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Ulrike Kemmerling a,b,c, Pablo Muñoz d,a, Marioly Müller a, Gina Sánchez a,
Marı́a L. Aylwin e, Eric Klann f, M. Angélica Carrasco a,e, Cecilia Hidalgo a,g,∗
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bstract

Hydrogen peroxide, which stimulates ERK phosphorylation and synaptic plasticity in hippocampal neurons, has also been shown to
timulate calcium release in muscle cells by promoting ryanodine receptor redox modification (S-glutathionylation). We report here that
xposure of N2a cells or rat hippocampal neurons in culture to 200 �M H2O2 elicited calcium signals, increased ryanodine receptor S-
lutathionylation, and enhanced both ERK and CREB phosphorylation. In mouse hippocampal slices, H2O2 (1 �M) also stimulated ERK and
REB phosphorylation. Preincubation with ryanodine (50 �M) largely prevented the effects of H2O2 on calcium signals and ERK/CREB
hosphorylation. In N2a cells, the ERK kinase inhibitor U0126 suppressed ERK phosphorylation and abolished the stimulation of CREB
hosphorylation produced by H2O2, suggesting that H2O2 enhanced CREB phosphorylation via ERK activation. In N2a cells in calcium-free
edia, 200 �M H2O2 stimulated ERK and CREB phosphorylation, while preincubation with thapsigargin prevented these enhancements.
hese combined results strongly suggest that H2O2 promotes ryanodine receptors redox modification; the resulting calcium release signals,

y enhancing ERK activity, would increase CREB phosphorylation. We propose that ryanodine receptor stimulation by activity-generated
edox species produces calcium release signals that may contribute significantly to hippocampal synaptic plasticity, including plasticity that
equires long-lasting ERK-dependent CREB phosphorylation.

2006 Elsevier Ltd. All rights reserved.
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. Introduction
Activity-dependent phosphorylation of the transcription
actor cAMP/Ca2+ response element binding protein (CREB)
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nduces the transcription of several neuronal genes [43,62].
REB phosphorylation is considered critical to induce long-

erm potentiation (LTP) and for several forms of learning
nd memory [10,41,56]. CREB-dependent transcription of
enes involved in synaptic plasticity entails long-term CREB

hosphorylation by the Ca2+-sensitive Ras/ERK (extracel-
ular signal-regulated kinase) pathway [25,63]. Most studies
n Ca2+-dependent neuronal gene expression have focused
n neuronal Ca2+ entry pathways. Yet, Ca2+ release from
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ntracellular stores also contributes to activity-dependent
ene expression [37,50,57]. In particular, Ca2+ release by
yanodine receptors (RyR) contributes to synaptic plasticity
nd neuronal gene expression [4,6,22,40,55].

Functional RyR are required for long-lasting long-term
otentiation (LTP) and for activity-dependent increases in
hosphorylated CREB (phospho-CREB) in hippocampal
rea CA1 postsynaptic neurons [40]. RyR activity is highly
ensitive to direct redox modification by reactive oxygen
nd nitrogen species (ROS/RNS) [2,20,21,28,46]. Active
eurons display increased metabolic activity and oxygen
onsumption, as well as increased generation of ROS/RNS
15,64]; moreover, ROS generation has been implicated on
ippocampal LTP [54]. Cell-permeable scavengers of super-
xide anion, a free radical, block LTP induction in hip-
ocampal area CA1 [36], a region which also contains a
OS producing NADPH oxidase (NOX) that is required

or N-methyl-d-aspartate (NMDA) receptor-dependent ERK
ctivation [35,53,58]. NOX-generated superoxide anion dis-
utates into H2O2, a ROS that at low concentrations (1 �M)

ncreases tetanic LTP 2-fold and also enhances NMDA-
ndependent LTP [32,33]. Interestingly, catalase, which scav-
nges H2O2, attenuates LTP [59]. Although electrophysio-
ogical studies have yielded divergent results on the effects
f H2O2 on hippocampal function, in some studies the use
f non-physiological H2O2 concentrations in the mM range
ay have caused deleterious oxidative reactions unrelated to

he potential physiological responses [33].
We investigated here whether RyR channels participate

n H2O2-induced ERK phosphorylation in N2a cells or hip-
ocampal neurons. We found that H2O2 modified RyR redox
tate, increasing its S-glutathionylation. H2O2 also stimu-
ated Ca2+ release and increased sequentially ERK and CREB
hosphorylation, while specific RyR inhibition by 50 �M
yanodine drastically reduced the stimulation of Ca2+ release
nd of ERK/CREB phosphorylation induced by H2O2. We
ropose that ROS generated during hippocampal LTP induc-
ion stimulate RyR, enhancing Ca2+ release and the Ca2+-
ependent ERK/CREB phosphorylation cascade required for
REB-dependent gene transcription.

. Materials and methods

.1. Cell cultures

Cell culture media were obtained from InVitrogen (Grand
sland, NY). Mouse neuroblastoma (N2a) cells (CCL-131,
merican Type Culture Collection, Rockville, MD), were
lated on 35 mm culture dishes in Dulbecco’s modified Eagle
edium supplemented with 2 mM l-glutamine, 110 mg/l

odium pyruvate and pyridoxine hydrochloride adjusted to

ontain 3.7 g/l sodium bicarbonate, 0.1 mM non-essential
mino acids, 5% fetal bovine serum, antibiotics and antimy-
otics, and maintained at 37 ◦C. The culture medium was
hanged every 2 days. Primary rat hippocampal cultures were
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repared as described [47]. Briefly, the hippocampus from
prague–Dawley rats at embryonic day 18 was dissected in
a2+/Mg2+-free Hank’s balanced salt solution (HBSS) con-

aining 10 mM HEPES, pH 7.4, and 0.5% glucose and was
insed twice with HBSS by allowing the tissue to settle to
he bottom of the tube. After the second wash, the tissue
as resuspended in HBSS containing 0.25% trypsin and
as incubated for 5 min at 37 ◦C. After three rinses with
BSS, the tissue was resuspended in MEM supplemented
ith 10% heat-inactivated fetal bovine serum, 50 U/ml peni-

illin, 50 mg/ml streptomycin, 1 mM sodium pyruvate and
mM l-glutamine (MEM-10) and was mechanically dis-

ociated by gentle passage through Pasteur glass pipettes.
ndisrupted tissue fragments were allowed to settle, cells

n suspension were transferred to a new tube and viable
ells were counted using 0.2% trypan blue. Cells were ini-
ially plated in MEM-10 media and maintained at 37 ◦C in a
umid atmosphere with 5% CO2/95% air. Three hours after
lating, the MEM-10 medium was removed and serum-free
eurobasal medium supplemented with N-2 was added and

hanged every 72 h.

.2. Cell incubation

For experiments, 5–6-day-old N2a cells or 10–12-day-old
ippocampal cells were cultured for 12 h in serum-free or
upplement-free medium, respectively. Cells were washed
ith phosphate buffered saline (PBS) and maintained for
0 min under resting conditions in Krebs–Ringer (in mM:
0 HEPES-Tris, pH 7.4, 118 NaCl, 4.7 KCl, 3 CaCl2, 1.2
gCl2 and 10 glucose) in the absence or presence of 50 �M

yanodine to inhibit RyR. For H2O2 stimulation, cells were
xposed to 200 �M H2O2 for 20 min unless otherwise indi-
ated. For Ca2+-free conditions, cells were incubated in the
resence or absence of 50 �M ryanodine for 60 min in Ca2+-
ree Krebs–Ringer supplemented with 0.5 mM EGTA and
mM MgCl2 (4.2 mM total MgCl2). To analyze the effects of

nhibition of the sarco(endo)plasmic reticulum Ca2+-ATPase
ump, N2a cells were incubated 40 min in Ca2+-free solution
ith thapsigargin (1 �M) plus an additional 20 min period

fter addition of H2O2, or 60 min only with thapsigargin.
ll experiments were matched with vehicle-treated controls.
oth control and experimental cells went through the same
ath changes to discard differences by handling.

.3. Preparation of hippocampal slices

Brains obtained from 6- to 8-week-old C57/Bl6 male
ice, sacrificed by decapitation, were dissected rapidly and

laced into ice-cold cutting saline containing (in mM): 110
ucrose, 60 NaCl, 3 KCl, 1.25 NaH2PO4, 28 NaHCO3, 5
-glucose, 0.5 CaCl2, 7 MgCl2 and 0.6 ascorbic acid, satu-

ated with 95% O2/5% CO2. A tissue chopper or a vibratome
as used to prepare 400 �m transverse slices, which were

ransferred immediately into a 1:1 mix of cutting saline and
rtificial cerebrospinal fluid containing (in mM): 125 NaCl,
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.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 25 d-glucose, 2 CaCl2
nd 1 MgCl2, saturated with 95% O2/5% CO2. Slices were
aintained at room temperature for at least 30 min and were

hen transferred to artificial cerebrospinal fluid at 32 ◦C in a
ubmersion chamber for 1.5 h before stimulation with H2O2.
o inhibit RyR, slices were pre-incubated for 60 min with
yanodine (50 �M) before addition of H2O2 (1 �M). Follow-
ng pharmacological manipulations, slices were immediately
rozen on dry ice.

.4. Western blot analysis

Cells were incubated at 4 ◦C in 30 �l lysis buffer con-
aining (in mM) 50 Tris–HCl, pH 7.4, 150 NaCl, 1 EDTA,
% Nonidet P-40, 5 Na3VO4, 20 NaF, 10 Na4P2O7, plus
rotease inhibitors (Calbiochem, La Jolla, CA) as described
9]. Cell lysates were scrapped from the culture dishes and
ere sonicated for 1 min, incubated on ice for 20 min, and

edimented at 15,000 × g for 20 min to remove debris. Hip-
ocampal slices were sonicated in homogenization buffer
in mM: 10 HEPES, 1 EGTA, 1 EDTA, 10 Na4P2O7, 150
aCl, 50 NaF, 2 �g/ml aprotinin, 10 �g/ml leupeptin, 0.2 �M

alyculin A and 1 �M microcystin). Protein concentration of
ysates was determined using bovine serum albumin (BSA)
s standard as described [2]; the Bradford method was used
or hippocampal slices. Lysates were suspended in Laemmli
uffer, separated in 10% SDS-polyacrylamide gels and trans-
erred to PDVF membranes (Millipore Corp., Bedford, MA).

embranes were blocked at room temperature for 1 h in Tris-
uffered saline containing 3% fat-free milk, with or without
.05% Tween-20, and were then incubated overnight with
he appropriate primary antibody. After washing with Tris-
uffered saline, membranes were incubated at room temper-
ture with the secondary antibody for 1.5 h. Immunoreactive
roteins were detected using enhanced chemiluminiscence
eagents according to the manufacturer instructions (Amer-
ham Biosciences UK Ltd.). The films were scanned and the
cion Image program (NIH) was employed for densitometric
nalysis of the bands. To correct for loading, membranes were
tripped in buffer containing 62.5 mM Tris–HCl, pH 6.8, 2%
DS, and 50 mM �-mercaptoethanol, at 50◦ C for 30 min,
nd re-probed with the corresponding control antibodies.

.5. Immunohistochemistry

After incubation with H2O2 plus or minus 50 �M ryan-
dine, hippocampal slices were rapidly immersed in ice-cold
% paraformaldehyde in PBS, pH 7.4. Sections (25 �m) were
ut with a microtome after incubation at 4 ◦C overnight.
ree-floating sections were blocked with 5% bovine serum
lbumin in PBS plus 0.7% Triton X-100 at 4 ◦C. cells or
ippocampal neurons in primary culture, equilibrated for

0 min in Krebs–Ringer solution plus or minus 50 �M ryan-
dine, were incubated for 20 min with 200 �M H2O2 and
apidly covered with 4% paraformaldehyde in PBS, pH 7.4
nd incubated overnight at 4 ◦C. Cells were blocked with
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% bovine serum albumin in PBS containing 0.2% Triton X-
00 at 4 ◦C. Sections from hippocampal slices and cells were
hen incubated overnight at 4 ◦C either with anti-phospho-
REB (1:1000) or anti-phospho-ERK (1:200) antibodies.
fter primary antibody incubation, specimens were washed

or 30 min three times with PBS plus Triton X-100 (0.7%
riton X-100 for sections, 0.2% Triton X-100 for cells),

ncubated for 2 h at room temperature with Alexa Fluor
econdary antibodies (1:250) and washed for 45 min with
BS before mounting onto l-lysine-coated slides. Immunos-

ained cells were viewed and imaged using a Nikon Eclipse
400 epi-fluorescence microscope system (Tokyo, Japan),
hich allowed collection of actual fluorescence. Hippocam-
al slices were viewed and imaged in a Zeiss LSM 510 META
onfocal microscope system (Zeiss, Oberkochen, Germany);
he resulting images are presented as such or in pseudo color.

.6. Antibodies

Antibodies against the dually phosphorylated forms of
RK-1 and ERK-2 (phospho-ERK1/2) and against phospho-
REB were from Cell Signaling Technology (Beverly, MA).
RK antibodies were from UBI (Lake Placid, NY); CREB
ntibodies were from Cell Signaling Technology (Beverly,
A) or from UBI (Lake Placid, NY). Anti-GSH anti-

odies were purchased from Virogen (Watertown, MA,
SA) and anti-RyR from Santa Cruz Biotechnology (Santa
ruz, CA). Alexa Fluor anti-rabbit and anti-mouse anti-
odies were from Molecular Probes (Eugene, Oregon) and
orseradish peroxidase-conjugated anti-rabbit from Pierce
Rockford, IL).

.7. Determination of intracellular Ca2+ signals

Images of intracellular Ca2+ signals in N2a cells or pri-
ary hippocampal neurons in culture were obtained with

n inverted confocal microscope (Carl Zeiss LSM 5 Pas-
al, Oberkochen, Germany). N2a cells were maintained for
0 min under resting conditions in Krebs–Ringer in the pres-
nce or absence of 50 �M ryanodine, cells were preloaded
or 30 min at 37 ◦C with 5 �M fluo 3-AM (Molecular Probes,
ugene, OR) and were washed for 10 min in Krebs–Ringer

o allow complete dye de-esterification. Hippocampal cells
ere maintained for 60 min in neurobasal medium in the
resence or absence of 50 �M ryanodine; cells were then
ransferred to modified Ca2+-free Hanks solution, preloaded
or 30 min at 37 ◦C with 5 �M fluo 3-AM (Molecular Probes,
ugene, OR) and washed for 10 min in modified Ca2+-free
anks solution to allow complete dye de-esterification. Cells

ttached to coverslips were mounted in a 1 ml capacity perfu-
ion chamber and placed in the microscope for fluorescence
easurements (excitation 488 nm, argon laser beam). After

2O2 addition, image data were taken in the time line scan
ode, with the scan line oriented along segments of neuronal

rolongations in hippocampal cells or along the cell body in
2a cells, avoiding cell nuclei. Fluorescence images were
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ollected every 10 ms and the average of four line scans was
nalyzed using the equipment data acquisition program. The
a2+ signals are presented as �F/Fo values, where Fo corre-

ponds to the basal fluorescence obtained from 2000 or 4000
ine scans. After addition of H2O2, fluorescence was recorded
uring an additional period to collect 2000 or 4000 line scans.
ll experiments were done at room temperature (20–22 ◦C).

.8. Detection of RyR S-glutathionylation

Cells were lysed in the following lysis buffer (in mM):
25 NaCl, 1.5 EDTA, 5 Na3VO4, 40 NaF, 10 Na4P2O7, 200
-ethylmaleimide, 75 Tris–HCl, pH 7.4, 4.5% Nonidet P-40,
lus protease inhibitors (0.5 leupeptin, 0.116 pepstatin, 15.9
enzamidine, 19.5 PMSF). Cell lysate fractions containing
0–70 �g of protein were dissolved (1:1) in 2-fold con-
entrated non-reducing loading buffer containing urea plus
-ethylmaleimide (12 M urea, 2% SDS, 0.04% Bromophe-
ol blue, 96.4 mM NaH2PO4, 34 mM Na2HPO4, 10 mM
-ethylmaleimide), incubated at 60 ◦C for 20 min and sep-
rated by PAGE in 3.5–8% gradient polyacrylamide gels
nder non-reducing conditions using the Tris-Acetate buffer
ystem (Novex NuPAGE®, Invitrogen Life Technologies,
arlsbad, CA). After electrophoresis, proteins were trans-

erred for 3 h at 100 V to PVDF membranes (Millipore Corp.,
edford, MA); membranes were blocked at 4 ◦C overnight

n Tris-buffered saline (TBS) (20 mM Tris–HCl, pH 7.6,
40 mM NaCl) containing 5% BSA plus 0.2% Tween-20,
nd were then incubated at room temperature 1 h with anti-
lutathione (anti-GSH) antibody (diluted 1/25,000 in TBS,
% BSA, 0.2%Tween-20). After washing three times with
0 ml TBS, 0.2% Tween-20 membranes were incubated as
bove at room temperature with the secondary antibody for
h. After antigen-antibody reaction and detection with ECL,
embranes were stripped and probed with anti-RyR anti-

ody. For this purpose, membranes were stripped for 30 min
t 50 ◦C with a solution containing 62.5 mM Tris–HCl, pH
.7, 100 mM �-mercaptoethanol, 2% SDS. After washing
hree times with 20 ml of TBS plus 0.2% Tween-20, mem-
ranes were blocked for 1 h at room temperature in TBS, 5%
on-fat milk, 0.2% Tween-20. After removing this solution,
embranes were incubated at 4 ◦C overnight with anti-RyR

ntibody (diluted 1/2000) in TBS, 5% non-fat milk, 0.2%
ween-20. After washing three times with TBS, 0.2% Tween-
0, membranes were incubated at room temperature with the
econdary antibody for 1 h. After antigen-antibody reaction
nd detection with ECL, membranes were stripped again as
bove, and stained with Coomassie blue. For this purpose,
embranes were washed for 1 min with 20 ml methanol,

ncubated 5 min with 20 ml of a solution containing 0.01%
oomassie Brilliant Blue R250, 50% methanol, 10% acetic
cid, washed 1 min with 20 ml of 50% methanol, and air-

ried. Blots were quantified by densitometric analysis using
he Quantity One software (Bio-Rad Laboratories, Hercules,
A). Results are expressed as the ratio of anti-GSH/RyR band
ensities.
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.9. Statistics

Results are expressed as mean ± S.E. The significance of
ifferences was evaluated using Student’s t-test for paired
ata or ANOVA followed by Dunnett’s or Bonferroni’s post-
est as indicated.

. Results

Activation of the Ras/ERK pathway is required for long-
erm CREB phosphorylation (Wu et al., 2001) [60], a pre-
equisite of sustained, long-lasting LTP in the hippocampus
41,56]. Accordingly, the study of the cellular factors that
ay affect CREB phosphorylation via the ERK pathway in

ippocampal neurons is of special significance. In this work,
e investigated how modifying the cellular redox state with
2O2 affected ERK and CREB phosphorylation in neuronal

ells in culture or in hippocampal slices. We initially used the
2a neuroblastoma cell line and we then explored the effects
f H2O2 on hippocampal neurons. In all cases, cell cultures
reated with H2O2 presented the same proportion of live cells
>90%) as in control conditions.

.1. Stimulation of ERK and CREB phosphorylation in
2a cells by H2O2

Incubation of N2a cells with 100–400 �M H2O2 in the
resence of 3 mM external [Ca2+] produced a significant
ncrease in both ERK and CREB phosphorylation; maximal
evels were obtained after 10 min of incubation, the earliest
ime tested, and remained elevated for up to 30 min when
sing 200 �M H2O2 (data not shown). Accordingly, in all
ubsequent experiments cells were incubated with 200 �M
2O2 for 20 min. In these conditions, H2O2 increased sig-
ificantly both ERK1/2 and CREB phosphorylation over the
ndogenous levels (Fig. 1A).

It is well established that ryanodine at concentrations
10 �M is a extremely specific RyR channel blocker that
inds only to the open state of RyR channels [30]; this fea-
ure requires long incubations with ryanodine (30–60 min) to
nsure RyR inhibition. Thus, N2a cells or hippocampal neu-
ons were preincubated with 50 �M ryanodine for 60 min; in
hese conditions the stimulation of ERK and CREB phospho-
ylation produced by 200 �M H2O2 was drastically curtailed
Fig. 1A). These results suggest that H2O2-induced ERK
nd CREB activation required functional RyR. Basal ERK
hosphorylation in control cells also was slightly reduced
y 50 �M ryanodine but this reduction was not statistically
ignificant.

Incubation of cells with U0126, a specific inhibitor of the
itogen-activated protein kinase (MEK), the upstream ERK
inase, prevented ERK phosphorylation and decreased sig-
ificantly the enhancement of ERK phosphorylation induced
y H2O2; U0126 also abolished H2O2-induced CREB stim-
lation (Fig. 1B), strongly suggesting that CREB activation
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Fig. 1. Stimulation by H2O2 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 �M 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 �M H2O2 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
s
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Fig. 2. Stimulation of ERK and CREB phosphorylation by H2O2 in N2a
cells. Effects of external Ca2+ removal (A) or of thapsigargin (B). (A) 200 �M
H2O2 was added for 20 min to cells incubated for 60 min in Ca2+-free solu-
tion; when indicated, 50 �M ryanodine was added at the start of the 60 min
preincubation period. (B) Cells were incubated for 40 min in Ca2+-free solu-
tion plus or minus 1 �M thapsigargin. After this time, 200 �M H2O2 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
o
(
i

s
d

i
m
p
i
t
w

3
p

olid bars) or of phospho-CREB over total CREB (gray solid bars). All val-
es, given as mean ± S.E., correspond to at least 3 independent experiments
arried out in duplicates. **p < 0.01; ***p < 0.001.

as a consequence of the activation of the Ras/MEK/ERK
athway by H2O2.

In the absence of extracellular Ca2+, H2O2 also enhanced
RK and CREB phosphorylation to a similar extent as
bserved in the presence of Ca2+. In both conditions, prein-
ubation with 50 �M ryanodine abolished the stimulatory
ffects of H2O2 (Fig. 2A). Cells incubated with thapsigar-
in (1 �M) in Ca2+-free conditions displayed similar basal
hospho-ERK levels as controls but did not exhibit the H2O2-
nduced increase in ERK phosphorylation (Fig. 2B). Cells
ncubated with thapsigargin as above displayed a statistically

ignificant increase in CREB phosphorylation levels; yet the
hospho-CREB levels of cells incubated with thapsigargin
lone or with thapsigargin plus H2O2 were not statistically
ifferent (Fig. 2B). These results indicate that H2O2 did not

C
p
t

ver 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
ndependent experiments carried out in duplicates. *p < 0.05; **p < 0.01.

timulate ERK/CREB phosphorylation in cells with Ca2+-
epleted ER.

These combined findings suggest that H2O2-induced
ncreases in CREB phosphorylation in N2a cells are due pri-

arily to Ca2+-dependent activation of the Ras/MEK/ERK
athway. Activation of this pathway by H2O2, which was
ndependent of extracellular Ca2+, seems to require func-
ional RyR since it was not observed after RyR inhibition
ith ryanodine.

.2. Stimulation by H2O2 of ERK and CREB
hosphorylation in hippocampal neurons
We investigated next the effects of H2O2 on ERK and
REB phosphorylation in hippocampal neurons. For this
urpose, we used rat hippocampal neurons in primary cul-
ures or mouse hippocampal slices. As observed in N2a cells,
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Fig. 3. Stimulation of ERK and CREB phosphorylation by H2O2 in hip-
pocampal cells in primary culture (A) or in hippocampal slices (B). (A)
200 �M H2O2 was added for 20 min to hippocampal neurons in pri-
mary culture, previously maintained for 60 min under resting conditions
in Krebs–Ringer medium. When indicated, 50 �M ryanodine was present
during the entire preincubation period. (B) Hippocampal slices (400 �m)
were exposed to 1 �M H2O2 for 20 min. Slices were preincubated with or
without 50 �M 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
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ars). All values, normalized to the control values, correspond to at least 3
ndependent experiments carried out in duplicates. *p < 0.05; **p < 0.01.

ddition of 200 �M H2O2 to hippocampal neurons in pri-
ary cultures caused significant stimulation of ERK1/2 and
REB phosphorylation that was abolished by 50 �M ryan-
dine (Fig. 3A).

In mouse hippocampal slices addition of 1 �M H2O2 pro-
uced significant stimulation of ERK1/2 and CREB phos-
horylation (Fig. 3B), while 10- to 20-fold higher H2O2
oncentrations were required in hippocampal neurons or N2a
ells in culture. Cells grown in primary culture were exposed
or several days to 95% air/5% CO2 and had to adapt to a
igher oxygen concentration than present in the tissue; this
daptation may have made them less sensitive to H2O2 than

ippocampal slices, which were placed in an atmosphere sat-
rated with 95% O2/5% CO2 only for a few h after dissection.
s seen in N2a cells and hippocampal neurons in culture,
0 �M ryanodine abolished the stimulatory effects of H2O2
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n ERK1/2 and CREB phosphorylation in hippocampal slices
Fig. 3B).

Immunocytochemical analysis of phospho-ERK and
hospho-CREB in N2a cells and hippocampal neurons in cul-
ure revealed that H2O2 stimulated ERK and CREB phospho-
ylation in all cases (Fig. 4). Immunohistochemical analysis
evealed once again that 20-fold lower H2O2 concentrations
1 �M) stimulated CREB phosphorylation in hippocampal
lices when compared to N2a cells or hippocampal neurons
n culture. In agreement with the Western blot results illus-
rated in previous figures, the stimulatory effects of H2O2
ere largely abolished by 50 �M ryanodine (Fig. 4). Control

lices incubated with 50 �M ryanodine were not ostensi-
ly different from controls incubated only with vehicle (not
hown).

.3. Generation of cytoplasmic Ca2+ signals by H2O2 in
2a cells and hippocampal neurons in culture

To explore if H2O2 stimulated RyR-mediated Ca2+ release
n N2a cells or hippocampal neurons in primary culture, we
nvestigated the effects of H2O2 addition on cytoplasmic
a2+, using fluo 3 as fluorescent Ca2+ indicator. As illustrated

n Fig. 5A, N2a cells displayed low basal fluo 3 florescence in
heir cytoplasm; addition of 200 �M H2O2 caused a marked
ncrease in fluorescence. In contrast, fluo 3 fluorescence did
ot increase following addition of H2O2 to N2a cells prein-
ubated with 50 �M ryanodine, suggesting strongly that the
a2+ increase produced by H2O2 was due to RyR-mediated
a2+ release. Addition of 200 �M H2O2 to hippocampal neu-

ons in primary culture also stimulated the emergence of Ca2+

ignals, evidenced as fluo 3 fluorescence increase (Fig. 5B).
reincubation with ryanodine (50 �M) decreased to a large
xtent (>70%) the increase in fluo 3 fluorescence induced
y H2O2, suggesting that in hippocampal cells in culture the
a2+ increase induced by H2O2 was mostly, but not exclu-

ively, due to RyR-mediated Ca2+ release.
A summary of the results of several experiments done

n N2a cells or hippocampal neurons in culture is presented
n Fig. 6. Following H2O2 addition N2a cells displayed an
mmediate increase in fluo 3 fluorescence while the fluores-
ence of hippocampal cells in primary culture reached its
aximum at 25 s. These differences may arise from the line

can source, since the fluorescence line scans of N2a cells
ere recorded in the cell body, avoiding the nucleus, whereas

n hippocampal cells they were recorded in neuronal prolon-
ations that may vary in RyR content. Alternatively, the two
ell types may possess intrinsic redox defense systems that
ay endow them with different redox sensitivities. Further

xperiments are needed to test this point.

.4. Enhanced RyR S-glutathionylation induced by

2O2 in hippocampal cells in culture

The above results suggest that enhanced RyR-mediated
a2+ release causes the stimulation of ERK/CREB phospho-
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Fig. 4. Stimulation by H2O2, 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 �M ryanodine, followed by 20 min
i H2O2
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ncubation with H2O2; 200 �M H2O2 was added to cells in culture and 1 �M
eurons, or against the glial fibrillary acidic protein GFAP to stain glial cell
btained as detailed in the text; transmitted images for N2a cells or hippoca

ylation produced by H2O2. To test whether H2O2-induced
yR redox modifications that might stimulate RyR-mediated
a2+ release, we measured the levels of RyR S-gluta-

hionylation before and after addition of H2O2. As illustrated
n Fig. 7, incubation of either N2a cells or hippocampal
eurons in culture with 200 �M H2O2 enhanced significantly
>2-fold) RyR S-glutathionylation over the endogenous
asal levels. RyR S-glutathionylation was lost after incu-
ation of samples in vitro with dithiothreitol (not shown),
ndicating that reducing agents can readily reverse this redox

odification.

. Discussion
The results described herein suggest strongly that stim-
lation of RyR-mediated Ca2+ release, presumably through
2O2-induced redox modifications of the RyR protein, is

t
a
s
p

to hippocampal slices. Fluorescent antibodies against � tubulin III to stain
used as controls for hippocampal cells in culture. Fluorescent images were
lls in primary culture are also shown.

esponsible for the ERK/CREB activation displayed by N2a
ells and hippocampal neurons exposed to H2O2. The phys-
ological relevance of these results lies in their possible
elevance to long-lasting LTP, which in the hippocampus
equires ROS production and the Ca2+-induced Ras/ERK
ctivation necessary for long-lasting CREB phosphorylation
nd CREB-dependent gene transcription.

Depolarizing stimuli activate Ca2+ entry through post-
ynaptic NMDA receptors or L-type voltage-dependent Ca2+

hannels [16,17]. Calcium entry may also stimulate Ca2+

elease from intracellular stores [6,61], resulting in ampli-
cation and propagation of the initial Ca2+ entry signal via
a2+-induced Ca2+ release (CICR). An increase in intracel-

ular free Ca2+ concentration is a requisite for LTP induc-

ion. Through Ras stimulation [for reviews see 14,60] Ca2+

ctivates the Ras/MEK/ERK1/2 cascade. It has been demon-
trated that ERK activation is required for sustained CREB
hosphorylation and CREB-dependent transcription of the
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Fig. 5. Determination of Ca2+ signals in N2a cells or hippocampal neurons in culture exposed to H2O2. To determine intracellular Ca2+ levels, cells were
preloaded with 5 �M fluo 3-AM as detailed in the text. When indicated, cells were preincubated with 50 �M 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 �M H2O2 (arrowheads). The left panels in (A) and (B) show images of the cell cultures (horizontal calibration
bar = 10 �m) 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 �m. (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
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ippocampal neurons in primary culture, line scans were oriented along seg
uorescence changes recorded from a single point in control or ryanodine-tr
hanges are plotted as �F/Fo, where Fo corresponds to the basal fluorescen

enes required for long-lasting synaptic plasticity and long-
erm memory acquisition [16,25,26,31,39,60,62,63]. Both,
ctivity-dependent postsynaptic Ca2+ entry and Ca2+ release
ignals contribute to LTP induction in the hippocampus [41].
et, specific ERK stimulation by Ca2+ signals generated via

yR-mediated Ca2+ release has not been reported.

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

P
i
[
t

of neuronal prolongations. The lower part of (B) shows the time course of
lls (indicated at the right of line scan images). In (A) and (B), fluorescence

ined from the 2000 or 4000 line scans collected before H2O2 addition.

ctivation and in the induction of long-lasting LTP in the
ippocampus [35,54]. Furthermore, hippocampal neurons
ossess an intrinsic NOX activity that produces superox-
de anion [35,54,58]. By enzymatic or chemical dismutation,
uperoxide anion readily generates H2O2 as a by-product.

harmacological and genetic manipulations that lead to NOX

nhibition abolish NMDA receptor-induced ERK activation
35]. These results suggest that NOX-dependent ROS produc-
ion forms part of the signaling cascades linking stimulation
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Fig. 6. Time course of H2O2-induced changes in intracellular free [Ca2+], determined as fluo 3 fluorescence, in N2a cells (A) or hippocampal neurons in
primary culture (B). At time zero, 200 �M H2O2 was added to the external solution. For N2a cells, values were obtained from three different cultures, with n = 7
both for control cells (closed circles) and for cells preincubated with 50 �M 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 �M ryanodine (open circles). All values are
given as mean ± S.E. Conditions were as detailed in the legend to Fig. 5.

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 �M H2O2 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.



5 ell Calc

o
n

i
a
H
b
s
i
T
t
h
o
t
i
p
i
c
t
p
m
a
b
c
h
p
e
b
C

g
i
L
c
r
E
r
C
t
m

m
o
s
t
[
C
n
r
[
h
c
a
c
s
i

a
u
N
R
S
m
w

u
m
t
w
i
H
t
N

4

m
f
m
i
a
t
d
B
i
t
t
p
r
1
a
n
a
W
c
C
i
t
g
w
m
e
t
l

d
induced by NMDA receptor activation, and thus allow cross
talk between Ca2+ signaling and redox signaling cascades in
00 U. Kemmerling et al. / C

f NMDA receptors with ERK activation in hippocampal
eurons.

Several reports indicate that exogenously added H2O2
ncreases ERK phosphorylation in PC12 cells [5,24,65,66]
nd cortical neurons [13]. In hippocampal slices, 10 mM
2O2 increases ERK1/2 phosphorylation; this increase is
locked by the antioxidant N-acetylcysteine [34]. The pos-
ible participation of Ca2+ release from intracellular stores
n H2O2-induced ERK activation has not been reported.
he present findings, which show that �M H2O2 concen-

rations stimulate ERK phosphorylation in N2a cells and
ippocampal neurons, confirm the stimulatory role of H2O2
n this reaction. In addition, we report here for the first
ime that H2O2 also can stimulate CREB phosphorylation
n hippocampal neurons in primary culture or in hippocam-
al slices, as we reported previously for N2a cells [11]. Yet,
n comparison to cells in culture 10- to 20-fold lower H2O2
oncentrations were required in mouse hippocampal slices
o produce significant stimulation of ERK1/2 and CREB
hosphorylation. As mentioned in Section 3, this difference
ay be due to the adaptation of cells grown in culture to
significantly higher oxygen concentration than present in

rain tissue, an adaptation which may have made cells in
ulture less sensitive to redox agents than freshly dissected
ippocampal slices. The stimulation of ERK and CREB phos-
horylation induced by H2O2 in N2a cells did not require
xtracellular Ca2+ and was drastically curtailed by U0126 or
y thapsigargin-induced depletion of endoplasmic reticulum
a2+.

Exposure of N2a cells or hippocampal neurons to H2O2
enerated ryanodine-sensitive intracellular Ca2+ signals,
ndicating that H2O2 stimulated RyR-mediated Ca2+ release.
ikewise, in N2a cells or hippocampal neurons a con-
entration of ryanodine that blocks RyR-mediated Ca2+

elease exerted a powerful inhibitory effect or suppressed the
RK/CREB stimulation produced by H2O2. These combined

esults strongly suggest that H2O2 stimulates RyR-mediated
a2+ release from the ER, and that the resulting Ca2+ concen-

ration increase activates the Ras/MEK/ERK cascade, pro-
oting ERK-dependent CREB phosphorylation.
Endogenous ROS, including H2O2, stimulate RyR-

ediated Ca2+ release in vitro while reducing agents have the
pposite effects [2,20,21,46]. In particular, highly reduced
ingle RyR channels from neurons barely respond in vitro
o activation by Ca2+ [42], even in the presence of ATP
8]. Presumably, this redox sensitivity makes RyR-mediated
ICR highly dependent on cellular redox state [28]. Resting
eurons have cytoplasmic GSH/GSSG ratios ≥60 [44]; the
esulting highly reducing potential of the neuronal cytoplasm
52] is bound to keep RyR in a reduced state, presumably
indering RyR activation by Ca2+. We propose that modifi-
ation of RyR redox state by ROS generated during neuronal

ctivation makes possible efficient RyR activation by the con-
omitant Ca2+ entry signals. In fact, each RyR subunit pos-
esses highly reactive cysteine residues, susceptible to mod-
fication by oxidation, S-nitrosylation, S-glutathionylation

p

m

ium 41 (2007) 491–502

nd alkylation at physiological pH. Thus, H2O2, molec-
lar oxygen, nitrosoglutathione, glutathione disulfide and
O or NO donors all enhance the activity of mammalian
yR [28]. We have shown here that H2O2 increased RyR
-glutathionylation, a redox modification that enhances RyR-
ediated CICR in skeletal and cardiac muscle [2,51] and
hich is likely to enhance CICR in neuronal cells as well.
Redox modifications of the Ras protein by ROS/RNS stim-

late Ras activity [1,27]. Accordingly, direct Ras stimulation
ight also contribute to the stimulation of ERK phosphoryla-

ion induced by H2O2. The results obtained with ryanodine,
hich when used in conditions that ensure selective RyR

nhibition essentially abolished all the stimulatory effects of
2O2, make unlikely this possibility and strongly suggest

hat functional RyR are the primary targets of H2O2 both in
2a cells and hippocampal neurons.

.1. Physiological implications

The hippocampus of rats trained in an intensive water
aze task displays increased expression of the RyR2 iso-

orm, suggesting that RyR-mediated Ca2+ release signals
ay be involved in memory processing after spatial learn-

ng [67]. In hippocampal neurons, RyR activation enhances
ctivity-dependent release of brain derived neurotrophic fac-
or (BDNF) [3] and elicits changes in spine morphology, pro-
ucing a significant increase in spine area [37]. Additionally,
DNF treatment (3–6 h) of cultured hippocampal neurons-

nduced mRNAs encoding several synapse-associated pro-
eins, including RyR2 [49]. Functional RyRs are required
o elicit NMDA receptor-mediated Ca2+ signals in hip-
ocampal postsynaptic dendritic spines [19], albeit opposing
esults have also been presented [38]. RyR inhibition with
0 �M ryanodine significantly reduces late LTP induction
nd activity-dependent CREB phosphorylation in postsy-
aptic neurons, while lower ryanodine concentrations that
ctivate RyR shift the induction of early LTP to late LTP [40].
e have found that preincubation of hippocampal neurons in

ulture with 50 �M ryanodine blocks both the intracellular
a2+ increase and the stimulation of ERK phosphorylation

nduced by NMDA.1 As discussed above, stimulation pro-
ocols that lead to long-lasting LTP induction activate ROS
eneration in the hippocampus. Based on these observations,
e propose that in the hippocampus joint activation of RyR-
ediated Ca2+ release by Ca2+ and ROS may be one of the

arly events in the postsynaptic signaling cascade that is ini-
iated by NMDA receptor activation and that culminates in
ong-lasting LTP.

In summary, we propose that RyR channels act as coinci-
ence detectors of the concomitant Ca2+ and ROS increase
ostsynaptic hippocampal neurons. Conditions that promote

1 P. Muñoz, A. Kirkwood, E. Klann, C. Hidalgo and M.T. Núñez,
anuscript in preparation.
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xidative stress, such as aging [18], may imbalance this cross
ommunication, resulting in excessive stimulation of Ca2+

elease that, if not controlled, could induce pathological con-
itions or even neuronal death [45]. Noteworthy, inhibition
f RyR-mediated Ca2+ release in hippocampal CA1 neu-
ons reduced or eliminated age-induced differences of several
iomarkers that are Ca2+-dependent [23]. These results sug-
est that excessive ROS production in aging neurons [18]
ay cause faulty Ca2+ homeostasis through over stimulation

f RyR-mediated CICR.
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