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Abstract

Hydrogen peroxide, which stimulates ERK phosphorylation and synaptic plasticity in hippocampal neurons, has also been shown to
stimulate calcium release in muscle cells by promoting ryanodine receptor redox modification (S-glutathionylation). We report here that
exposure of N2a cells or rat hippocampal neurons in culture to 200 uM H,O, elicited calcium signals, increased ryanodine receptor S-
glutathionylation, and enhanced both ERK and CREB phosphorylation. In mouse hippocampal slices, H,O, (1 uM) also stimulated ERK and
CREB phosphorylation. Preincubation with ryanodine (50 wM) largely prevented the effects of H,O, on calcium signals and ERK/CREB
phosphorylation. In N2a cells, the ERK kinase inhibitor U0126 suppressed ERK phosphorylation and abolished the stimulation of CREB
phosphorylation produced by H,O,, suggesting that H,O, enhanced CREB phosphorylation via ERK activation. In N2a cells in calcium-free
media, 200 uM H,0, stimulated ERK and CREB phosphorylation, while preincubation with thapsigargin prevented these enhancements.
These combined results strongly suggest that H,O, promotes ryanodine receptors redox modification; the resulting calcium release signals,
by enhancing ERK activity, would increase CREB phosphorylation. We propose that ryanodine receptor stimulation by activity-generated
redox species produces calcium release signals that may contribute significantly to hippocampal synaptic plasticity, including plasticity that
requires long-lasting ERK-dependent CREB phosphorylation.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction induces the transcription of several neuronal genes [43,62].
CREB phosphorylation is considered critical to induce long-
term potentiation (LTP) and for several forms of learning
and memory [10,41,56]. CREB-dependent transcription of
genes involved in synaptic plasticity entails long-term CREB

phosphorylation by the Ca?*-sensitive Ras/ERK (extracel-

Activity-dependent phosphorylation of the transcription
factor cAMP/Ca®* response element binding protein (CREB)

* Corresponding author at: Programa de Biologia Celular y Molecular,

ICBM, Facultad de Medicina, Universidad de Chile, Casilla 70005, Santiago
7, Chile. Tel.: +56 2 978 6510; fax: +56 2 777 6916.
E-mail address: chidalgo@med.uchile.cl (C. Hidalgo).

0143-4160/$ — see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ceca.2006.10.001

lular signal-regulated kinase) pathway [25,63]. Most studies
on Ca?*-dependent neuronal gene expression have focused
on neuronal Ca>* entry pathways. Yet, Ca>* release from
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intracellular stores also contributes to activity-dependent
gene expression [37,50,57]. In particular, Ca** release by
ryanodine receptors (RyR) contributes to synaptic plasticity
and neuronal gene expression [4,6,22,40,55].

Functional RyR are required for long-lasting long-term
potentiation (LTP) and for activity-dependent increases in
phosphorylated CREB (phospho-CREB) in hippocampal
area CA1 postsynaptic neurons [40]. RyR activity is highly
sensitive to direct redox modification by reactive oxygen
and nitrogen species (ROS/RNS) [2,20,21,28,46]. Active
neurons display increased metabolic activity and oxygen
consumption, as well as increased generation of ROS/RNS
[15,64]; moreover, ROS generation has been implicated on
hippocampal LTP [54]. Cell-permeable scavengers of super-
oxide anion, a free radical, block LTP induction in hip-
pocampal area CAl [36], a region which also contains a
ROS producing NADPH oxidase (NOX) that is required
for N-methyl-p-aspartate (NMDA) receptor-dependent ERK
activation [35,53,58]. NOX-generated superoxide anion dis-
mutates into HyO,, a ROS that at low concentrations (1 uM)
increases tetanic LTP 2-fold and also enhances NMDA-
independent LTP [32,33]. Interestingly, catalase, which scav-
enges HyO;, attenuates LTP [59]. Although electrophysio-
logical studies have yielded divergent results on the effects
of H,O; on hippocampal function, in some studies the use
of non-physiological HyO, concentrations in the mM range
may have caused deleterious oxidative reactions unrelated to
the potential physiological responses [33].

We investigated here whether RyR channels participate
in HyO»-induced ERK phosphorylation in N2a cells or hip-
pocampal neurons. We found that H,O, modified RyR redox
state, increasing its S-glutathionylation. H,O; also stimu-
lated Ca2* release and increased sequentially ERK and CREB
phosphorylation, while specific RyR inhibition by 50 uM
ryanodine drastically reduced the stimulation of Ca* release
and of ERK/CREB phosphorylation induced by H,O,. We
propose that ROS generated during hippocampal LTP induc-
tion stimulate RyR, enhancing Ca>* release and the Ca>*-
dependent ERK/CREB phosphorylation cascade required for
CREB-dependent gene transcription.

2. Materials and methods
2.1. Cell cultures

Cell culture media were obtained from InVitrogen (Grand
Island, NY). Mouse neuroblastoma (N2a) cells (CCL-131,
American Type Culture Collection, Rockville, MD), were
plated on 35 mm culture dishes in Dulbecco’s modified Eagle
medium supplemented with 2mM L-glutamine, 110 mg/1
sodium pyruvate and pyridoxine hydrochloride adjusted to
contain 3.7 g/l sodium bicarbonate, 0.1 mM non-essential
amino acids, 5% fetal bovine serum, antibiotics and antimy-
cotics, and maintained at 37 °C. The culture medium was
changed every 2 days. Primary rat hippocampal cultures were

prepared as described [47]. Briefly, the hippocampus from
Sprague—Dawley rats at embryonic day 18 was dissected in
Ca>*/Mg?*-free Hank’s balanced salt solution (HBSS) con-
taining 10 mM HEPES, pH 7.4, and 0.5% glucose and was
rinsed twice with HBSS by allowing the tissue to settle to
the bottom of the tube. After the second wash, the tissue
was resuspended in HBSS containing 0.25% trypsin and
was incubated for Smin at 37 °C. After three rinses with
HBSS, the tissue was resuspended in MEM supplemented
with 10% heat-inactivated fetal bovine serum, 50 U/ml peni-
cillin, 50 mg/ml streptomycin, 1 mM sodium pyruvate and
2mM L-glutamine (MEM-10) and was mechanically dis-
sociated by gentle passage through Pasteur glass pipettes.
Undisrupted tissue fragments were allowed to settle, cells
in suspension were transferred to a new tube and viable
cells were counted using 0.2% trypan blue. Cells were ini-
tially plated in MEM-10 media and maintained at 37 °C in a
humid atmosphere with 5% CO2/95% air. Three hours after
plating, the MEM-10 medium was removed and serum-free
Neurobasal medium supplemented with N-2 was added and
changed every 72 h.

2.2. Cell incubation

For experiments, 5-6-day-old N2a cells or 10—12-day-old
hippocampal cells were cultured for 12h in serum-free or
supplement-free medium, respectively. Cells were washed
with phosphate buffered saline (PBS) and maintained for
60 min under resting conditions in Krebs—Ringer (in mM:
20 HEPES-Tris, pH 7.4, 118 NaCl, 4.7 KCl, 3 CaCl,, 1.2
MgCl, and 10 glucose) in the absence or presence of 50 uM
ryanodine to inhibit RyR. For H,O; stimulation, cells were
exposed to 200 uM H;O, for 20 min unless otherwise indi-
cated. For Ca?*-free conditions, cells were incubated in the
presence or absence of 50 WM ryanodine for 60 min in Ca>*-
free Krebs—Ringer supplemented with 0.5 mM EGTA and
3 mM MgCl, (4.2 mM total MgCl»). To analyze the effects of
inhibition of the sarco(endo)plasmic reticulum Ca2*-ATPase
pump, N2a cells were incubated 40 min in Ca>*-free solution
with thapsigargin (1 wM) plus an additional 20 min period
after addition of HyO,, or 60 min only with thapsigargin.
All experiments were matched with vehicle-treated controls.
Both control and experimental cells went through the same
bath changes to discard differences by handling.

2.3. Preparation of hippocampal slices

Brains obtained from 6- to 8-week-old C57/B16 male
mice, sacrificed by decapitation, were dissected rapidly and
placed into ice-cold cutting saline containing (in mM): 110
sucrose, 60 NaCl, 3 KCl, 1.25 NaH;POy4, 28 NaHCO3, 5
D-glucose, 0.5 CaCl,, 7 MgCl, and 0.6 ascorbic acid, satu-
rated with 95% 0,/5% CO,. A tissue chopper or a vibratome
was used to prepare 400 wm transverse slices, which were
transferred immediately into a 1:1 mix of cutting saline and
artificial cerebrospinal fluid containing (in mM): 125 NaCl,
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2.5KCl, 1.25 NaH;POy, 25 NaHCO3, 25 p-glucose, 2 CaCl,
and 1 MgCl,, saturated with 95% 0,/5% CO,. Slices were
maintained at room temperature for at least 30 min and were
then transferred to artificial cerebrospinal fluid at 32°C in a
submersion chamber for 1.5 h before stimulation with H,O».
To inhibit RyR, slices were pre-incubated for 60 min with
ryanodine (50 uM) before addition of HyO» (1 uM). Follow-
ing pharmacological manipulations, slices were immediately
frozen on dry ice.

2.4. Western blot analysis

Cells were incubated at 4°C in 30 pl lysis buffer con-
taining (in mM) 50 Tris—HCI, pH 7.4, 150 NaCl, 1 EDTA,
1% Nonidet P-40, 5 Na3VOy, 20 NaF, 10 NasP,0O7, plus
protease inhibitors (Calbiochem, La Jolla, CA) as described
[9]. Cell lysates were scrapped from the culture dishes and
were sonicated for 1 min, incubated on ice for 20 min, and
sedimented at 15,000 x g for 20 min to remove debris. Hip-
pocampal slices were sonicated in homogenization buffer
(in mM: 10 HEPES, 1 EGTA, 1 EDTA, 10 NasP,07, 150
NaCl, 50 NaF, 2 p.g/ml aprotinin, 10 p.g/ml leupeptin, 0.2 pM
calyculin A and 1 pM microcystin). Protein concentration of
lysates was determined using bovine serum albumin (BSA)
as standard as described [2]; the Bradford method was used
for hippocampal slices. Lysates were suspended in Laemmli
buffer, separated in 10% SDS-polyacrylamide gels and trans-
ferred to PDVF membranes (Millipore Corp., Bedford, MA).
Membranes were blocked at room temperature for 1 h in Tris-
buffered saline containing 3% fat-free milk, with or without
0.05% Tween-20, and were then incubated overnight with
the appropriate primary antibody. After washing with Tris-
buffered saline, membranes were incubated at room temper-
ature with the secondary antibody for 1.5 h. Immunoreactive
proteins were detected using enhanced chemiluminiscence
reagents according to the manufacturer instructions (Amer-
sham Biosciences UK Ltd.). The films were scanned and the
Scion Image program (NIH) was employed for densitometric
analysis of the bands. To correct for loading, membranes were
stripped in buffer containing 62.5 mM Tris—HCl, pH 6.8, 2%
SDS, and 50 mM B-mercaptoethanol, at 50° C for 30 min,
and re-probed with the corresponding control antibodies.

2.5. Immunohistochemistry

After incubation with H,O» plus or minus 50 uM ryan-
odine, hippocampal slices were rapidly immersed in ice-cold
4% paraformaldehyde in PBS, pH 7.4. Sections (25 wm) were
cut with a microtome after incubation at 4 °C overnight.
Free-floating sections were blocked with 5% bovine serum
albumin in PBS plus 0.7% Triton X-100 at 4 °C. cells or
hippocampal neurons in primary culture, equilibrated for
60 min in Krebs—Ringer solution plus or minus 50 wM ryan-
odine, were incubated for 20 min with 200 uM H,0O; and
rapidly covered with 4% paraformaldehyde in PBS, pH 7.4
and incubated overnight at 4 °C. Cells were blocked with

5% bovine serum albumin in PBS containing 0.2% Triton X-
100 at 4 °C. Sections from hippocampal slices and cells were
then incubated overnight at 4 °C either with anti-phospho-
CREB (1:1000) or anti-phospho-ERK (1:200) antibodies.
After primary antibody incubation, specimens were washed
for 30 min three times with PBS plus Triton X-100 (0.7%
Triton X-100 for sections, 0.2% Triton X-100 for cells),
incubated for 2h at room temperature with Alexa Fluor
secondary antibodies (1:250) and washed for 45 min with
PBS before mounting onto L-lysine-coated slides. Immunos-
tained cells were viewed and imaged using a Nikon Eclipse
E400 epi-fluorescence microscope system (Tokyo, Japan),
which allowed collection of actual fluorescence. Hippocam-
pal slices were viewed and imaged in a Zeiss LSM 510 META
confocal microscope system (Zeiss, Oberkochen, Germany);
the resulting images are presented as such or in pseudo color.

2.6. Antibodies

Antibodies against the dually phosphorylated forms of
ERK-1 and ERK-2 (phospho-ERK1/2) and against phospho-
CREB were from Cell Signaling Technology (Beverly, MA).
ERK antibodies were from UBI (Lake Placid, NY); CREB
antibodies were from Cell Signaling Technology (Beverly,
MA) or from UBI (Lake Placid, NY). Anti-GSH anti-
bodies were purchased from Virogen (Watertown, MA,
USA) and anti-RyR from Santa Cruz Biotechnology (Santa
Cruz, CA). Alexa Fluor anti-rabbit and anti-mouse anti-
bodies were from Molecular Probes (Eugene, Oregon) and
horseradish peroxidase-conjugated anti-rabbit from Pierce
(Rockford, IL).

2.7. Determination of intracellular Ca®* signals

Images of intracellular Ca>* signals in N2a cells or pri-
mary hippocampal neurons in culture were obtained with
an inverted confocal microscope (Carl Zeiss LSM 5 Pas-
cal, Oberkochen, Germany). N2a cells were maintained for
60 min under resting conditions in Krebs—Ringer in the pres-
ence or absence of 50 uM ryanodine, cells were preloaded
for 30 min at 37 °C with 5 uM fluo 3-AM (Molecular Probes,
Eugene, OR) and were washed for 10 min in Krebs—Ringer
to allow complete dye de-esterification. Hippocampal cells
were maintained for 60 min in neurobasal medium in the
presence or absence of 50 uM ryanodine; cells were then
transferred to modified Ca?*-free Hanks solution, preloaded
for 30 min at 37 °C with 5 uM fluo 3-AM (Molecular Probes,
Eugene, OR) and washed for 10 min in modified Ca**-free
Hanks solution to allow complete dye de-esterification. Cells
attached to coverslips were mounted in a 1 ml capacity perfu-
sion chamber and placed in the microscope for fluorescence
measurements (excitation 488 nm, argon laser beam). After
H,O; addition, image data were taken in the time line scan
mode, with the scan line oriented along segments of neuronal
prolongations in hippocampal cells or along the cell body in
N2a cells, avoiding cell nuclei. Fluorescence images were
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collected every 10 ms and the average of four line scans was
analyzed using the equipment data acquisition program. The
Ca®* signals are presented as AF/F, values, where F, corre-
sponds to the basal fluorescence obtained from 2000 or 4000
line scans. After addition of H,O», fluorescence was recorded
during an additional period to collect 2000 or 4000 line scans.
All experiments were done at room temperature (20-22 °C).

2.8. Detection of RyR S-glutathionylation

Cells were lysed in the following lysis buffer (in mM):
225 NaCl, 1.5 EDTA, 5 NazVOy, 40 NaF, 10 NasP,07, 200
N-ethylmaleimide, 75 Tris—HC]l, pH 7.4, 4.5% Nonidet P-40,
plus protease inhibitors (0.5 leupeptin, 0.116 pepstatin, 15.9
benzamidine, 19.5 PMSF). Cell lysate fractions containing
50-70 wg of protein were dissolved (1:1) in 2-fold con-
centrated non-reducing loading buffer containing urea plus
N-ethylmaleimide (12 M urea, 2% SDS, 0.04% Bromophe-
nol blue, 96.4mM NaH,PO4, 34 mM Na;HPO4, 10 mM
N-ethylmaleimide), incubated at 60 °C for 20 min and sep-
arated by PAGE in 3.5-8% gradient polyacrylamide gels
under non-reducing conditions using the Tris-Acetate buffer
system (Novex NuPAGE®, Invitrogen Life Technologies,
Carlsbad, CA). After electrophoresis, proteins were trans-
ferred for 3 h at 100 V to PVDF membranes (Millipore Corp.,
Bedford, MA); membranes were blocked at 4 °C overnight
in Tris-buffered saline (TBS) (20mM Tris—HCI, pH 7.6,
140 mM NaCl) containing 5% BSA plus 0.2% Tween-20,
and were then incubated at room temperature 1h with anti-
glutathione (anti-GSH) antibody (diluted 1/25,000 in TBS,
5% BSA, 0.2%Tween-20). After washing three times with
20ml TBS, 0.2% Tween-20 membranes were incubated as
above at room temperature with the secondary antibody for
1 h. After antigen-antibody reaction and detection with ECL,
membranes were stripped and probed with anti-RyR anti-
body. For this purpose, membranes were stripped for 30 min
at 50 °C with a solution containing 62.5 mM Tris—HCI, pH
6.7, 100mM B-mercaptoethanol, 2% SDS. After washing
three times with 20 ml of TBS plus 0.2% Tween-20, mem-
branes were blocked for 1 h at room temperature in TBS, 5%
non-fat milk, 0.2% Tween-20. After removing this solution,
membranes were incubated at 4 °C overnight with anti-RyR
antibody (diluted 1/2000) in TBS, 5% non-fat milk, 0.2%
Tween-20. After washing three times with TBS, 0.2% Tween-
20, membranes were incubated at room temperature with the
secondary antibody for 1 h. After antigen-antibody reaction
and detection with ECL, membranes were stripped again as
above, and stained with Coomassie blue. For this purpose,
membranes were washed for 1 min with 20 ml methanol,
incubated 5 min with 20 ml of a solution containing 0.01%
Coomassie Brilliant Blue R250, 50% methanol, 10% acetic
acid, washed 1 min with 20ml of 50% methanol, and air-
dried. Blots were quantified by densitometric analysis using
the Quantity One software (Bio-Rad Laboratories, Hercules,
CA). Results are expressed as the ratio of anti-GSH/RyR band
densities.

2.9. Statistics

Results are expressed as mean & S.E. The significance of
differences was evaluated using Student’s z-test for paired
data or ANOVA followed by Dunnett’s or Bonferroni’s post-
test as indicated.

3. Results

Activation of the Ras/ERK pathway is required for long-
term CREB phosphorylation (Wu et al., 2001) [60], a pre-
requisite of sustained, long-lasting LTP in the hippocampus
[41,56]. Accordingly, the study of the cellular factors that
may affect CREB phosphorylation via the ERK pathway in
hippocampal neurons is of special significance. In this work,
we investigated how modifying the cellular redox state with
H,0, affected ERK and CREB phosphorylation in neuronal
cells in culture or in hippocampal slices. We initially used the
N2a neuroblastoma cell line and we then explored the effects
of H,O» on hippocampal neurons. In all cases, cell cultures
treated with H,O; presented the same proportion of live cells
(>90%) as in control conditions.

3.1. Stimulation of ERK and CREB phosphorylation in
N2a cells by H,0;

Incubation of N2a cells with 100400 uM H;O; in the
presence of 3mM external [Ca®*] produced a significant
increase in both ERK and CREB phosphorylation; maximal
levels were obtained after 10 min of incubation, the earliest
time tested, and remained elevated for up to 30 min when
using 200 uM H,O; (data not shown). Accordingly, in all
subsequent experiments cells were incubated with 200 uM
H,0, for 20 min. In these conditions, H,O; increased sig-
nificantly both ERK1/2 and CREB phosphorylation over the
endogenous levels (Fig. 1A).

It is well established that ryanodine at concentrations
>10 uM is a extremely specific RyR channel blocker that
binds only to the open state of RyR channels [30]; this fea-
ture requires long incubations with ryanodine (30—60 min) to
ensure RyR inhibition. Thus, N2a cells or hippocampal neu-
rons were preincubated with 50 uM ryanodine for 60 min; in
these conditions the stimulation of ERK and CREB phospho-
rylation produced by 200 uM H,O; was drastically curtailed
(Fig. 1A). These results suggest that H»O-induced ERK
and CREB activation required functional RyR. Basal ERK
phosphorylation in control cells also was slightly reduced
by 50 uM ryanodine but this reduction was not statistically
significant.

Incubation of cells with U0126, a specific inhibitor of the
mitogen-activated protein kinase (MEK), the upstream ERK
kinase, prevented ERK phosphorylation and decreased sig-
nificantly the enhancement of ERK phosphorylation induced
by H>05; U0126 also abolished HyO5-induced CREB stim-
ulation (Fig. 1B), strongly suggesting that CREB activation
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Fig. 1. Stimulation by H,0, of ERK1/2 and CREB phosphorylation in
N2a cells. Effects of ryanodine (A) or the MEK inhibitor U0126 (B). N2a
cells were maintained for 60 min under resting conditions in Krebs—Ringer
medium. When indicated, 50 M ryanodine or 10 uM U0126 were added
to this solution for the entire 60 min or for the last 30 min, respectively, of
the preincubation period. After preincubation, 200 uM H;O, was added for
20 min to control cells or to cells preincubated with ryanodine or U0126. In
each panel, the upper part illustrates the Western blots for phospho ERK1/2
(P-ERK in the figure) or phospho-CREB (P-CREB in the figure) and the
total ERK or CREB levels, respectively, as loading controls. The bar graphs
under the Western blots represent the ratios, normalized with respect to the
values obtained in control cells, of phospho-ERK1/2 over total ERK (black
solid bars) or of phospho-CREB over total CREB (gray solid bars). All val-
ues, given as mean =+ S.E., correspond to at least 3 independent experiments
carried out in duplicates. “p <0.01; “p <0.001.

was a consequence of the activation of the Ras/sMEK/ERK
pathway by H,O.

In the absence of extracellular Ca%*, H,0O; also enhanced
ERK and CREB phosphorylation to a similar extent as
observed in the presence of Ca*. In both conditions, prein-
cubation with 50 uM ryanodine abolished the stimulatory
effects of HyO» (Fig. 2A). Cells incubated with thapsigar-
gin (1 wM) in Ca**-free conditions displayed similar basal
phospho-ERK levels as controls but did not exhibit the H,O;-
induced increase in ERK phosphorylation (Fig. 2B). Cells
incubated with thapsigargin as above displayed a statistically
significant increase in CREB phosphorylation levels; yet the
phospho-CREB levels of cells incubated with thapsigargin
alone or with thapsigargin plus H,O, were not statistically
different (Fig. 2B). These results indicate that H,O; did not
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Fig. 2. Stimulation of ERK and CREB phosphorylation by H,O, in N2a
cells. Effects of external Ca2* removal (A) or of thapsigargin (B). (A) 200 puM
H,0, was added for 20 min to cells incubated for 60 min in CaZ*-free solu-
tion; when indicated, 50 wM ryanodine was added at the start of the 60 min
preincubation period. (B) Cells were incubated for 40 min in Ca**-free solu-
tion plus or minus 1 uM thapsigargin. After this time, 200 uM H2O> or
vehicle was added to this solution and cells were incubated for an addi-
tional 20 min period. The upper part of each panel illustrates Western blots
for phospho-ERK1/2 or phospho-CREB and total ERK or CREB, respec-
tively, as loading controls. The bar graphs under the Western blots represent
the ratios, normalized with respect to control values, of phospho-ERK1/2
over total ERK (black solid bars) or of phospho-CREB over total CREB
(gray solid bars). All values, given as mean & S.E., correspond to at least 3
independent experiments carried out in duplicates. “p <0.05; ““p<0.01.

stimulate ERK/CREB phosphorylation in cells with Ca**-
depleted ER.

These combined findings suggest that HyO»-induced
increases in CREB phosphorylation in N2a cells are due pri-
marily to Ca>*-dependent activation of the Ras/MEK/ERK
pathway. Activation of this pathway by H,O,, which was
independent of extracellular Ca?*, seems to require func-
tional RyR since it was not observed after RyR inhibition
with ryanodine.

3.2. Stimulation by H,O; of ERK and CREB
phosphorylation in hippocampal neurons

We investigated next the effects of HyO, on ERK and
CREB phosphorylation in hippocampal neurons. For this
purpose, we used rat hippocampal neurons in primary cul-
tures or mouse hippocampal slices. As observed in N2a cells,
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Fig. 3. Stimulation of ERK and CREB phosphorylation by H,O; in hip-
pocampal cells in primary culture (A) or in hippocampal slices (B). (A)
200 uM H;0, was added for 20min to hippocampal neurons in pri-
mary culture, previously maintained for 60 min under resting conditions
in Krebs—Ringer medium. When indicated, 50 uM ryanodine was present
during the entire preincubation period. (B) Hippocampal slices (400 pm)
were exposed to 1 wM H»O, for 20 min. Slices were preincubated with or
without 50 uM ryanodine for 60 min in Krebs—Ringer solution. The upper
part of each panel 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 represent the ratios (mean & S.E.) phospho-ERK1/2 over
total ERK (black solid bars) or phospho-CREB over total CREB (gray solid
bars). All values, normalized to the control values, correspond to at least 3
independent experiments carried out in duplicates. “p <0.05; “*p <0.01.

addition of 200 uM H»O; to hippocampal neurons in pri-
mary cultures caused significant stimulation of ERK1/2 and
CREB phosphorylation that was abolished by 50 uM ryan-
odine (Fig. 3A).

In mouse hippocampal slices addition of 1 uM H>O; pro-
duced significant stimulation of ERK1/2 and CREB phos-
phorylation (Fig. 3B), while 10- to 20-fold higher H,O,
concentrations were required in hippocampal neurons or N2a
cells in culture. Cells grown in primary culture were exposed
for several days to 95% air/5% CO and had to adapt to a
higher oxygen concentration than present in the tissue; this
adaptation may have made them less sensitive to HoO; than
hippocampal slices, which were placed in an atmosphere sat-
urated with 95% O»/5% CO, only for a few h after dissection.
As seen in N2a cells and hippocampal neurons in culture,
50 uM ryanodine abolished the stimulatory effects of H;O»

on ERK1/2 and CREB phosphorylation in hippocampal slices
(Fig. 3B).

Immunocytochemical analysis of phospho-ERK and
phospho-CREB in N2a cells and hippocampal neurons in cul-
ture revealed that H, O, stimulated ERK and CREB phospho-
rylation in all cases (Fig. 4). Immunohistochemical analysis
revealed once again that 20-fold lower H,O, concentrations
(1 M) stimulated CREB phosphorylation in hippocampal
slices when compared to N2a cells or hippocampal neurons
in culture. In agreement with the Western blot results illus-
trated in previous figures, the stimulatory effects of HyO»
were largely abolished by 50 M ryanodine (Fig. 4). Control
slices incubated with 50 wuM ryanodine were not ostensi-
bly different from controls incubated only with vehicle (not
shown).

3.3. Generation of cytoplasmic Ca** signals by H,0 in
N2a cells and hippocampal neurons in culture

To explore if HyO» stimulated RyR-mediated Ca* release
in N2a cells or hippocampal neurons in primary culture, we
investigated the effects of HyO, addition on cytoplasmic
Ca?t, using fluo 3 as fluorescent Ca?* indicator. As illustrated
in Fig. 5A, N2a cells displayed low basal fluo 3 florescence in
their cytoplasm; addition of 200 uM H;O» caused a marked
increase in fluorescence. In contrast, fluo 3 fluorescence did
not increase following addition of H»O» to N2a cells prein-
cubated with 50 uM ryanodine, suggesting strongly that the
Ca** increase produced by H,O; was due to RyR-mediated
Ca?* release. Addition of 200 uM H>O»5 to hippocampal neu-
rons in primary culture also stimulated the emergence of Ca>*
signals, evidenced as fluo 3 fluorescence increase (Fig. 5B).
Preincubation with ryanodine (50 uM) decreased to a large
extent (>70%) the increase in fluo 3 fluorescence induced
by H>O;, suggesting that in hippocampal cells in culture the
Ca?* increase induced by H,O, was mostly, but not exclu-
sively, due to RyR-mediated Ca”* release.

A summary of the results of several experiments done
in N2a cells or hippocampal neurons in culture is presented
in Fig. 6. Following H>O» addition N2a cells displayed an
immediate increase in fluo 3 fluorescence while the fluores-
cence of hippocampal cells in primary culture reached its
maximum at 25 s. These differences may arise from the line
scan source, since the fluorescence line scans of N2a cells
were recorded in the cell body, avoiding the nucleus, whereas
in hippocampal cells they were recorded in neuronal prolon-
gations that may vary in RyR content. Alternatively, the two
cell types may possess intrinsic redox defense systems that
may endow them with different redox sensitivities. Further
experiments are needed to test this point.

3.4. Enhanced RyR S-glutathionylation induced by
H>0; in hippocampal cells in culture

The above results suggest that enhanced RyR-mediated
Ca** release causes the stimulation of ERK/CREB phospho-
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Fig. 4. Stimulation by H>O», visualized by immunocytochemical or immunohistochemical analysis, of phospho-ERK1/2 or phospho-CREB in N2a cells,
hippocampal cells in primary culture, or hippocampal slices. Phospho-ERK1/2 or phospho-CREB staining was obtained with their corresponding fluorescent
secondary antibodies, as detailed in the text. Neurons or slices were fixed after 60 min preincubation with or without 50 wM ryanodine, followed by 20 min
incubation with H>O3; 200 wM H;O; was added to cells in culture and 1 wM H;O; to hippocampal slices. Fluorescent antibodies against 3 tubulin III to stain
neurons, or against the glial fibrillary acidic protein GFAP to stain glial cells, were used as controls for hippocampal cells in culture. Fluorescent images were
obtained as detailed in the text; transmitted images for N2a cells or hippocampal cells in primary culture are also shown.

rylation produced by H>O;. To test whether H,O»-induced
RyR redox modifications that might stimulate RyR-mediated
Ca’* release, we measured the levels of RyR S-gluta-
thionylation before and after addition of H>O;. As illustrated
in Fig. 7, incubation of either N2a cells or hippocampal
neurons in culture with 200 wuM H, O enhanced significantly
(>2-fold) RyR S-glutathionylation over the endogenous
basal levels. RyR S-glutathionylation was lost after incu-
bation of samples in vitro with dithiothreitol (not shown),
indicating that reducing agents can readily reverse this redox
modification.

4. Discussion
The results described herein suggest strongly that stim-

ulation of RyR-mediated Ca®* release, presumably through
H>05-induced redox modifications of the RyR protein, is

responsible for the ERK/CREB activation displayed by N2a
cells and hippocampal neurons exposed to HyO;. The phys-
iological relevance of these results lies in their possible
relevance to long-lasting LTP, which in the hippocampus
requires ROS production and the Ca®*-induced Ras/ERK
activation necessary for long-lasting CREB phosphorylation
and CREB-dependent gene transcription.

Depolarizing stimuli activate Ca®* entry through post-
synaptic NMDA receptors or L-type voltage-dependent Ca**
channels [16,17]. Calcium entry may also stimulate Ca®*
release from intracellular stores [6,61], resulting in ampli-
fication and propagation of the initial Ca®* entry signal via
Ca**-induced Ca®* release (CICR). An increase in intracel-
lular free Ca?* concentration is a requisite for LTP induc-
tion. Through Ras stimulation [for reviews see 14,60] Ca?*
activates the RassMEK/ERK1/2 cascade. It has been demon-
strated that ERK activation is required for sustained CREB
phosphorylation and CREB-dependent transcription of the
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Fig. 5. Determination of Ca®* signals in N2a cells or hippocampal neurons in culture exposed to HyO,. To determine intracellular Ca®* levels, cells were
preloaded with 5 uM fluo 3-AM as detailed in the text. When indicated, cells were preincubated with 50 uM ryanodine for 60 min. All fluorescence image
data were taken at room temperature (20-22 °C) in the time line scan mode; line scan images were collected every 10 ms and the average of four line scans
was obtained as detailed in the text. Image collection was stopped after collecting a set of 2000-4000 line scans; after a few seconds, scan collection was
reinitiated concomitantly with the addition of 200 uM H, O, (arrowheads). The left panels in (A) and (B) show images of the cell cultures (horizontal calibration
bar=10 wm) used to obtain the line scan panels shown at right for control cells (upper panels) or for cells incubated with ryanodine (lower panels); vertical
calibration bar= 10 wm. (A) For N2a cells in culture, the scan lines were oriented along the cell body, avoiding cell nuclei. The lower part of (A) shows the
time course of fluorescence changes recorded at two specific points in control or ryanodine-treated cells (indicated at the right of line scan images). (B) For
hippocampal neurons in primary culture, line scans were oriented along segments of neuronal prolongations. The lower part of (B) shows the time course of
fluorescence changes recorded from a single point in control or ryanodine-treated cells (indicated at the right of line scan images). In (A) and (B), fluorescence
changes are plotted as AF/F,, where F, corresponds to the basal fluorescence obtained from the 2000 or 4000 line scans collected before H,O, addition.

genes required for long-lasting synaptic plasticity and long-
term memory acquisition [16,25,26,31,39,60,62,63]. Both,
activity-dependent postsynaptic Ca’* entry and Ca* release
signals contribute to LTP induction in the hippocampus [41].
Yet, specific ERK stimulation by Ca®* signals generated via
RyR-mediated Ca>* release has not been reported.

In hippocampal neurons, NMDA receptor activation also
promotes the generation of ROS/RNS [7,12,29,48]. Recent
evidence indicates that ROS have an important role in ERK

activation and in the induction of long-lasting LTP in the
hippocampus [35,54]. Furthermore, hippocampal neurons
possess an intrinsic NOX activity that produces superox-
ide anion [35,54,58]. By enzymatic or chemical dismutation,
superoxide anion readily generates H>O, as a by-product.
Pharmacological and genetic manipulations that lead to NOX
inhibition abolish NMDA receptor-induced ERK activation
[35]. These results suggest that NOX-dependent ROS produc-
tion forms part of the signaling cascades linking stimulation
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Fig. 6. Time course of HyO;-induced changes in intracellular free [CaZ*], determined as fluo 3 fluorescence, in N2a cells (A) or hippocampal neurons in
primary culture (B). At time zero, 200 uM H,O, was added to the external solution. For N2a cells, values were obtained from three different cultures, withn="7
both for control cells (closed circles) and for cells preincubated with 50 wM ryanodine (open circles). For hippocampal cells in culture, values were obtained
from five different cultures, with n =23 for control cells (closed circles) and n=8 for cells preincubated with 50 uM ryanodine (open circles). All values are

given as mean =+ S.E. Conditions were as detailed in the legend to Fig. 5.
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Fig. 7. Determination of RyR S-glutathionylation in N2a cells or hippocampal neurons. Non-reducing gels from control cells or from cells incubated for 20 min
with 200 uM H,0O; were transferred to PVDF membranes and sequentially probed with anti-GSH and anti-RyR antibodies; after stripping, membranes were
stained with Coomassie blue as detailed in the text. (A) Images correspond to a representative PVDF membrane of N2a cells or hippocampal neurons probed
with anti-GSH or anti-RyR antibodies, or stained with Coomassie blue. (B) The bar graph represents the ratios between band densities obtained with anti-GSH
or anti-RyR. Ratios obtained from at least 3 independent experiments were determined from blots like those shown in upper part of the figure. Values are given

as mean =+ S.E. Open bars: N2a cells (n=5); hatched bars: hippocampal neurons (n=7). “p <0.01.
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of NMDA receptors with ERK activation in hippocampal
neurons.

Several reports indicate that exogenously added H,O»
increases ERK phosphorylation in PC12 cells [5,24,65,66]
and cortical neurons [13]. In hippocampal slices, 10 mM
H>0O, increases ERK1/2 phosphorylation; this increase is
blocked by the antioxidant N-acetylcysteine [34]. The pos-
sible participation of Ca** release from intracellular stores
in HyO;-induced ERK activation has not been reported.
The present findings, which show that uM H>O; concen-
trations stimulate ERK phosphorylation in N2a cells and
hippocampal neurons, confirm the stimulatory role of H;O»
on this reaction. In addition, we report here for the first
time that H»O; also can stimulate CREB phosphorylation
in hippocampal neurons in primary culture or in hippocam-
pal slices, as we reported previously for N2a cells [11]. Yet,
in comparison to cells in culture 10- to 20-fold lower H,O»
concentrations were required in mouse hippocampal slices
to produce significant stimulation of ERK1/2 and CREB
phosphorylation. As mentioned in Section 3, this difference
may be due to the adaptation of cells grown in culture to
a significantly higher oxygen concentration than present in
brain tissue, an adaptation which may have made cells in
culture less sensitive to redox agents than freshly dissected
hippocampal slices. The stimulation of ERK and CREB phos-
phorylation induced by HyO, in N2a cells did not require
extracellular Ca®* and was drastically curtailed by U0126 or
by thapsigargin-induced depletion of endoplasmic reticulum
Ca’*.

Exposure of N2a cells or hippocampal neurons to HyO;
generated ryanodine-sensitive intracellular Ca** signals,
indicating that HyO, stimulated RyR-mediated Ca’* release.
Likewise, in N2a cells or hippocampal neurons a con-
centration of ryanodine that blocks RyR-mediated Ca®*
release exerted a powerful inhibitory effect or suppressed the
ERK/CREB stimulation produced by H>O». These combined
results strongly suggest that H,O» stimulates RyR-mediated
Ca?* release from the ER, and that the resulting Ca?* concen-
tration increase activates the Rass/MEK/ERK cascade, pro-
moting ERK-dependent CREB phosphorylation.

Endogenous ROS, including H0;, stimulate RyR-
mediated Ca®* release in vitro while reducing agents have the
opposite effects [2,20,21,46]. In particular, highly reduced
single RyR channels from neurons barely respond in vitro
to activation by Ca”* [42], even in the presence of ATP
[8]. Presumably, this redox sensitivity makes RyR-mediated
CICR highly dependent on cellular redox state [28]. Resting
neurons have cytoplasmic GSH/GSSG ratios >60 [44]; the
resulting highly reducing potential of the neuronal cytoplasm
[52] is bound to keep RyR in a reduced state, presumably
hindering RyR activation by Ca®*. We propose that modifi-
cation of RyR redox state by ROS generated during neuronal
activation makes possible efficient RyR activation by the con-
comitant Ca>* entry signals. In fact, each RyR subunit pos-
sesses highly reactive cysteine residues, susceptible to mod-
ification by oxidation, S-nitrosylation, S-glutathionylation

and alkylation at physiological pH. Thus, H,O,, molec-
ular oxygen, nitrosoglutathione, glutathione disulfide and
NO or NO donors all enhance the activity of mammalian
RyR [28]. We have shown here that HyO, increased RyR
S-glutathionylation, a redox modification that enhances RyR-
mediated CICR in skeletal and cardiac muscle [2,51] and
which is likely to enhance CICR in neuronal cells as well.

Redox modifications of the Ras protein by ROS/RNS stim-
ulate Ras activity [1,27]. Accordingly, direct Ras stimulation
might also contribute to the stimulation of ERK phosphoryla-
tion induced by H>O;. The results obtained with ryanodine,
which when used in conditions that ensure selective RyR
inhibition essentially abolished all the stimulatory effects of
H»0;, make unlikely this possibility and strongly suggest
that functional RyR are the primary targets of H,O» both in
N2a cells and hippocampal neurons.

4.1. Physiological implications

The hippocampus of rats trained in an intensive water
maze task displays increased expression of the RyR2 iso-
form, suggesting that RyR-mediated Ca”* release signals
may be involved in memory processing after spatial learn-
ing [67]. In hippocampal neurons, RyR activation enhances
activity-dependent release of brain derived neurotrophic fac-
tor (BDNF) [3] and elicits changes in spine morphology, pro-
ducing a significant increase in spine area [37]. Additionally,
BDNF treatment (3—6h) of cultured hippocampal neurons-
induced mRNAs encoding several synapse-associated pro-
teins, including RyR2 [49]. Functional RyRs are required
to elicit NMDA receptor-mediated Ca”** signals in hip-
pocampal postsynaptic dendritic spines [19], albeit opposing
results have also been presented [38]. RyR inhibition with
10 uM ryanodine significantly reduces late LTP induction
and activity-dependent CREB phosphorylation in postsy-
naptic neurons, while lower ryanodine concentrations that
activate RyR shift the induction of early LTP to late LTP [40].
We have found that preincubation of hippocampal neurons in
culture with 50 uM ryanodine blocks both the intracellular
Ca”* increase and the stimulation of ERK phosphorylation
induced by NMDA.! As discussed above, stimulation pro-
tocols that lead to long-lasting LTP induction activate ROS
generation in the hippocampus. Based on these observations,
we propose that in the hippocampus joint activation of RyR-
mediated Ca>* release by Ca>* and ROS may be one of the
early events in the postsynaptic signaling cascade that is ini-
tiated by NMDA receptor activation and that culminates in
long-lasting LTP.

In summary, we propose that RyR channels act as coinci-
dence detectors of the concomitant Ca>* and ROS increase
induced by NMDA receptor activation, and thus allow cross
talk between Ca”* signaling and redox signaling cascades in
postsynaptic hippocampal neurons. Conditions that promote

' P Mufioz, A. Kirkwood, E. Klann, C. Hidalgo and M.T. Nuiiez,
manuscript in preparation.
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oxidative stress, such as aging [18], may imbalance this cross
communication, resulting in excessive stimulation of Ca?t
release that, if not controlled, could induce pathological con-
ditions or even neuronal death [45]. Noteworthy, inhibition
of RyR-mediated Ca”* release in hippocampal CAl neu-
rons reduced or eliminated age-induced differences of several
biomarkers that are Ca®*-dependent [23]. These results sug-
gest that excessive ROS production in aging neurons [18]
may cause faulty Ca>* homeostasis through over stimulation
of RyR-mediated CICR.

Acknowledgements

The contribution of C. Sofia Herndndez in exploratory
experiments and the technical help provided by Ménica Silva,
Nancy Leal, Luis Montecinos and Laura Villasana are grate-
fully acknowledged. This study was supported by FONDAP
Center for Molecular Studies of the Cell, Fondo Nacional
de Investigacion Cientifica y Tecnologica (FONDECYT)
grant 15010006, by FONDECYT grant 1030988, and by the
National Institutes of Health (NS34007).

References

[1] T. Adachi, D.R. Pimentel, T. Heibeck, X. Hou, Y.J. Lee, B. Jiang, Y.
Ido, R.A. Cohen, S-glutathiolation of Ras mediates redox-sensitive sig-
naling by angiotensin Il in vascular smooth muscle cells, J. Biol. Chem.
279 (2004) 29857-29862.

[2] P. Aracena, G. Sanchez, P. Donoso, S.L. Hamilton, C. Hidalgo,
S-glutathionylation decreases Mg?* inhibition and S-nitrosylation
enhances Ca2* activation of RyR1 channels, J. Biol. Chem. 278 (2003)
42927-42935.

[3] A. Balkowiec, D.M. Katz, Cellular mechanisms regulating activity-
dependent release of native brain-derived neurotrophic factor from
hippocampal neurons, J. Neurosci. 22 (2002) 10399-10407.

[4] D. Balschun, D.P. Wolfer, F. Bertocchini, V. Barone, A. Conti, W.
Zuschratter, L. Missiaen, H.-P. Lipp, J.U. Frey, V. Sorrentino, Dele-
tion of the ryanodine receptor type 3 (RyR3) impairs forms of synaptic
plasticity and spatial learning, EMBO J. 18 (1999) 5264-5273.

[5] B. Bedogni, G. Pani, R. Colavitti, A. Riccio, S. Borrello, M. Mur-
phy, R. Smith, M.L. Eboli, T. Galeotti, Redox regulation of CREB and
induction of manganese superoxide dismutase in NGF-dependent cell
survival, J. Biol. Chem. 278 (2003) 16510-19519.

[6] M.J. Berridge, Neuronal calcium signalling, Neuron 21 (1998) 13-26.

[7] V.P. Bindokas, J. Jordan, C.C. Lee, R.J. Miller, Superoxide production
in rat hippocampal neurons: selective imaging with hydroethidine, J.
Neurosci. 16 (1996) 1324-1336.

[8] R. Bull, J.J. Marengo, J.P. Finkelstein, M.I. Behrens, O. Alvarez, SH
oxidation coordinates subunits of rat brain ryanodine receptor channels
activated by calcium and ATP, Am. J. Physiol. Cell Physiol. 285 (2003)
C119-C128.

[9] C. Cardenas, M. Miiller, E. Jaimovich, F. Pérez, D. Buchuk, A.F. Quest,
M.A. Carrasco, Depolarization of skeletal muscle cells induces phos-
phorylation of cAMP response element binding protein via calcium and
protein kinase C alpha, J. Biol. Chem. 279 (2004) 39122-39131.

[10] W.A. CarlezonJr., R.S. Duman, E.J. Nestler, The many faces of CREB,
Trends Neurosci. 28 (2005) 436-445.

[11] M.A. Carrasco, E. Jaimovich, U. Kemmerling, C. Hidalgo, Signal trans-
duction and gene expression regulated by calcium release from internal
stores in excitable cells, Biol. Res. 37 (2004) 701-712.

[12] D.M. Chetkovich, E. Klann, J.D. Sweatt, Nitric oxide synthase-
independent long-term potentiation in area CA1 of hippocampus, Neu-
roreport 4 (1993) 919-922.

[13] AJ. Crossthwaite, S. Hasan, R.J. Williams, Hydrogen peroxide-
mediated phosphorylation of ERK 1/2, Akt/PKB and JNK in cortical
neurons: dependence on Ca?* and PI3-kinase, J. Neurochem. 80 (2002)
24-35.

[14] P.J. Cullen, PJ. Lockyer, Integration of calcium and Ras signalling, Nat.
Rev. Mol. Cell Biol. 3 (2002) 339-348.

[15] T.L. Davis, K.K. Kwong, R.M. Weisskoff, B.R. Rosen, Calibrated func-
tional MRI: mapping dynamics of oxidative metabolism, Proc. Natl.
Acad. Sci U.S.A. 95 (1998) 1834-1839.

[16] K. Deisseroth, P.G. Mermelstein, H. Xia, R.W. Tsien, Signaling from
synapse to nucleus: the logic behind the mechanisms, Curr. Opin. Neu-
robiol. 13 (2003) 345-365.

[17] R.Dolmetsch, Excitation-transcription coupling: signaling by ion chan-
nels to the nucleus, Sci. STKE 166 (2003) PE4.

[18] W. Droge, Oxidative stress and ageing: is ageing a cysteine deficiency
syndrome? Phil. Trans. R. Soc. B 360 (2005) 2355-2372.

[19] N. Emptage, T.V. Bliss, A. Fine, Single synaptic events evoke NMDA
receptor-mediated release of calcium from internal stores in hippocam-
pal dendritic spines, Neuron 22 (1999) 115-124.

[20] J.P. Eu, J. Sun, L. Xu, J.S. Stamler, G. Meissner, The skeletal muscle
calcium release channel: coupled O, sensor and NO signaling func-
tions, Cell 102 (2000) 499-509.

[21] W. Feng, I.N. Pessah, Detection of redox sensor of ryanodine receptor
complexes, Meth. Enzymol. 353 (2002) 240-253.

[22] A. Futatsugi, K. Kato, H. Ogura, S.T. Li, E. Nagata, G. Kuwajima, K.
Tanaka, S. Itohara, K. Mikoshiba, Facilitation of NMDAR-independent
LTP and spatial learning in mutant mice lacking ryanodine receptor type
3, Neuron 24 (1999) 701-713.

[23] J.C. Gant, M.M. Sama, P.W. Landfield, O. Thibault, Early and simul-
taneous emergence of multiple hippocampal biomarkers of aging
is mediated by Ca®*-induced Ca®* release, J. Neurosci. 26 (2006)
3482-3490.

[24] Z.K. Guyton, Y. Liu, M. Gorospe, Q. Xu, N.J. Holbrook, Activation
of mitogen-activated protein kinase by H,O;. Role in cell survival fol-
lowing oxidant injury, J. Biol. Chem. 270 (1996) 4138-4142.

[25] G.E. Hardingham, S. Chawla, H. Cruzalegui, H. Bading, Control of
recruitment and transcription-activating function of CBP determines
gene regulation by NMDA receptors and L-type calcium channels, Neu-
ron 22 (1999) 789-798.

[26] G.E. Hardingham, H. Bading, The yin and yang of NMDA receptor
signalling, Trends Neurosci. 26 (2003) 81-89.

[27] J. Heo, S.L. Campbell, Ras regulation by reactive oxygen and nitrogen
species, Biochemistry 45 (2006) 2200-2210.

[28] C. Hidalgo, P. Donoso, M.A. Carrasco, The ryanodine receptors Ca?+
release channels: cellular redox sensors? ITUBMB, Life 57 (2005)
315-322.

[29] J. Hongpaisan, C.A. Winters, S.B. Andrews, Calcium-dependent mito-
chondrial superoxide modulates nuclear CREB phosphorylation in hip-
pocampal neurons, Mol. Cell Neurosci. 24 (2003) 1103-1115.

[30] T. Imagawa, J.S. Smith, R. Coronado, K.P. Campbell, Purified ryan-
odine receptor from skeletal muscle sarcoplasmic reticulum is the
Ca®*-permeable pore of the calcium release channel, J. Biol. Chem.
262 (1987) 16636-16643.

[31] S. Impey, R.H. Goodman, CREB signaling-timing is everything, Sci.
STKE 82 (2001) PE1.

[32] A. Kamsler, M. Segal, Paradoxical actions of hydrogen peroxide on
long-term potentiation in transgenic superoxide dismutase-1 mice, J.
Neurosci. 23 (2003) 269-276.

[33] A. Kamsler, M. Segal, Hydrogen peroxide as a diffusible signal
molecule in synaptic plasticity, Mol. Neurobiol. 29 (2004) 167-
178.

[34] B.I. Kanterewicz, L.T. Knapp, E. Klann, Stimulation of p42 and p44
mitogen-activated protein kinases by reactive oxygen species and nitric
oxide in hippocampus, J. Neurochem. 70 (1998) 1009-1016.



502 U. Kemmerling et al. / Cell Calcium 41 (2007) 491-502

[35] K.T. Kishida, M. Pao, S.M. Holland, E. Klann, NADPH oxidase is
required for NMDA receptor-dependent activation of ERK in hip-
pocampal area CA1, J. Neurochem. 94 (2005) 299-306.

[36] E. Klann, Cell-permeable scavengers of superoxide prevent long-term
potentiation in hippocampal area CAl, J. Neurophysiol. 80 (1998)
452-457.

[37] E. Korkotian, M. Segal, Release of calcium from stores alters the mor-
phology of dendritic spines in cultured hippocampal neurons, Proc.
Natl. Acad. Sci. U.S.A. 96 (1999) 12068-12072.

[38] Y. Kovalchuk, J. Eilers, J. Lisman, A. Konnerth, NMDA receptor-
mediated subthreshold Ca(?*) signals in spines of hippocampal neu-
rons, J. Neurosci. 20 (2000) 1791-1799.

[39] B.E. Lonze, D.D. Ginty, Function and regulation of CREB family tran-
scription factors in the nervous system, Neuron 35 (2002) 605-623.

[40] Y.E. Lu, R.D. Hawkins, Ryanodine receptors contribute to cGMP-
induced late-phase LTP and CREB phosphorylation in the hippocam-
pus, J. Neurophysiol. 88 (2002) 1270-1278.

[41] M.A. Lynch, Long-term potentiation and memory, Physiol. Rev. 84
(2004) 87-136.

[42] J.J. Marengo, C. Hidalgo, R. Bull, Sulfhydryl oxidation modifies
the calcium dependence of ryanodine-sensitive calcium channels of
excitable cells, Biophys. J. 74 (1998) 1263-1277.

[43] B. Mellstrom, B. Torres, W.A. Link, J.R. Naranjo, The BDNF gene:
exemplifying complexity in Ca>*-dependent gene expression, Crit Rev.
Neurobiol. 16 (2004) 43-49.

[44] M.T. Nufiez, V. Gallardo, P. Munoz, V. Tapia, A. Esparza, J. Salazar, H.
Speisky, Progressive iron accumulation induces a biphasic change in
the glutathione content of neuroblastoma cells, Free Radic. Biol. Med.
37 (2004) 953-960.

[45] S. Orrenius, B. Zhivotsky, P. Nicotera, Regulation of cell death: the
calcium-apoptosis link, Nature Rev. Mol. Cell. Biol. 4 (2003) 552-565.

[46] L.N. Pessah, K.H. Kim, W. Feng, Redox sensing properties of the ryan-
odine receptor complex, Frontiers Biosci. 7 (2002) 72-79.

[47] P. Puttfarcken, A. Manelli, J. Neilly, D. Frail, Inhibition of age-induced
beta-amyloid neurotoxicity in rat hippocampal cells, Exp. Neurol. 138
(1996) 73-81.

[48] D.A. Richards, T.V. Bliss, C.D. Richards, Differential modulation
of NMDA-induced calcium transients by arachidonic acid and nitric
oxide in cultured hippocampal neurons, Eur. J. Neurosci. 17 (2003)
2323-2328.

[49] R.H. Ring, J. Alder, M. Fennell, E. Kouranova, I.B. Black, S. Thakker-
Varia, Transcriptional profiling of brain-derived neurotrophic factor-
induced neuronal plasticity: a novel role for nociceptin in hippocampal
neurite outgrowth, J. Neurobiol. 66 (2006) 361-377.

[50] C.R. Rose, A. Konnerth, Stores not just for storage: intracellular cal-
cium release and synaptic plasticity, Neuron 31 (2001) 519-522.

[51] G. Sénchez, Z. Pedrozo, R.J. Domenech, C. Hidalgo, P. Donoso, Tachy-
cardiaincreases NADPH oxidase activity and RyR2 S-glutathionylation
in ventricular muscle, J. Mol. Cell. Cardiol. 39 (2005) 982-991.

[52] E.Q. Schafer, G.R. Buettner, Redox environment of the cell as viewed
through the redox state of the glutathione disulfide/glutathione couple,
Free Radic. Biol. Med. 30 (2001) 1191-1212.

[53] F. Serrano, N.S. Kolluri, EB. Wientjes, J.P. Card, E. Klann, NADPH
oxidase immunoreactivity in the mouse brain, Brain Res. 988 (2003)
193-198.

[54] F. Serrano, E. Klann, Reactive oxygen species and synaptic plasticity
in the aging hippocampus, Ageing Res. Rev. 3 (2004) 431-443.

[55] M. Shimuta, M. Yoshikawa, M. Fukaya, M. Watanabe, H. Takeshima, T.
Manabe, Postsynaptic modulation of AMPA receptor-mediated synap-
tic responses and LTP by the type 3 ryanodine receptor, Mol. Cell.
Neurosci. 17 (2001) 921-930.

[56] A.J.Silva, Molecular and cellular cognitive studies of the role of synap-
tic plasticity in memory, J. Neurobiol. 54 (2003) 224-237.

[57] K. Svoboda, Z.F. Mainen, Synaptic, [Ca?*]: intracelular stores spill
their guts, Neuron 22 (1999) 427-430.

[58] M.V. Tejada-Simon, F. Serrano, L.E. Villasana, B.I. Kanterewicz, G.Y.
Wu, M.T. Quinn, E. Klann, Synaptic localization of a functional
NADPH oxidase in the mouse hippocampus, Mol. Cell Neurosci. 29
(2005) 97-106.

[59] E. Thiels, N.N. Urban, G.R. Gonzélez-Burgos, B.I. Kanterewicz, G.
Barrionuevo, C.T. Chu, T.D. Ourv, E. Klann, Impairment of long-term
potentiation and associative memory in mice that overexpress extracel-
lular superoxide dismutase, J. Neurosci. 20 (2000) 7631-7639.

[60] G.M. Thomas, R.L. Huganir, MAPK cascade signalling and synaptic
plasticity, Nat. Rev. Neurosci. 5 (2004) 173-183.

[61] A. Verkhratsky, Endoplasmic reticulum calcium signaling in nerve
cells, Biol. Res. 37 (2004) 693-699.

[62] A.E. West, E.C. Griffith, M.E. Greenberg, Regulation of transcription
factors by neuronal activity, Nat. Rev. Neurosci. 3 (2002) 921-931.

[63] G. Wu, K. Deisseroth, R.W. Tsien, Activity-dependent CREB phospho-
rylation: Convergence of a fast, sensitive calmoduline kinase pathway
and a slow, less sensitive mitogen-activated protein kinase pathway,
Proc. Natl. Acad. Sci. U.S.A. 98 (2001) 2808-2813.

[64] O. Yermolaieva, N. Brot, H. Weissbach, S.H. Heinemann, T. Hoshi,
Reactive oxygen species and nitric oxide mediate plasticity of neu-
ronal calcium signalling, Proc. Natl. Acad. Sci. U.S.A. 97 (2000)
448-453.

[65] M. Yoshizumi, T. Kogame, Y. Suzaki, Y. Fujita, M. Kyaw, K. Kirima,
K. Ishizawa, K. Tsuchiya, S. Kagami, T. Tamaki, Ebselen attenuates
oxidative stress-induced apoptosis via the inhibition of the c-jun N-
terminal kinase and activator protein-1 signalling pathway in PC12
cells, Br. J. Pharmacol. 136 (2002) 1023-1032.

[66] L. Zhang, R. Jope, Oxidative stress differentially modulates phospho-
rylation of ERK, p38 and CREB induced by NGF or EGF in PC12 cells,
Neurobiol. Aging 20 (1999) 271-278.

[67] W. Zhao, N. Meiri, S. Cavallaro, A. Quattrone, L. Zhang, D.L. Alkon,
Spatial learning induced changes in expression of the ryanodine type
II receptor in the rat hippocampus, FASEB J. 14 (2000) 290-300.



	Calcium release by ryanodine receptors mediates hydrogen peroxide-induced activation of ERK and CREB phosphorylation in N2a cells and hippocampal neurons
	Introduction
	Materials and methods
	Cell cultures
	Cell incubation
	Preparation of hippocampal slices
	Western blot analysis
	Immunohistochemistry
	Antibodies
	Determination of intracellular Ca2+ signals
	Detection of RyR S-glutathionylation
	Statistics

	Results
	Stimulation of ERK and CREB phosphorylation in N2a cells by H2O2
	Stimulation by H2O2 of ERK and CREB phosphorylation in hippocampal neurons
	Generation of cytoplasmic Ca2+ signals by H2O2 in N2a cells and hippocampal neurons in culture
	Enhanced RyR S-glutathionylation induced by H2O2 in hippocampal cells in culture

	Discussion
	Physiological implications

	Acknowledgements
	References


