. Antioxid. Redox Signal. 9,
245-255.

INTRODUCTION ischemic conditions or neurodegenerative disorders, such as
Alzheimer’s and Parkinson disease. Accordingly, a better un-
derstanding of the functional relationships between the me-
tabolism of ROS/RNS and normal neuronal functions, includ-
ing synaptic plasticity, ought to provide novel insights on how
to contain the deleterious effects of uncontrolled ROS/RNS

production on neuronal survival.

FUNCTIONALLY ACTIVE NEURONS display increased oxygen
consumption and metabolic activity as well as increased
activity-dependent reactive oxygen (ROS) and nitrogen
(RNS) species generation. Yet, ROS, and possibly RNS as
well, are double-edge swords for neuronal function. On the
positive side, ROS/RNS generated during physiological
synaptic activity are required for the long-term structural and
functional neuronal changes necessary for synaptic plasticity
(106). On the negative side, the powerful oxidative metabo-

CALCIUM AND SYNAPTIC PLASTICITY

lism of the brain (25) generates large amounts of ROS as
byproducts; this condition increases with age and produces
neuronal oxidative stress (26). As a consequence, neuronal
survival is at risk during normal aging and in other conditions
that promote oxidative stress, including post-traumatic and

Calcium signals initiate many neuronal responses, includ-
ing secretion of neurotransmitters, synaptic plasticity, and
gene expression (15, 16). Neuronal calcium signals can be
produced by calcium influx through plasma membrane volt-
age- or neurotransmitter-activated calcium channels, or via
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calcium release from intracellular stores (15, 84). Depletion
of calcium stores also generates calcium influx via store-
operated calcium channels (9, 34). Calcium plays a central
role in many forms of synaptic plasticity. Long-term potentia-
tion (LTP) and long-term depression (LTD) represent experi-
mental models to study activity-dependent synaptic modifi-
cations (12, 78) that cause long-term structural and functional
changes in neurons through the expression of new gene prod-
ucts (77). Several steps in the process of activity-dependent
gene expression are calcium dependent (85, 113), engaging
nuclear and cytoplasmic factors that decode spatial and tem-
poral properties of cellular calcium signals (15, 18, 28, 108).
In the hippocampus, the most extensively studied forms LTP
and LTD at the CAl region depend on N-methyl-D-aspartate
(NMDA) receptor activation and require a postsynaptic cal-
cium increase (12, 77). Phosphorylation of the nuclear tran-
scription factor cAMP/calcium response element binding pro-
tein (CREB) is considered critical for the maintenance of LTP
and for several forms of learning and memory (21, 77). The
acute expression of constitutively active CREB causes an en-
hancement of both NMDA receptor-mediated synaptic re-
sponses and LTP in the hippocampus (80). Activity-dependent
CREB phosphorylation induces the transcription of many neu-
ronal genes, including c-fos and brain-derived neurotrophic
factor (BDNF) (86, 113). C-fos is a classical early immediate
gene induced by neuronal activity (113) that has been impli-
cated in hippocampal-dependent LTP and memory formation
(38). CREB activation may also participate in the activation to
egr-1, an early immediate gene induced during many forms of
neuronal plasticity in the hippocampus and other brain regions
(77). The gene promoters for both c-fos and egr-1 contain re-
sponse elements for CREB and for serum response factor
(SRF), which in hippocampal cells are calcium dependent (56).
CREB-dependent transcription of genes involved in synap-
tic plasticity entails long-term CREB phosphorylation by the
calcium-sensitive Ras/ERK (extracellular signal-regulated ki-
nase) pathway (2, 46, 55, 77, 112, 114). ERK activation is in-
volved in the generation of several forms of LTP and in some
types of long-term memory acquisition, such as hippocampus-
dependent spatial learning (112). A role for ERK at the level
of translational control of gene expression in some forms of
hippocampal LTP and memory has also been reported (63).

SYNAPTIC PLASTICITY AND ROS/RNS

A number of cellular enzymes, including nitric oxide syn-
thase, xanthine oxidase, and NADPH oxidase (NOX), as well
as the metabolism of arachidonic acid and the mitochondrial
electron transport chain, produce RNS/ROS such as nitric
oxide (NO), superoxide anion, and hydrogen peroxide (H,O,)
(30). In addition, the highly reactive hydroxyl radical, which
is not produced by any known enzymatic reaction, is formed
from H,O, via the Fenton reaction in the presence of redox-
active metals such as Fe2t, Mn2*, and Cu!* (109).

Sources of ROS/RNS in the hippocampus

Several reports indicate that NMDA receptor activation
promotes ROS and RNS generation in hippocampal neurons
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(17, 24, 53, 102). Local calcium entry into postsynaptic ter-
minals following NMDA receptor activation stimulates the
neuronal NO synthase attached to the postsynaptic membrane
complex, leading to significant NO production (48). NMDA
receptor stimulation also activates mitochondrial generation
of superoxide anion in rat hippocampal pyramidal neurons in
culture and in rat brain hippocampal slices (17, 53). Further-
more, hippocampal neurons possess an intrinsic postsynaptic
NOX activity that produces superoxide anion following
NMDA receptor activation (65, 107, 110). Through enzy-
matic or chemical dismutation, superoxide anion generates
H,0,, which represents quantitatively the most important
readily permeable peroxide generated by neuronal cells (29).
As described above, in the presence of transition metals such
as iron, H,O, is converted into the highly reactive hydroxyl
radical. We will discuss next possible effects of NO, superox-
ide anion, H,0,, iron, and hydroxyl radical on synaptic plas-
ticity, centering the discussion on their effects on hippocam-
pal neurons.

LTP and reactive nitrogen and oxygen species

Activity-dependent NO generation has been associated
with synaptic plasticity and calcium signaling in neurons (99,
116). NO gas is a freely diffusible second messenger that may
activate presynaptic or postsynaptic signal transduction path-
ways, such as the cascade composed of guanylyl cyclase,
cGMP-dependent protein kinase, and ADP-ribosylcyclase.
Stimulation of ADP-ribosylcyclase enhances in turn the syn-
thesis of cADPR, a second messenger known to activate
RyR-mediated calcium release (39, 43). It has also been re-
ported that NO activates a presynaptic component of early
LTP, presumably via stimulation of guanylyl cyclase and
cGMP-dependent protein kinase (48). In CAl area neurons,
blockade of postsynaptic RyR markedly reduces NO-induced
LTP (76), while blockade of RyR—presumably presynap-
tic—markedly reduces NO-induced LTD (100). Possible
mechanisms accounting for RyR involvement in NO-induced
LTP will be discussed below.

In addition to NO, ROS have also been implicated in hip-
pocampal LTP (106). Cell-permeable scavengers of superox-
ide anion block LTP induction in area CA1 of the hippocam-
pus (66). Activation of NMDA receptors stimulates a
postsynaptic NOX activity that generates superoxide anion,
which readily dismutates into H,0,; addition of catalase to
scavenge H,O, attenuates LTP in the hippocampus (111),
implicating H,O, in LTP induction. Yet, divergent results on
the effects of H,O, on hippocampal function have been re-
ported (60). Electrophysiological studies in rat hippocampal
slices indicate that H,O, inhibits population spikes (8) and
slow onset (NMDA-independent) LTP induced by mus-
carinic agonists or tetanic stimulation (7). In CAl in hip-
pocampal slices, initial augmentation and subsequent long-
lasting depression of population spikes and excitatory
postsynaptic potentials by H,O, have also been reported
(62). In contrast, low concentrations of H,0, (1 uM) cause a
twofold increase in tetanic LTP and enhance NMDA recep-
tor-independent LTP in the hippocampus compared to con-
trols (59). Likewise, a significant increase in excitatory
postsynaptic potentials by H,O, occurs in sympathetic pre-
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ganglionic neurons (74). The use in some of these studies of
high (mM) H,O, concentrations, which are unlikely to occur
under physiological conditions and which may promote dele-
terious oxidative reactions, may explain the reported in-
hibitory effects of H,0, on LTP (60).

ROS-induced activation of ERK
and CREB phosphorylation and
early genes in neurons

Recent evidence indicates that ROS have an important
role in ERK activation and in long-lasting LTP induction in
the hippocampus (65, 106). Pharmacological and genetic ma-
nipulations that lead to NOX inhibition abolish NMDA re-
ceptor-induced ERK activation (65). These results suggest
that NOX-dependent ROS production forms part of the sig-
naling cascades linking stimulation of NMDA receptors with
ERK activation in hippocampal neurons. Several reports indi-
cate that exogenously added H,0, also increases ERK phos-
phorylation in PC12 cells (14, 45, 118, 120) and cortical neu-
rons (27). Treatment of PCI12 cells in culture with pM
concentrations of H,O, enhances ERK1/2 phosphorylation
within minutes (45, 120). In PC12 cells, activation of ERK1/2
phosphorylation by 300 uM H,O, takes place even in the
presence of a hydroxyl radical scavenger (118), presumably
ruling out Fenton-generated hydroxyl radicals in this re-
sponse. Stimulation of cortical neurons with 0.1-1 mM H,0O,
for 15 min produces concentration-dependent increases in
ERK1/2 and CREB phosphorylation (27). Likewise, PC12
cells exposed to 1 mM H,O, show increased CREB phospho-
rylation (14). In hippocampal slices, 10 mA/ H,0, increases
ERK1/2 phosphorylation and this increase is blocked by the
antioxidant N-acetylcysteine (61).

We have reported recently that H,O, generates intracellu-
lar ryanodine-sensitive calcium signals that enhance sequen-
tially ERK and CREB phosphorylation in N2a cells and hip-
pocampal neurons (22, 65). These findings strongly suggest
that H,O, stimulates RyR-mediated calcium release from in-
tracellular neuronal stores, as it does in skeletal and cardiac
muscle (19, 94) and in RyR-enriched vesicles isolated from
these tissues (52, 104). The ensuing calcium concentration
increase would promote ERK activation, which in turn would
stimulate CREB phosphorylation. Although H,O, can also
stimulate ERK through direct redox modifications of the Ras
protein (1, 50), we found that preincubation of neurons with
ryanodine, in conditions that ensure selective RyR inhibi-
tion, prevents the stimulation of ERK/CREB phosphoryla-
tion induced by H,O, (Fig. 1). In the same model of hip-
pocampal cells in culture, we have also found that H,0,
increased the mRNA levels of the early genes c-fos and egr-
1, while preincubation with ryanodine prevented this stimu-
lation (Fig. 2). As discussed above, the promoters for both
early immediate genes contain response elements for the
transcription factors CREB and SRF, which in hippocampal
cells are calcium dependent (56). These results provide fur-
ther evidence for a link between H,0, and RyR-induced cal-
cium release, and strongly suggest that RyR are primary tar-
gets of H,O, in hippocampal neurons. The possible role of
H,0,-induced RyR stimulation on synaptic plasticity will be
discussed below.
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A ROLE FOR IRON
IN SYNAPTIC PLASTICITY

Iron is a trace element essential to the maintenance of nor-
mal physiological functions. In vertebrates, iron-containing
proteins play a key role in diverse physiological processes,
such as oxygen transport, respiration, DNA synthesis, certain
aspects of host defense, xenobiotic metabolism, and the syn-
thesis of some essential neurotransmitters and hormones
(44). It has been well established that humans require an ade-
quate iron supply for optimal growth and cognitive develop-
ment (13); consequently, iron deficiency represents a serious
nutrition quandary.

Physiological functions of iron in the brain

Iron has particularly relevant roles in neuronal function. In
humans, iron deficiency anemia during infancy is associated
with inferior performance on mental and motor tests and on
behavioral conduct (32, 42, 75). Animal studies have revealed
that feeding rats with low iron diets early in life results in ir-
reversible alterations of brain functions, which are related to
insufficient myelination (13, 96), and causes defective estab-
lishment of dopaminergic tracts (3, 83). Despite normaliza-
tion of hematology, growth, and most brain functions, early
iron-deficient animals carry persistent deficits in sensory and
motor abilities, and in their response to novel settings and
performance on spatial learning tasks; all these defects are
consistent with fundamental alterations of the striatal
dopaminergic and hippocampal systems (36).

Iron as a generator of neuronal ROS

Because of its capacity to participate in one-electron re-
actions, iron is a pro-oxidant element. The pro-oxidant activ-
ity of iron is not necessarily deleterious to neurons, and may
even be essential if maintained within physiological limits.
Thus, SHSYS5Y neuroblastoma cells with decreased iron
content exhibit altered excitability, including a reduction in
resting membrane potential and in whole cell current ampli-
tude evoked by depolarizing voltage pulses (90). One possi-
ble explanation to account for iron essentiality could be its
contribution to maintain a necessary “oxidative tone” in neu-
rons. Yet, because of its ability to undergo one-electron reac-
tions, Fe2* catalyzes through the Fenton reaction the trans-
formation of the mild oxidant H,O, into hydroxyl radical,
one of the most reactive species in nature (109). The Fenton
reaction follows mass action law, so hydroxyl radical pro-
duction is proportional to the reactive FeZ" concentration.
There are no known specific mechanisms to detoxify hy-
droxyl radical; hence, once generated this species reacts
quickly with cellular lipids, proteins, and DNA (44, 47). To
maintain iron within a concentration window that allows for
its necessary physiological functions and impedes the forma-
tion of highly reactive ROS, mammalian cells (including
neurons) possess a post-transcriptional regulation mecha-
nism known as the iron responsive element/iron regulatory
protein (IRE/IRP) homeostatic system. The IRE/IRP system
is a translational regulation system that upon activation by
low cellular iron levels induces the expression of transferrin
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FIG. 1. Effects of H,0, and ryanodine on ERK/CREB
phosphorylation (A, B) and cytoplasmic Ca2*signals (C) in
hippocampal neurons. (A) Hippocampal cells in culture ob-
tained from Sprague—Dawley rats at embryonic day 18 were
used for experiments at 12 DIV. The animal ethics committees
of the institutions where this work was carried out approved all
experimental procedures involving the use of animals. Cells
were washed with phosphate buffered saline (PBS) and main-
tained for 1 h under resting conditions in Krebs—Ringer (in
mM: 20 HEPES-Tris, pH 7.4, 118 NaCl, 4.7 KCI, 3 CaCl,, 1.2
MgCl, and 10 glucose) in the absence or presence of 50 pM
ryanodine to inhibit RyR. For H,0O, stimulation, cells were ex-
posed to 200 pM H,0, for 20 min. (B) Hippocampi from 6- to
8-week-old C57/Bl6 male mice were removed, and 400 pm
slices were prepared. Slices were maintained in artificial cere-
brospinal fluid (in mM: 125 NaCl, 2.5 KCl, 1.25 NaH,PO,, 25
NaHCO,, 25 p-glucose, 2 CaClzy and 1 MgCl,, saturated with
95% 0,/5% CO,) for 1.5 h before stimulation with H,0,. To in-
hibit RyR, slices were preincubated for 60 min with 50 pM
ryanodine before addition of 1 uM H,0,. The upper part of
each panel in A or B illustrates Western blots for phospho-
ERK1/2 or phospho-CREB and for total ERK or CREB as
loading controls. The bar graphs under the Western blots repre-
sent the ratios (mean + SE) of phospho-ERK1/2 over total
ERK (black solid bars) or phospho-CREB over total CREB
(gray solid bars). All values were normalized to the control
values obtained in the absence of H,O, or ryanodine. *p <
0.05; **p < 0.01, ANOVA followed by Dunnett’s posttest. (C)
Intracellular CaZ* signals in hippocampal cells in culture stim-
ulated by H,O,. Control hippocampal cells, or cells pretreated
with 50 uM ryanodine for 1 h, were loaded with the Ca?* indi-
cator Fluo 3-AM and then exposed to 200 pM H,O,. Fluores-
cence image data were taken at room temperature (20-22°C) in
the time line scan mode in a confocal microscope (Carl Zeiss
LSM 5 Pascal, Oberkochen, Germany). Line scans were ori-

ented along segments of neuronal prolongations, and the resulting Ca?* signals are presented as AF/F_ values, where F_ corre-
sponds to the basal fluorescence obtained from 2,000 or 4,000 line scans. Values were obtained from five different cultures, with
n =23 for control cells (closed circles) and n = 8 for cells preincubated with 50 pM ryanodine (open circles). All values are given

as mean + SE.

receptor and, probably, of the iron import transporter DMT 1
(49, 54). The IRE/IRP system is also activated by oxidative
stress, including iron-induced oxidative stress, leading to
faulty regulation of iron homeostasis (92).

Although iron seems to be essential for normal brain func-
tion, iron accumulation is a source of ROS-mediated cell
damage (Fig. 3). Accompanying iron-induced ROS increase,
there is a reduction in the reduced glutathione (GSH) content
in SHSYS5Y cells, which results in a decrease in the reduction
potential given by the GSH/GSSG (oxidized glutathione)
ratio. Massive cell death correlates with changes in cellular
reduction potential, to values more positive than —300 mV
(91). Interestingly, even under deleterious iron loads, a frac-
tion of the cell population adapts and survives by signifi-
cantly increasing their GSH content (4). Thus, iron is a two-
faced element, both essential and potentially toxic to
neuronal cells. Toxicity arises from the failure of these cells
to stop iron accumulation through the IRE/IRP system, lead-
ing to the establishment of the vicious cycle “iron — oxida-
tive stress — IRP1 activity” (93).

Increasing intracellular iron levels
induces RyR-mediated Ca®* release

As described above, in hippocampal synapses a rise in in-
tracellular postsynaptic calcium concentration is required for
synaptic plasticity. This increase is initially produced by cal-
cium influx through activated NMDA receptors. Through
calcium-induced calcium release (CICR), ryanodine-
sensitive intracellular stores contribute to amplify the initial
calcium entry signal; the resulting calcium signal triggers the
activation of a number of signaling cascades such as the
Ras/ERK pathway (69). As already mentioned, recent evi-
dence suggests that ROS participate as second messengers in
normal physiological processes in neurons. For example, acti-
vation of NMDA receptors results in the production of ROS,
which appears to be critical for synaptic plasticity, one of the
cellular mechanisms that underlie learning and memory (10,
58). Recent work in our laboratory indicates a novel correla-
tion between iron and calcium signals. Thus, iron addition to
PC12 cells (Fig. 4A), or cultured hippocampal neurons (not
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FIG. 2. Effects of H,0, and ryanodine on the mRNA levels
of the early immediate genes c-fos and egr-1 in hippocam-
pal cells in culture. Hippocampal neurons in culture were
washed with PBS and maintained for 60 min under resting con-
ditions in Krebs—Ringer medium in the presence or absence of
50 uM ryanodine. Cells were exposed for 30 min to 200 uM
H,0, in the presence or absence of 50 pM ryanodine; mRNA
levels were analyzed by semiquantitative RT-PCR as previ-
ously described (23), except that f—actin was used as an inter-
nal control. (A) Results from a representative experiment illus-
trate the H,O,-induced increase in c-fos and egr-1 expression;
this increase was not observed in cells pre-incubated with
ryanodine. (B) The bar graph illustrates the mean + SE values
of PCR products, normalized to the control values determined
in the absence of ryanodine. ***p < 0.001, ANOVA, followed
by Bonferroni’s posttest.

shown), generates ryanodine-sensitive calcium signals indi-
cating that RyR calcium release channels mediate this re-
sponse. Our recent studies (89) on the effects of iron on the
ERK pathway and on calcium signal generation in neuronal
PC12 cells have revealed that increasing cellular iron to 20
M activates the ERK pathway, while the iron chelator desfer-
rioxamine (DFO), mannitol (an hydroxyl radical trapping
agent) or ryanodine 20 puM suppressed these effects (Fig. 4B,
89). These findings suggest that increasing iron promotes sig-
nificant hydroxyl radical generation, which elicits RyR-me-
diated calcium signals that activate the ERK pathway.

Iron is a necessary element in LTP

In human infants, anemia produced by iron deficiency has
been associated with altered cognitive, motor, and social-
emotional outcomes. Late fetal and early postnatal iron defi-
ciency is a common condition that causes learning and mem-
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ory impairments while individuals are iron deficient, and
which persist following iron repletion (13, 36, 42). Rodent
models of fetal iron deficiency display significant structural
and biochemical abnormalities in the hippocampus, which
may predispose hippocampal area CA1 to abnormal electro-
physiological responses (57). Rat pups made iron deficient
during the fetal and early postnatal period show no differ-
ences in basal synaptic transmission at CA1 between iron-
sufficient and iron-deficient pups at postnatal days P15 or
P30. Nevertheless, the iron deficiency group does not demon-
strate by P65 the expected developmental increase in synaptic
strength; likewise, paired-pulse facilitation (PPF) ratios from
iron-deficient slices do not exhibit the distinctive develop-
mental changes of the iron-sufficient group (57). Hippocam-
pal slices from iron-deficient animals show deficits in LTP
even after iron repletion, since they retain a developmentally
immature P15 pattern of LTP at P30, and a lower LTP pattern
at P65 (57). Conversely, hippocampal brain slices prepared
between postnatal day 25 and 37, obtained from rats placed
on iron-deficient or control diets on gestational day 11, are
not impaired in short-term PPF or long-term measurements
of LTP in either the dentate gyrus (DG) or CA1l areas (82).
Additionally, rats subjected to perinatal nutritional iron defi-
ciency show impaired hippocampus-dependent learning when
exposed to a fear-conditioning protocol (81). These combined
results indicate that iron plays a central role in the functional
development of the nervous system, and suggest that distinct
hippocampal regions (i.e., the DG or CAl) may be differen-
tially compromised by developmental iron deficiency.

To explore the possible role of iron in LTP, we incubated
hippocampal slices obtained from late fetal and early post-
natal iron sufficient rats with the iron chelator DFO. We
found that pre-incubation of slices with DFO inhibited LTP
induced by tetanic stimulation (Fig. 5B and C) in hippocam-
pal area CA1l, but did not modify basal synaptic transmis-
sion or paired-pulse facilitation (Fig. 5D). These findings,
which suggest strongly that iron is needed for LTP, provide
new functional corroboration to the previously reported
structural and biochemical abnormalities of the iron-
deficient rat hippocampus (57). They also provide a poten-
tial model to account for the learning and memory deficits
exhibited by humans and animals exposed to fetal or early
postnatal iron deficiency, and for the persistent neurochemi-
cal and behavioral abnormalities exhibited by adult rats sub-
jected to perinatal iron deficiency anemia, despite early iron
supplementation.

CROSS TALK BETWEEN ROS/RNS,
INCLUDING IRON-GENERATED ROS, AND
CALCIUM IN SYNAPTIC PLASTICITY

The preceding sections have detailed how the strong acti-
vation of the hippocampal NMDA receptor during LTP-
induction produces a postsynaptic increase in calcium, NO,
and ROS, and how a decrease in cellular iron impairs LTP in-
duction while an increase generates ryanodine-sensitive cal-
cium signals and enhances ERK phosphorylation. We will
discuss here how the combined increase in calcium, iron,
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grown under similar conditions were tested for cell viability by the MTT method (87). Close to 50% of the cells died after 2
days in culture with 80 or 120 puM iron (adapted from Ref. 90). ***Significantly different (p < 0.001); NS, not significantly
different when compared to the controls grown in 7 uM Fe (two-tailed ANOVA).

ROS, and NO produced by NMDA receptor activation may
jointly stimulate postsynaptic RyR-mediated calcium release,
producing the calcium signals required for LTP induction and
maintenance. We will also discuss how changing cellular iron
levels may affect RyR-mediated calcium release and synaptic
plasticity. The particular focus on RyR-mediated calcium re-
lease is based on several observations, detailed below, which
implicate RyR on synaptic plasticity and learning.

A requirement for RyR-mediated calcium release to elicit
NMDA receptor-mediated calcium signals in hippocampal
postsynaptic dendritic spines has been described (33), albeit
opposing results have also been reported (68). Supporting a
role for RyR in the generation of NMDA receptor-dependent
calcium signals, we have found that preincubation of hip-
pocampal neurons in culture with 50 uM ryanodine blocks
both the intracellular calcium increase and the stimulation of
ERK phosphorylation induced by NMDA (89). Furthermore,
RyR inhibition with 10 pM ryanodine significantly reduces
late LTP induction and activity-dependent CREB phosphory-
lation in postsynaptic neurons, while a lower (RyR-activat-
ing) concentration of ryanodine shifts early LTP to late LTP
(76). Other experimental approaches also support a role for
RyR in synaptic plasticity. In hippocampal neurons, RyR ac-
tivation enhances activity-dependent release of BDNF (11)
and elicits a significant increase in spine surface area (67),
while treatment (3—6 h) of cultured hippocampal neurons
with BDNF induces mRNA that encode for RyR2 among
other synapse-associated proteins (103). Additionally, the
hippocampus of rats trained in an intensive water maze task

displays increased RyR2 expression, suggesting that RyR-
mediated calcium release signals may be involved in memory
processing after spatial learning (121).

Evidence gathered from many studies suggests strongly
that cellular redox state determines RyR-mediated CICR
(51). The RyR molecule contains “highly reactive” cysteine
residues (defined as such by their ability to react at physio-
logical pH), which are susceptible to modification by oxida-
tion, S-nitrosylation, S-glutathionylation, and alkylation. By
modifying these cysteine residues, H,O,, nitrosoglutathione,
glutathione disulfide, and NO or NO donors significantly en-
hance RyR activity (51), while reducing agents have the op-
posite effects (6, 35, 37, 98). In particular, highly reduced
single RyR channels from neurons barely respond in vitro to
activation by calcium (79), even in the presence of ATP (20).
Resting neurons have cytoplasmic GSH/GSSG ratios = 60
(91); the resulting highly reducing potential of the neuronal
cytoplasm (105) should keep RyR in a reduced state, a condi-
tion that may prevent efficient RyR activation by calcium.

The precise molecular mechanisms connecting synaptic
RyR with NO-induced LTP or LTD have not been established.
Based on the evidence discussed so far, we propose that RyR
modification by ROS/NO generated by strong stimulation of
NMDA receptors allows efficient RyR activation by the con-
comitant calcium entry signals. Alternatively, a role for
cADPR (generated via stimulation of ADP-ribosylcyclase by
NO) has been proposed (76). Thus, in neurons, cADPR may
facilitate the activation of RyR-mediated calcium release by
cytoplasmic calcium, as it does in sea urchin eggs (70, 71,
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FIG. 4. Effects of iron on ryanodine-sensitive Ca2+ release
(A) and ERK phosphorylation (B) in PC12 cells. (A) Con-
trol PC12 cells (/eft) or cells pretreated with 20 pM ryanodine
for 1 h (right) were loaded with the Ca?* indicator Fluo 3-AM
and then challenged with Fe-NTA (1: 2.2, mol: mol). Confocal
line-scan images were taken at a high temporal resolution (2
ms per line) in a LSM 510 confocal microscope equipped with
a CO,- and temperature-controlled chamber. 4rrows indicate
addition of 20 uM Fe-NTA. (Figure from Ref. 89, with permis-
sion from the publisher). (B) Quantitative Western blot analysis
of ERK phosphorylation (upper sections) in PC12 cells ex-
posed to 20 uM Fe-NTA during 1 h or to 20 uM Fe in the pres-
ence of 500 uM DFO, added as iron chelator, or of 100 mM
mannitol, added as hydroxyl radical trapper. After analysis
with an antibody against phosphorylated ERKs (P-ERK1/2),
the membranes were stripped and reblotted with an antibody
against total ERK (Total ERK1/2). 44 and P2 indicate the mi-
gration of the 44 KDa and 42 KDa ERK subunits, respectively.

97). In either case, the resulting postsynaptic calcium signal
amplification, if sufficiently large, would trigger the expres-
sion of genes involved in long-term synaptic plasticity.

The ryanodine-sensitive calcium signals induced by in-
creasing cellular iron are blocked by the iron chelator DFO
and by the hydroxyl radical trapper mannitol. These results
suggest that hydroxyl radicals generated via the Fenton reac-
tion can activate RyR-mediated calcium release (89), as
shown in an earlier study of cardiac RyR (5). The mecha-
nisms underlying RyR activation by hydroxyl radicals are un-
known. The hydroxyl radical is an extremely reactive species
that diffuses only a few A° before reacting (109). If RyR had
specific iron binding site(s) in which iron remained redox-
active, hydroxyl radicals produced in situ could stimulate
RyR activity by modifying amino acids present in the imme-
diate vicinity of these putative iron binding sites. This type of
mechanism was recently reported for the activation of PerR
(72), a peroxide-sensing transcription factor that regulates in-
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ducible peroxide-defense genes (87). Redox-active Fe2*, co-
ordinated to residues H35, D85, H91, H93, and D104 of the
PerR protein, reacts with ambient H,0, via the Fenton reac-
tion; the hydroxyl radical produced reacts with H37 or H91
causing PerR activation. The search for RyR iron binding
sites may elucidate if a similar mechanism is responsible for
RyR activation by hydroxyl radicals. Alternatively, iron could
chemically modify RyR and stimulate its activity through
more circuitous routes, such as increased NO production (40,
115) or lipid peroxidation (73, 117).

CONCLUSIONS AND
PHYSIOLOGICAL IMPLICATIONS

In summary, we propose that RyR-mediated cross talk be-
tween calcium signaling and redox signaling pathways may be
one of the earliest events of the postsynaptic signaling initi-
ated by NMDA receptor activation, which culminates in long-
lasting hippocampal LTP. Conditions that promote oxidative
stress, such as increased iron content (119) or aging (31), may
imbalance this cross communication, resulting in excessive
stimulation of calcium release that, if not controlled, could in-
duce pathological conditions or even neuronal death (95).
Noteworthy, inhibition of RyR-mediated calcium release in
hippocampal CA1l neurons reduces or eliminates the age-
induced differences in calcium-dependent biomarkers (41).
These results suggest that excessive ROS production in aging
neurons (31) may cause faulty calcium homeostasis through
over stimulation of RyR-mediated CICR.
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gyrus; ERK, extracellular signal-regulated kinase; GSH, re-
duced glutathione; GSSG, oxidized glutathione; H,O,, hydro-
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FIG. 5. Effect of the iron chelator DFO on the induction of LTP in hippocampal area CA1 by high frequency stimulation of
afferent CA3 area fibers. The hippocampus from male Sprague Dawley rats (100—-150 pg) was removed and 400 um slices
were prepared. The slices were perfused for 1-2 h with a standard saline solution (in mM: 124 NaCl, 4.4 KCI, 26 NaHCO,, 10 b-
glucose, 2 CaCl,, and 2 MgCl,, gassed with 95% O,/5% CO,, pH 7.4) in a chamber at 30-32°C. Baseline responses were obtained
by stimulating at 0.033 Hz using an intensity that yielded half-maximal potential slopes. Test stimuli (50 ps) were given at a cur-
rent (30-50 pA) that produced 50% of the maximum initial slope of the extracellular field excitatory post synaptic potential
(fEPSP), which was recorded extracellularly in the CA1 stratum radiatum after stimulation with concentric bipolar electrodes.
Responses to Schaffer collateral stimulation in area CA1 were monitored for a minimum of 20 min before induction of LTP. In
most cases, two slices were recorded simultaneously. (A) Scheme of the LTP induction protocol. Four episodes of theta burst stim-
ulation (TBS) were delivered at 0.1 Hz, using the same stimulation intensity as for baseline. For TBS, 10 stimulus trains, each
composed of four pulses at 100 Hz, were delivered at 5 Hz. (B) Overlay of representative field potential (FP) traces, obtained in
control conditions or after previous incubation of slices with 1 mA/ DFO for 20 min. One trace was taken during baseline and the
other 60 min after delivery of the final train of repeated high-frequency stimulation (HFS). (C) Effect of DFO on LTP induced by
4x TBS. Slices were incubated for 20 min with 1 mM DFO; after DFO removal, basal stimulation was started and kept for 20 min
before delivery of TBS; p < 0.05. (D) Comparison of paired-pulse facilitation (PPF, 40 ms interpulse interval) in control and
DFO-treated groups. Data of the facilitation of the second response, given as the ratio (mean + SE) between the slopes of the sec-
ond and first response, were obtained in each condition from at least seven slices from 3 mice. * Significantly different (two-
tailed p value = 0.0410) compared to the value obtained in the absence of DFO.
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