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Iron deficiency hinders hippocampus-dependent learning
processes and impairs cognitive performance, but current
knowledge on the molecular mechanisms underlying the unique
role of iron in neuronal function is sparse. Here, we investigated
the participation of iron on calcium signal generation and
ERK1/2 stimulation induced by the glutamate agonist N-
methyl-p-aspartate (NMDA), and the effects of iron addition/
chelation on hippocampal basal synaptic transmission and long-
term potentiation (LTP). Addition of NMDA to primary hip-
pocampal cultures elicited persistent calcium signals that
required functional NMDA receptors and were independent of
calcium influx through L-type calcium channels or a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptors; NMDA
also promoted ERK1/2 phosphorylation and nuclear transloca-
tion. Iron chelation with desferrioxamine or inhibition of rya-
nodine receptor (RyR)-mediated calcium release with ryanodine-
reduced calcium signal duration and prevented NMDA -induced
ERK1/2 activation. Iron addition to hippocampal neurons read-
ily increased the intracellular labile iron pool and stimulated
reactive oxygen species production; the antioxidant N-acetyl-
cysteine or the hydroxyl radical trapper MCI-186 prevented
these responses. Iron addition to primary hippocampal cultures
kept in calcium-free medium elicited calcium signals and stim-
ulated ERK1/2 phosphorylation; RyR inhibition abolished these
effects. Iron chelation decreased basal synaptic transmission in
hippocampal slices, inhibited iron-induced synaptic stimula-
tion, and impaired sustained LTP in hippocampal CA1 neurons
induced by strong stimulation. In contrast, iron addition facili-
tated sustained LTP induction after suboptimal tetanic stimula-
tion. Together, these results suggest that hippocampal neurons
require iron to generate RyR-mediated calcium signals after
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NMDA receptor stimulation, which in turn promotes ERK1/2
activation, an essential step of sustained LTP.

Iron deficiency during early life is associated with signifi-
cantly lower cognitive and behavioral infant development
(1-3), severe deterioration of hippocampal neuronal function
(4-6), and poor memory and spatial learning capabilities (7-9).
Current understanding of the relationship between neuronal
function and brain iron status is sparse, and the molecular
mechanisms underlying the essential role of iron in neuronal
function remain mostly unidentified. Nonetheless, a role for
iron in synaptic plasticity and the associated generation of post-
synaptic Ca>" signals has begun to emerge (10-12).

Neurons obtain iron via transferrin-dependent and -inde-
pendent uptake pathways. The iron concentration in cerebro-
spinal fluid is sufficient to saturate the binding capacity of
transferrin (13). This feature highlights the need for transfer-
rin-independent iron uptake, which is likely to occur in neurons
that express the iron transporter DMT1, such as hippocampal
pyramidal and granule cells, cerebellar granule cells, pyramidal
cells of the piriform cortex, substantia nigra, and the ventral
portion of the anterior olfactory nucleus (14-16). The high
DMT1 expression levels in these neurons suggest that DMT1-
mediated iron uptake is necessary for their function.

Iron uptake into neurons stimulates the generation of reac-
tive oxygen species (ROS)* and modifies the redox potential
established by the intracellular levels of oxidized and reduced
glutathione (17). Consequently, by modifying the cellular redox
potential, iron is likely to modulate the balance between
reduced and oxidized sulthydryl groups in proteins. Iron,
through the Haber-Weiss and Fenton reactions, is also a net
generator of ROS, including the highly reactive hydroxyl radical
(18, 19).

3 The abbreviations used are: ROS, reactive oxygen species; NMDA, N-methyl-
D-aspartate; RyR, ryanodine receptor; LTP, long-term potentiation; AMPA,
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; LIP, labile iron
pool; Fe-NTA, FeCl;-sodium nitrilotriacetate; DCDHF-DA, 2’,7’-dichlorodi-
hydrofluorescein diacetate; DCF, 2',7'-dichlorofluorescein; DFO, desfer-
rioxamine; NAC, N-acetylcysteine; ACSF, artificial cerebrospinal fluid; TBS,
theta burst stimulation; CREB, cCAMP-response element-binding protein;
fEPSP, field excitatory postsynaptic potential.
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A link between ROS and normal neuronal function has been
established; it is now known that activity-dependent hippocam-
pal ROS generation is required for synaptic plasticity and mem-
ory (20). Glutamate or N-methyl-p-aspartate (NMDA) enhance
ROS production (21, 22), and recent studies indicate that
NMDA receptor activation enhances superoxide generation
through NADPH oxidase stimulation (23, 24). Noteworthy,
Fenton-generated hydroxyl radicals have a key role in NMDA-
induced neuronal toxicity in cortical neurons in culture (25).
Moreover, the redox-sensitive ryanodine receptor (RyR) Ca>"
release channels, which contribute to generate the postsynaptic
Ca®" signals required for sustained LTP (26, 27) are likely tar-
gets for iron-generated ROS. In fact, iron promotes RyR-medi-
ated Ca®" release in PC12 cells (28).

Here, we used cultured hippocampal neurons to study the
effects of iron addition or iron chelation on NMDA receptor-
dependent Ca*" signal generation and ERK1/2 activation. We
also investigated in hippocampal slices the effects of iron addi-
tion/chelation on basal synaptic transmission and LTP. Our
results indicate that iron is essential to elicit RyR-mediated
Ca®" signals following NMDA receptor stimulation, and that
these Ca>" signals stimulate ERK1/2 phosphorylation, a requi-
site step of sustained hippocampal CA1 LTP. Our results also
show that iron is required for basal synaptic transmission and
sustained hippocampal LTP.

EXPERIMENTAL PROCEDURES

Antibodies—Monoclonal phospho-ERK1/2 and polyclonal
ERK1/2 antibodies were obtained from Santa Cruz Biotechnol-
ogy. Monoclonal anti-B-actin antibody was from Sigma. Alexa
Fluor 594-conjugated goat anti-mouse and Alexa Fluor 488-
conjugated goat anti-rabbit antibodies were obtained from
Invitrogen.

Primary Hippocampal Cultures—The hippocampus from
Sprague-Dawley rats was dissected at embryonic day 18, and
primary cultures were prepared using standard procedures
(29). Cells were initially plated in minimal essential medium,
10% horse serum and maintained in an incubator at 37 °C under
5% CO,. Three h after plating, the minimal essential medium
was replaced by serum-free Neurobasal medium supplemented
with B27 and 2 mm Glutamax™ (Invitrogen). Medium was
changed every 72 h. Cells were used 11-14 days after plating.

Ca®" Imaging—To record Ca®>" signals elicited by NMDA
(Calbiochem), hippocampal cells grown in coverslips for 11 to
14 days were incubated at 37 °C with 5 um Fluo-3-AM (Molec-
ular Probes) in Neurobasal medium. After 30 min of incubation
to allow dye entry and de-esterification, coverslips were washed
3 times with Mg **-free Hanks’ buffered salt solution, contain-
ing (in mm) 118 NacCl, 4.8 KCl, 3 CaCl,, 10 glucose, 20 Hepes/
Tris, pH 7.4, plus 10 uM glycine (recording solution). After this
washing period, which lasted 15 min, cells were transferred to a
Maximov assembly chamber, bathed in a 1-ml recording solu-
tion and immediately tested. Cell-associated fluorescence
(excitation 488 nm; emission 505—-530 nm) was determined in a
Zeiss LSM 510 Meta laser confocal scanning microscope. After
NMDA addition, fluorescence was monitored continuously by
taking frames at 10 —30-s intervals using the microscope single-
track mode. To inhibit NMDA receptor function, cultures
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were preincubated for 1 h with 50 um MK-801 (Calbiochem). In
some cases, cultures were preincubated for 10 min prior to
NMDA addition with 10 uM 6-cyano-7-nitroquinoxaline-2,3-
dione (Sigma) to inhibit «a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors, plus 10 um nifedi-
pine (RBI) to inhibit voltage-gated L-type Ca®" channels. Other
cultures were preincubated for 20 min with 1 um tetrodotoxin
before addition of NMDA. To investigate the effects of depo-
larization on Ca®" signal generation, cultures were incubated
for 5 min with extracellular solutions containing 80 mm KCl; to
maintain osmolarity the NaCl concentration was decreased
accordingly.

To test the effects of iron addition on Ca®* signal generation,
hippocampal cells loaded with Fluo-3 AM as above were trans-
ferred 15 min prior to recording to Ca*>*-free Hanks’ buffered
salt solution, containing (in mm) 119.6 NaCl, 4.7 KCl, 4.2
MgCl,, 10 glucose, 20 Hepes/Tris, pH 7.4, plus 0.5 EGTA/Tris.

Fluo-3 fluorescence values are presented as F/F,, where F is
the fluorescence recorded following NMDA or iron addition
and F, the mean basal fluorescence. All imaging experiments
were done at room temperature.

Immunocytochemistry—Hippocampal cells were washed
with PBS, fixed for 20 min in PBS containing 4% paraformalde-
hyde and 4% sucrose, and permeabilized for 10 min with 0.1%
Triton X-100 in PBS. Cells were stained for phosphorylated
ERK1/2 using anti-phospho-ERK1/2 monoclonal antibodies
(dilution 1:50) and total ERK1/2 with anti-ERK rabbit poly-
clonal antibodies (dilution 1:200). Following incubation, cells
were washed and incubated with a mixture of Alexa Fluor 594-
conjugated goat anti-mouse antibody (1:200) together with
Alexa Fluor 488-conjugated goat anti-rabbit antibody (1:200).
Fixed cells were imaged with a Zeiss LSM 510 laser scanning
fluorescence microscope. High magnification fields from each
culture condition were imaged with an Axiocam HR camera
attached to a PC equipped with Axiovision software, using a
multitrack configuration with two different excitation wave-
lengths (excitation 543 nm, filter 560 nm for Alexa Fluor 488,
and excitation 488 nm, filter 505—530 nm for Alexa Fluor 594).
Nuclei were detected by confocal microscopy (excitation at 350
nm with a fluorescent lamp; emission 460 nm) following incu-
bation of cultures for 10 min with 2 pg/ml of Hoechst stain
(Invitrogen).

Western Blot Analysis—Cells extracts were prepared as
described (30). Proteins were resolved in 10% Laemmli SDS-
polyacrylamide gels, transferred to polyvinylidene fluoride
membranes (Millipore Corp.), and incubated overnight with
primary antibody. Dilutions for primary antibodies were 1:500
for phospho-ERK1/2 and 1:10,000 for total ERK1/2. To correct
for loading, membranes were stripped and re-probed with
monoclonal anti-B-actin antibody. The Image ] image process-
ing and analysis program (National Institutes of Health,
Bethesda, MD) was used to quantify optical band density.

Determination of the Labile Iron Pool—The cellular labile
iron pool (LIP) was determined with the fluorescence probe
calcein as described (31, 32). In brief, cultured hippocampal
cells were incubated for 30 min with 0.5 um calcein-AM and
calcein fluorescence was determined as a function of time
by confocal microscopy. After baseline fluorescence collection,
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the medium was supplemented with Fe*" as the complex
FeCl;-sodium nitrilotriacetate (Fe-NTA, 1:2.2, mol:mol) (17).
Images were acquired at a sampling rate of 50 ms/line and 0.07
pm/pixel using the microscope in the line-scan mode, with
radial and axial resolutions of 0.4 and 1.0 wm, respectively. The
decrease in calcein fluorescence was taken as an indication of
increased LIP. Calcein signals are presented as F/F, values,
defined as described above.

Iron-induced ROS Generation—Iron-induced ROS gener-
ation was determined using 2',7'-dichlorodihydrofluores-
cein diacetate (DCDHF-DA; Invitrogen), a ROS-sensitive
membrane-permeable fluorescent probe, as described (17).
DCDHE-DA is hydrolyzed inside cells to the non-fluorescent
compound DCDHF, which emits fluorescence when oxidized
to 2',7'-dichlorofluorescein (DCF). Thus, the fluorescence
emitted by DCF directly reflects the overall oxidative status of a
cell. DCF fluorescence (excitation: 488 nm; emission 500 —560
nm) was recorded before and after the addition of 50 um ferrous
ammonium sulfate. The endogenous iron content was previ-
ously lowered by preincubation overnight in complete medium
to which 3 um desferrioxamine (DFO; Sigma) was added. After
DFO removal, cells were loaded for 30 min with 5 um
DCDHF-DA in Neurobasal medium as described (17). In some
experiments, the effects on ROS formation of preincubation for
1 h with 50 um MCI-186 (Santa Cruz Biotechnology), an
hydroxyl radical and nitric oxide scavenger (33, 34), or for 4 h
with 0.1 mm N-acetylcysteine (NAC), a general antioxidant,
were tested.

Electrophysiology—Hippocampal slices (400 um) were pre-
pared from 3- to 5-week-old Long-Evans rats in ice-cold dissec-
tion buffer (in mm: 212.7 sucrose, 2.6 KCl, 1.23 NaH,PO,, 26
NaHCO,, 3 MgCl,, 1 CaCl,, and 10 dextrose, bubbled with a
mixture of 5% CO, and 95% O,). Slices were incubated for 1 h at
room temperature in artificial cerebrospinal fluid (ACSF, in
mw: 124 NaCl, 5 KCl, 1.25 NaH,PO,, 26 NaHCO, 1.5 MgCl,,
2.5 CaCl,, and 10 dextrose, bubbled with a mixture of 5% CO,
and 95% O,). Unless otherwise specified, all recordings were
done in a submersion-recording chamber perfused with ACSF
(30 = 0.5 °C; 2 ml/min). Synaptic responses, evoked by stimu-
lating the Schaffer collaterals with 0.2-ms pulses delivered
through concentric bipolar stimulating electrodes, were re-
corded with extracellular electrodes placed in CA1 stratum
radiatum. Baseline responses were recorded using half-maxi-
mum stimulation intensity at 0.033 Hz. Paired-pulse stimula-
tion (40-ms inter stimulus interval) was used throughout the
experiment unless stated otherwise. LTP was induced by theta
burst stimulation (TBS), consisting of four 6 epochs delivered at
0.1 Hz. Each epoch, in turn, consisted of 10 trains of four pulses
(at 100 Hz) delivered at 5 Hz. Only data from slices with stable
recordings (<5% change over the baseline period) were
included in the analysis. All data are presented as mean * S.E.
normalized to the pre-conditioning baseline.

To record miniature excitatory spontaneous postsynaptic
currents, hippocampal slices held at the bottom of the perfu-
sion chamber were observed under an upright microscope
equipped with infrared differential interference contrast
(BX51WI, Olympus). Whole cell recordings of CA1 pyramidal
cells were obtained using glass electrodes with a resistance of
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2-5 MJ(), filled with a solution containing (mm) 135 K-gluco-
nate, 5 KCl, 4 Na,ATP, 0.4 Na,GTP, 5 EGTA, 10 Hepes/Tris,
pH 7.4. Signals were amplified and low-pass filtered (1 kHz)
using an EPC-7 plus amplifier (HEKA electronic, Lambretch,
Germany), digitized at 20 kHz (PCI-6221, National Instru-
ments, Austin, TX) and acquired using custom routines written
in IGOR PRO (Wavemetrics). Series resistance, calculated
online by measuring the peak of an unfiltered current evoked by
a 10-mV step, was always below 15 M{) and was left uncompen-
sated. Miniature excitatory spontaneous postsynaptic currents
were recorded in normal oxygenated ACSF at 32 °C, supple-
mented with 1 um tetrodotoxin. Analysis was performed using
MiniAnalysis Software (Synaptosoft Inc.).

Statistical Analysis—One-way analysis of variance was used
to test for differences in mean values from multiple samples,
and Dunnett’s or Newman-Keuls post-hoc test were used for
comparisons (InStat program from GraphPad). Statistical dif-
ferences between two means were analyzed by two-tailed
unpaired Student’s ¢ test. Differences were considered signifi-
cant if p < 0.05.

RESULTS

Persistent NMDA-induced Ca’" Signals in Cultured Hip-
pocampal Neurons Require Iron and RyR-mediated Ca’*
Release—Early studies indicate that NMDA receptor activation
by tetanic stimulation generates RyR-dependent Ca>* signals
in hippocampal slices (35). We investigated here the effects of
decreasing iron and the contribution of RyR-mediated Ca*"
release to Ca’>" signals elicited by NMDA in primary hip-
pocampal neurons. To test the effects of iron removal, we pre-
incubated primary cultures with DFO, a highly selective sidero-
phore produced by aerobic bacteria to ensure Fe*" acquisition
under conditions of iron starvation (36 —39). DFO displays high
affinity for iron and is a weak Ca®>* chelator; log stability con-
stants of 30.6 and 2.6 have been reported for Fe?* and Ca*™,
respectively (38). To suppress RyR-mediated Ca®" release, we
preincubated cultures for 1 h with 50 um ryanodine, a highly
selective RyR inhibitor that in these conditions abolishes RyR-
mediated Ca®" release in primary hippocampal neurons (29).

Processes of hippocampal neurons that displayed postsynap-
tic markers (Fig. 1A4), exhibited long-lasting increases in Fluo-3
fluorescence after addition of 50 um NMDA (washed after 5
min of incubation); this fluorescence increase was detectable 20
and 30 min after NMDA addition (Fig. 1, B, top panel, and C). In
contrast, neurons preincubated for 1 h with 500 um DFO or 50
uM ryanodine before NMDA addition displayed increased
fluorescence at 10 min but not at 20 or 30 min after addition of
NMDA (Fig. 1, B, middle and lower panels, and C).

Addition of NMDA to neurons preincubated with DFO elic-
ited an initial fluorescence increase of lower magnitude than
that observed in controls, which immediately started to decay
to basal levels after NMDA removal (Fig. 1C). Neurons prein-
cubated with ryanodine displayed after NMDA addition an ini-
tial fluorescence increase of similar magnitude as controls,
which also started to decay to basal levels immediately after
NMDA removal (Fig. 1C). These combined observations
strongly suggest that the initial Ca®>" increase produced by 50
uM NMDA represents mainly Ca®>* entry caused by NMDA
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FIGURE 1.NMDA-induced Ca?* signals in cultured hippocampal neurons:
inhibitory effects of DFO and ryanodine. A, cultured hippocampal neurons
were sequentially labeled with antibodies against the neuronal marker
MAP1-B (red) and the synapse marker PSD-95 (green). Insets show double-
labeled synaptic regions. B, hippocampal neurons were preincubated for 1 h
with culture medium, or with medium containing 50 um ryanodine (Rya) or
500 um DFO. After washing out these reagents, cells were loaded with Fluo-
3-AM and exposed for 5 min to a solution containing 50 um NMDA. Shown are
sequential confocal images of neuronal processes, taken at the indicated
time intervals after NMDA addition. C, Fluo-3 fluorescence intensity values,
obtained from recordings described in B, were normalized against the fluo-
rescence values obtained before NMDA addition (F/F,) and plotted as a func-
tion of time. Data represent mean = S.E. (n = 3).

receptor stimulation, whereas the long-lasting component that
persists after NMDA removal arises from RyR-mediated Ca**-
induced Ca>” release, because when RyR channels were inhib-
ited with ryanodine the signals rapidly returned to basal levels
following NMDA removal (Fig. 1, B and C). Iron seems to par-
ticipate in the generation of the early component, because iron
chelation with DFO reduced the initial Ca>" signal produced by
NMDA. Iron is also required for the delayed component, pre-
sumably to set the oxidative tone required for RyR-mediated
Ca®>*-induced Ca®" release, because prolongation of the Ca>"
signal after NMDA removal was prevented by iron chelation
with DFO.

Preincubation with the NMDA receptor inhibitor MK-801
(50 M, 60 min) before addition of NMDA completely sup-
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pressed the fluorescence increase caused by NMDA (supple-
mental Fig. S14). In contrast, NMDA-generated Ca>* signals
were not affected by joint preincubation with 10 uM nifedipine
to inhibit L-type Ca>" channels plus 10 um 6-cyano-7-nitroqui-
noxaline-2,3-dione to inhibit AMPA receptors (supplemental
Fig. S1B). Selective Na™ channel block with tetrodotoxin did
not affect the Ca®>* signals induced by addition of NMDA for 5
min (supplemental Fig. S1C), showing that these signals did not
arise from NMDA-induced massive neuronal depolarization.
Moreover, addition of 80 mm KClI for 5 min produced only a
transient increase in intracellular Ca®>* that decayed rapidly to
basal levels 5 min after KCI removal (supplemental Fig. S1D).
These results indicate that NMDA-triggered Ca** influx via
NMDA receptors produces Ca>™ signals that lack significant
contributions from other potential Ca®>" entry pathways.

Iron and RyR-mediated Ca®" Release Are Required for
NMDA-induced ERKI1/2 Phosphorylation and Nuclear
Translocation—NMDA binding to its receptor activates the
Ca®" -responsive ERK1/2 pathway (40 —42). In agreement with
these reports, we found that hippocampal slices from adult rats
incubated for 5 min with 50 um NMDA displayed a small but
significant enhancement of ERK1/2 phosphorylation when
measured 60 min after stimulation for 5 min with NMDA. This
enhancement was inhibited by preincubation of slices for 1 h
with 500 um DFO or 50 uM ryanodine (Fig. 2, A and B), suggest-
ing that ERK1/2 activation requires both iron and the persistent
postsynaptic Ca®" signals generated by RyR-mediated Ca*"
release.

Translocation of the phosphorylated ERK1/2 proteins to the
nucleus, where they promote the downstream phosphorylation
of the transcription factor cAMP-response element-binding
protein (CREB), is a crucial step for the induction of some forms
of long-lasting potentiation (43). Our immunofluorescence
studies revealed that primary hippocampal neurons exhibit low
levels of phosphorylated ERK1/2 proteins with a predominant
cytoplasmic localization (Fig. 2C, first row of panels); preincu-
bation for 1 h with 50 uM ryanodine or 500 um DFO did not
modify these basal levels (Fig. 2C, second and third row of pan-
els). Incubation with 50 um NMDA for 5 min promoted ERK1/2
phosphorylation and nuclear translocation (Fig. 2C, fourth row
of panels). Preincubation for 1 h with 50 um ryanodine or 500
uM DFO prior to NMDA addition significantly inhibited the
nuclear translocation of the phosphorylated ERK1/2 proteins
induced by NMDA (Fig. 2C, fifth and sixth row panels). The
average results shown in Fig. 2D confirm that preincubation of
hippocampal neurons with DFO or ryanodine decreased by
75% the enhanced translocation of the phosphorylated ERK
proteins induced by NMDA. The fact that this inhibition was
not complete suggests that other pathways insensitive to DFO
and ryanodine make a minor contribution to NMDA-induced
ERK1/2 phosphorylation and nuclear translocation. The com-
bined results illustrated in Fig. 2 suggest that the Ca>"-depen-
dent signaling cascades that link NMDA receptor stimulation
to ERK1/2 activation in primary hippocampal neurons require
functional RyR and iron for maximum activation.

Addition of Iron Increases Both the Cellular LIP and ROS—
Addition of iron to the extracellular solution promotes iron
uptake into hippocampal neurons in culture (44). A substantial
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FIGURE 2. ERK1/2 activation by NMDA in hippocampal slices and cultured
hippocampal neurons: inhibitory effects of ryanodine and DFO. A, hip-
pocampal slices were exposed to a solution containing 50 um NMDA for 5
min. When indicated, slices were preincubated for 1 h with 50 um ryanodine
or 500 um DFO before addition of NMDA. Sixty min after NMDA addition, the
CA1 area was dissected, homogenized, and extracts were analyzed by West-
ern blotting. For blotting, proteins were first probed with an antibody that
recognizes phosphorylated ERK1/2 (upper panel). Membranes were then
stripped and re-probed with a total ERK1/2 antibody (lower panel). B, quanti-
fication of the Western blot band density of phosphorylated ERK1/2
(P-ERK1/2) referenced to the corresponding total ERK density. Values repre-
sent percentage of control and are given as mean = S.E. (n = 3). ¥, p < 0.05.
C, immunofluorescence images of cultured hippocampal neurons probed
with phospho-ERK antibody (green, left panels) followed by an antibody
against the neuronal marker MAP1-B (red); nuclei were stained with Hoechst
(blue). The merged images are shown at the right. Neurons were incubated for
5 min with 50 um NMDA and fixed 15 min after NMDA removal. Controls were
mock-incubated without NMDA (No addition). When noted, neurons were
preincubated for 1 h with 50 um ryanodine (Rya) or 500 um DFO, which when
NMDA was added were removed before NMDA addition. Bar, 50 um.
D, nuclear localization of phospho-ERK1/2. Nuclear translocation of phosphory-
lated ERK1/2, expressed in arbitrary fluorescence units (a.f.u.), was deter-
mined by measuring phosphorylated ERK1/2 green fluorescence in the area
defined by the Hoechst stain. The number of neurons considered in each case
was: no addition, 23; NMDA, 28; DFO, 20; Rya, 18; Rya/NMDA, 18; DFO/NMDA,
21. Cells were from three independent cultures. Data represent mean = S.E.;
¥ p < 0.05; **, p < 0.01; ***, p < 0.001 compared with control. #, p < 0.001
relative to cultures incubated only with NMDA.

fraction of the iron taken up by cells joins the LIP, where iron
engages in redox reactions (45, 46) leading to an increase of
cellular ROS. This iron-induced ROS increase is likely to pro-
mote Ca”>" release through the highly redox-sensitive RyR
channels (47—49), providing the strong Ca*>" signals required
for stimulating the ERK1/2 cascade. We previously reported
that iron addition elicits RyR-mediated Ca®" signals and stim-
ulates the ERK1/2 cascade in PC12 cells (28). Accordingly, we
tested here if in primary hippocampal neurons addition of iron
promotes ROS generation, RyR-mediated Ca®" release, and
ERK1/2 activation.

We found that iron addition resulted in a significant increase
of the LIP, as detected by calcein quenching (Fig. 34). To inves-
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FIGURE 3. Extracellular iron enters the cytoplasmic LIP and generates
ROS. A, iron entry into the LIP. Fluorescence record as a function of time of
primary hippocampal neurons loaded with the iron sensor calcein before and
after addition of 100 um Fe-NTA (blue trace). Calcein fluorescence was also
measured in control cells (gray trace) (n = 5). B, iron-induced ROS production.
Cultured hippocampal neurons were preincubated overnight with 3 um DFO
to lower their endogenous iron content. After washing out DFO, cells were
loaded with the cell permeant redox sensor DCDHF-DA. When indicated, cells
were preincubated for 1 h with 50 um MCI-186 or 4 h with 100 um NAC. These
reagents were washed-off prior to DCDHF-DA loading. Fluorescence was
recorded before (left panels) or 20 min after iron addition (right panels). C, pan-
els illustrate the time course of average fluorescence changes in control con-
ditions following iron addition (arrows) or in cells preincubated with MCI-186
orNACasin B.Images were taken from cell processes. Data represent mean =
S.E.(n = 4).

tigate if iron addition also stimulated ROS generation, we mea-
sured intracellular ROS levels with the ROS-sensitive probe
DCDHEF-DA. Both neurons and glial cells displayed significant
ROS generation following addition of iron, as demonstrated by
an increase in DCF fluorescence relative to the control (Fig. 3B,
top panels). Fluorescence intensity records taken from cell
processes indicated that DCF fluorescence was stabilized 15
min after iron addition (Fig. 3C, top panel). Preincubation
for 1 h with the hydroxyl radical scavenger MCI-186 (45, 50)
markedly decreased iron-mediated ROS generation (Fig. 3B,
middle panel); this reduction was especially noticeable in cell
processes (Fig. 3C, middle panel). Similarly, a 4-h preincuba-
tion with the antioxidant NAC significantly decreased the iron-
induced ROS increase (Fig. 3, B and C, lower panels). Taken
together, these results indicate that addition of iron to hip-
pocampal neurons in culture increased the labile iron pool and
caused an increase in cellular ROS, including Fenton-derived
hydroxyl radicals.
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FIGURE 4. Iron produces RyR-mediated Ca?* signals. Cultured hippocam-
pal neurons were loaded with the fluorescent Ca>* sensor Fluo-3 AM and
transferred to Ca®*-free solution; changes in probe fluorescence were
detected after addition of 20 um Fe-NTA as described under “Experimental
Procedures.” The fluorescence changes were detected in cell soma (top) or
cell processes (bottom). When noted, cells were preincubated for 1 h with
50 um ryanodine or 500 um DFO before iron addition, and iron was added
after removal of these reagents. Data represent mean = S.E. from three inde-
pendent experiments.

Iron Stimulation of RyR-mediated Ca”* Release and ERK1/2
Phosphorylation in Hippocampal Neurons—To examine if iron
participates in Ca®" signal generation, as suggested by the
inhibitory effects of DFO on NMDA-dependent Ca** increase
and ERK phosphorylation, we loaded cultured hippocampal
neurons with the Ca®" -sensitive probe Fluo-3 AM, and deter-
mined changes in fluorescence by confocal image detection.
Addition of 20 uM iron to neurons maintained in Ca**-free
solution caused a significant increase in the Fluo-3 fluorescence
of individual neurons (supplemental Fig. S2). Average values
obtained from fluorescence records taken from cell soma (Fig.
4A) or neuronal processes (Fig. 4B) show that this Ca®"
increase was transitory and returned to basal levels within 1
min after iron addition. The Ca®>* increase induced by iron
required functional RyR, because it did not occur in cultures
preincubated with ryanodine; DFO also prevented this
increase, showing that DFO is an effective iron chelator in the
conditions used in these experiments (Fig. 4, top and bottom
panels).

We have previously shown that ERK1/2 phosphorylation
increases significantly following iron addition to PC12 cells
kept in Ca®"-free solution (28). Concurring with that report,
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incubation of hippocampal slices with iron for 1 h produced a
significant enhancement of ERK1/2 phosphorylation in the
CAL1 region, which was prevented by preincubation of slices
with 50 um ryanodine or 500 um DFO (Fig. 5, A and B). Incu-
bation of hippocampal neurons with iron for 60 min induced
nuclear translocation of phosphorylated ERK1/2, as deter-
mined by immunocytochemistry (Fig. 5, C and D). Nuclear
translocation of phosphorylated ERK1/2 did not occur in cells
previously incubated with either ryanodine or DFO (Fig. 5, C
and D). It is important to point out that, in contrast to the
stimulation of ERK1/2 phosphorylation induced by NMDA,
which was significantly but not completely inhibited by DFO
and ryanodine, these two compounds completely suppressed
iron-induced ERK1/2 phosphorylation. In addition, we con-
firmed that exposure of hippocampal slices to H,O, (200 um),
followed by CA1 area dissection and Western blot analysis of
ERK1/2 proteins, significantly enhanced ERK1/2 phosphoryla-
tion in the CA1l region (supplemental Fig. S3), as previously
reported (29). This stimulation was abolished by preincubation
of slices for 1 h with 50 um ryanodine prior to H,O, addition.
Moreover, a 1-h preincubation with 500 um DFO also pre-
vented H,O,-induced ERK1/2 phosphorylation (supplemental
Fig. S3). These results show that both iron and RyR-mediated
Ca®" release contribute to stimulate ERK1/2 phosphorylation
in response to exogenous H,O, addition. The combined results
shown in Figs. 3-5 strongly suggest that iron-generated ROS
via activation of RyR-mediated Ca*>" release produce an intra-
cellular [Ca®"] increase that stimulates ERK1/2 phosphoryla-
tion and translocation to the nucleus.

Iron, Synaptic Transmission, and LTP—The above findings
suggest that iron chelation prevents the emergence of the RyR-
mediated Ca®" signals induced by NMDA receptor activation
that promotes ERK1/2 phosphorylation, a requisite step of sus-
tained synaptic plasticity. Therefore, we tested if iron chelation
with DFO affected basal synaptic transmission, LTP induction,
and LTP maintenance.

To measure basal synaptic transmission, field excitatory
postsynaptic potentials (fEPSP) were registered in slices stimu-
lated with paired pulses separated by 40 ms. As illustrated in
Fig. 64, addition of DFO to hippocampal slices produced a sig-
nificant decrease in the postsynaptic response (p < 0.001); basal
synaptic transmission recovered partially after DFO removal
but persisted at levels lower than controls even for 40 min after
DFO removal. Noteworthy, slices that were not stimulated dur-
ing the incubation with DFO displayed normal basal synaptic
transmission when stimulated after DFO removal (Fig. 64, solid
symbols), indicating that DFO-induced depression is activity-
dependent. Consistent with that, application of DFO alone did
not affect the amplitude and frequency of miniature spontane-
ous excitatory postsynaptic currents (supplemental Fig. S4).
Most probably, DFO depressed the postsynaptic response,
because DFO did not affect paired-pulse facilitation, a presyn-
aptic property (Fig. 6B). Interestingly, preincubation with pL-2-
amino-5-phosphonopentanoic acid, a specific antagonist of
NMDA receptors, prevented the synaptic depression caused by
DFO (Fig. 6C), indicating that the DFO-induced depression
requires functional NMDA receptors.
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FIGURE 5.Iron activates ERK1/2 phosphorylation and nuclear translocation. A, ERK1/2 phosphorylation was analyzed by Western blots of the hippocampal
CA1 area, which was dissected from control slices or from slices exposed for 1 h to 100 um FeSO,. When noted, neurons were preincubated for 1 h with 50 um
ryanodine or 500 um DFO. These reagents were removed before iron addition. B, quantification of phospho-ERK1/2 immunoreactivity normalized to total
ERK1/2 for data such as shown in A; data represent mean = S.E. from three independent experiments. *, p < 0.05, compared with the control. C, iron-induced
nuclear translocation of phospho-ERK1/2. Cultured hippocampal neurons were stained with an antibody against phosphorylated ERK1/2 (green, left panels)
followed by an antibody against the neuronal marker MAP1-B (red). Nuclei were stained with Hoechst (blue). The merged images are shown in the right panels.
Immunostaining was performed before (Control) or 1 h after addition of 20 um Fe-NTA (Fe). When noted, neurons were preincubated for 1 h with 50 um
ryanodine or 500 um DFO before iron addition, as described in A. D, nuclear translocation of phosphorylated ERK1/2, expressed in arbitrary fluorescence units
(a.fu.), was determined by measuring phosphorylated ERK1/2 (green fluorescence) in the area demarcated by the Hoechst stain. Data represent mean = S.E.
from three independent experiments. **, p < 0.01 compared with the control.

In contrast to the effects of iron chelation, addition of 100 uMm
FeSO, produced a significant increase in the magnitude of the
synaptic response (163.3 = 2.1% of baseline at 60 min; p < 0.05),
as illustrated in Fig. 74, but did not affect paired pulse facilita-
tion (supplemental Fig. S54). This response was significantly
inhibited (p < 0.0001) in slices preincubated with DFO for 1 h,
followed by DFO removal before iron addition (Fig. 7A). The
stimulatory effects of FeSO, were caused by iron and not by
sulfate, because addition of 100 um Na,SO, induced a small
decrease in fEPSP slope (supplemental Fig. S5B). Moreover,
addition of iron in the form of Fe-NTA also produced an
increase in the fEPSP slope, as observed with FeSO,, although
of smaller magnitude (supplemental Fig. S5C). Iron chelation
by NTA decreases free iron availability; this may explain why
Fe-NTA elicited a smaller response than FeSO,.

The above results strongly suggest that iron by itself pro-
motes synaptic activity. Therefore, we tested next whether
moderate levels of iron facilitate the induction of LTP with
suboptimal tetanic stimulation. As shown in Fig. 7B, condition-
ing stimulation with one TBS epoch resulted in transient poten-
tiation of the response that returned to baseline within 60 min
(95.0 = 6.3% of baseline at 60 min). In contrast, in the presence
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of 20 uMm iron, a concentration that did not affect baseline
responses, one TBS epoch induced significant LTP (119.2 =
5.8% of baseline at 60 min, p < 0.005).

We also investigated if iron chelation, produced by preincu-
bating slices with DFO (1 mm, 20 min) in the absence of stim-
ulation, impaired subsequent LTP induction with optimal
tetanic stimulation. As shown in Fig. 7C, conditioning with 4
TBS epochs induced robust LTP in control slices but did not
induce persistent changes in slices pretreated with DFO (con-
trol, 143.6 = 12.1%; DFO, 100.9 £ 6.5%; two-tailed p value =
0.0009). Altogether, the results presented in this work strongly
suggest that hippocampal neurons require iron to generate
NMDA-induced and RyR-mediated Ca** signals that stimulate
ERK1/2 phosphorylation, as well as for basal synaptic transmis-
sion and sustained LTP.

DISCUSSION

Limited but compelling evidence indicates that iron is nec-
essary for hippocampus-dependent learning processes (4,
7-11). Until now, however, current knowledge of the molecular
mechanisms underlying the role of iron in neuronal function
has remained scarce. In this work, we report novel findings
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FIGURE 6.Iron chelation with DFO induces a lasting depression of the CA1
synaptic responses to CA3 stimulation through a process requiring
NMDA receptor activity. A, effects of DFO addition to the bath for 20 min on
a paired-pulse stimulation evoked (fEPSP) slope, registered in the CA1 area.
Slices were electrically stimulated in the presence of 1 mm DFO (open circles).
Alternatively, stimulation was suspended during incubation with DFO (filled
circles). In the absence of stimulation, DFO did not modify basal synaptic
transmission. Representative fEPSP traces of the response to the first pulse
were recorded immediately before the incubation period with DFO (gray
traces) or 30 min after washout of the drug (black traces). Open circles, 11 slices,
7 animals; closed circles, 7 slices, 7 animals. B, DFO did not affect paired pulse
facilitation at different interstimulus intervals (10, 20, 50, 100, 200, and 300
ms). Data are given as mean = S.E. (control, n = 3; DFO, n = 4). C, time course
of the response to the first pulse (facilitation) in slices preincubated with the
NMDA receptor antagonist bL-2-amino-5-phosphonopentanoic acid (AP-V)
(100 um) for 5 min before addition of DFO. The graph shows the effects of DFO
on the first response. Statistical differences were analyzed by two-tailed
unpaired Student’s t test (n = 3). In A and C, the calibration bars indicate 0.5
mV and 5 ms.

indicating that ROS generated by iron are required for NMDA -
induced and RyR-mediated ERK1/2 phosphorylation/nuclear
translocation in primary hippocampal neurons. The electro-
physiological studies presented here also indicate that iron is
needed for basal synaptic transmission and sustained hip-
pocampal CA1 LTP.
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Contrasting with the scant knowledge on the role of iron in
synaptic plasticity, a large amount of information supports a
function for Ca*>* in this process. Stimulation of NMDA recep-
tors by strong synaptic activity generates robust Ca®" signals
that stimulate the ERK1/2 cascade (40, 51) presumably via Ras
activation (52). Nuclear translocation of the phosphorylated
ERK1/2 proteins promotes the subsequent downstream phos-
phorylation of transcription factor CREB at serine 133, a requi-
site step for the CREB-dependent gene expression that under-
lies NMDA receptor-dependent late phase LTP at hippocampal
CA3 to CA1l synapses (53).

Here, we found that stimulation of primary hippocampal cul-
tures with NMDA elicited a sustained cellular Ca®>" concentra-
tion increase that was composed of an early and a late compo-
nent. Ryanodine and the iron chelator DFO abolished the late
component, an indication that both RyR and iron are needed
for the sustained Ca®" increase elicited by NMDA receptor
stimulation. In addition, we show that ryanodine or iron chela-
tion inhibited both NMDA-induced ERK1/2 phosphorylation
and nuclear translocation of the phosphorylated ERK1/2 pro-
teins, suggesting that functional RyR and iron are essential to
generate the Ca®" signals needed to fully stimulate the ERK
pathway by NMDA.

Previous work by our group showed that iron stimulates
RyR-mediated Ca®* release in PC12 cells (28). In this work, we
expanded those observations to hippocampal neurons in cul-
ture. We found that iron addition produced a fast LIP increase,
suggesting that iron readily enters neuronal cells. The LIP
increase was associated with ROS production, as determined by
DCE fluorescence. We propose that iron stimulates RyR-medi-
ated Ca”" release through its capacity to generate ROS. Redox-
active cations such as Fe*" and Cu™ contribute to generate
superoxide anion via the Haber-Weiss reaction (13). Superox-
ide rapidly dismutates to hydrogen peroxide, a mild oxidant
that when added to primary hippocampal neurons produces
redox modifications of the highly redox-sensitive RyR Ca>"
release channel, prompting the emergence of RyR-mediated
Ca®" signals that stimulate ERK and CREB phosphorylation
(29).

Our previous studies with single RyR channels from muscle
and brain have shown that the RyR redox state determines RyR
activation by Ca®", so that only oxidized RyR are activated by
increases in [Ca®>"] within the physiological range (54, 55).
Accordingly, we propose that hippocampal neurons require
iron to provide the cellular ROS necessary to modify RyR, a
requisite condition for their efficient activation via Ca*"-in-
duced Ca®>" release after NMDA receptor stimulation. This
proposal provides an explanation for the inhibitory effects of
DFO on the long-lasting NMDA-induced Ca** signals that
promote ERK1/2 phosphorylation. Moreover, we show here
that iron chelation with DFO abolished the RyR-dependent
ERK1/2 phosphorylation increase produced by H,O, in hip-
pocampal slices. These results support our proposal that iron-
mediated ROS generation is required to stimulate RyR-medi-
ated Ca>™ release.

Synaptic plasticity is an activity-dependent neuronal
response associated with learning and memory that entails sig-
nificant modifications in the efficacy of synaptic transmission
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FIGURE 7. Iron addition enhances synaptic transmission and LTP induction, whereas iron chelation with DFO inhibits LTP induction. A, effects of bath
application of 100 um FeSO,, (open horizontal bar) on paired-pulse stimulation-evoked fEPSP slopes in control slices (solid circles, 11 slices, 4 animals) or in slices
preincubated for 1 h with 1 mm DFO (open circles, 4 slices, 3 animals). fEPSPs were recorded from the CA1 area; the representative traces shown were registered
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train of the theta burst stimulation (arrow, 1xTBS) enhanced late-phase potentiation (60 min) of the field EPSP slope (solid circles). One train tetanus alone (open
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14 slices, 6 animals. The representative traces shown were obtained 10 (gray traces) or 60 min (black traces) after the initial exposure to 100 um FeSO,, or ACSF.
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traces) after stimulation. Data are given as mean = S.E. Statistical differences were analyzed by two-tailed unpaired Student's t test. In all panels, the calibration

bar indicates 0.5 mV and 5 ms.

(56—60). The role of Ca®>™ release from intracellular stores in
synaptic plasticity is broadly acknowledged (61). Functional
RyR are required for hippocampal LTP, because RyR inhibition
with dantrolene (27) or ryanodine (26) prevents long lasting
CA1 hippocampal LTP induction. Calcium release is also
important for both short-term and long-term plasticity in hip-
pocampal glutamatergic synapses that are independent of
NMDA receptor activity (62).

Only a few studies have addressed the role of iron on LTP (4,
6, 10). Pursuing this earlier work, we report here that iron che-
lation depressed basal synaptic transmission in hippocampal
slices but did not affect paired pulse facilitation, suggesting a
postsynaptic target for iron. The depression of basal synaptic
transmission by DFO, an LTD-like response, required func-
tional NMDA receptors because it was abrogated by the
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NMDA receptor inhibitor bL-2-amino-5-phosphonopentanoic
acid. The requirement for functional NMDA receptors is an
interesting observation that does not have an expeditious
explanation. The postsynaptic Ca*>" signals generated in hip-
pocampal CA1 dendritic spines during basal synaptic transmis-
sion are primarily derived from RyR-mediated Ca>" release
(63). We hypothesize that DFO, by decreasing significantly the
postsynaptic [Ca®>*] increase induced by NMDA in primary
neurons, presumably reduces also the amplitude of Ca*" sig-
nals in postsynaptic spines during basal synaptic transmission.
The resulting low amplitude and short lasting postsynaptic
Ca®" signals generated in the presence of DFO, which are due
solely to limited Ca®" influx through NMDA receptors because
DFO suppressed RyR-mediated Ca>" release, may engage sig-
naling cascades that inhibit AMPA receptor trafficking to the
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postsynaptic membrane (64). Futures studies should address if
this proposed mechanism accounts for the inhibition of basal
synaptic transmission produced by iron chelation with DFO.

The present findings indicate that iron addition facilitated
the induction of LTP with suboptimal tetanic stimulation,
whereas iron chelation with DFO inhibited sustained LTP.
Moreover, at higher concentrations iron produced an increased
postsynaptic response even in the absence of stimulation,
which was significantly prevented by preincubation with DFO.
These combined results suggest that iron is needed post-syn-
aptically to activate Ca>*-dependent pathways downstream of
NMDA receptors, including RyR-mediated Ca®" release,
which are required to maintain sustained hippocampal LTP.

We propose that the essential role of iron in LTP resides in its
ability to stimulate the production of ROS needed to generate
the robust postsynaptic Ca®" signals required for ERK1/2 phos-
phorylation and the ensuing stimulation of downstream signal-
ing cascades. Moreover, stimulation of NMDA receptors par-
ticipates in neuronal iron homeostasis through activation of
nitric oxide-dependent signaling cascades (25). Noteworthy,
both NMDA and spatial memory training in a Morris water
maze enhance the hippocampal expression of the iron trans-
porter DMT1 (16), suggesting that neuronal activity stimulates
this particular iron entry pathway to ensure an adequate iron
supply.

In summary, the results presented here give strong support
to a sequence of events whereby NMDA receptor stimulation
leads to increased cytoplasmic [Ca®*] and superoxide produc-
tion, probably via NADPH oxidase (41). Superoxide dismutates
to hydrogen peroxide, which reacts with iron to generate
hydroxyl-free radicals. The resulting ROS increase would facil-
itate RyR-mediated Ca”>*-induced Ca>* release via redox mod-
ification of the RyR protein. In turn, the ensuing intracellular
[Ca®"] increase would activate the ERK pathway as required for
sustained LTP. Iron and RyR-mediated Ca®" release play essen-
tial roles in this process, because their removal largely prevents
ERK1/2 activation. These results highlight the central role of
iron in neuronal processes, and may contribute to explain why
iron deficiency is so deleterious to normal cognitive functions.
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