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Activity-Dependent Neuroprotection and cAMP Response
Element-Binding Protein (CREB): Kinase Coupling, Stimulus
Intensity, and Temporal Regulation of CREB
Phosphorylation at Serine 133

Boyoung Lee,! Greg Q. Butcher,' Kari R. Hoyt,> Soren Impey,* and Karl Obrietan'
Department of Neuroscience and 2Division of Pharmacology, The Ohio State University, Columbus, Ohio 43210, and 3The Vollum Institute, Oregon Health
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The dual nature of the NMDA receptor as a mediator of excitotoxic cell death and activity-dependent cell survival likely results from
divergent patterns of kinase activation, transcription factor activation, and gene expression. To begin to address this divergence, we
examined cellular and molecular signaling events that couple excitotoxic and nontoxiclevels of NMDA receptor stimulation to activation
of the cAMP response element-binding protein (CREB)/cAMP response element (CRE) pathway in cultured cortical neurons. Pulses (10
min) of NMDA receptor-mediated synaptic activity (nontoxic) triggered sustained (up to 3 h) CREB phosphorylation (pCREB) at serine
133.1n contrast, brief stimulation with an excitotoxic concentration of NMDA (50 M) triggered transient pCREB. The duration of pCREB
was dependent on calcineurin activity. Excitotoxic levels of NMDA stimulated calcineurin activity, whereas synaptic activity did not.
Calcineurin inhibition reduced NMDA toxicity and converted the transient increase in pCREB into a sustained increase. In accordance
with these observations, sustained pCREB (up to 3 h) did not require persistent kinase pathway activity. The sequence of stimulation with
excitotoxic levels of NMDA and neuroprotective synaptic activity determined which stimulus exerted control over pCREB duration.
Constitutively active and dominant-negative CREB constructs were used to implicate CREB in synaptic activity-dependent neuroprotec-
tion against NMDA-induced excitotoxicity. Together these data provide a framework to begin to understand how the neuroprotective and
excitotoxic effects of NMDA receptor activity function in an antagonistic manner at the level of the CREB/CRE transcriptional pathway.
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Introduction

Excitatory neurotransmission is a critical regulator of both the
development and maintenance of normal nervous system physi-
ology. For example, neuronal activity facilitates cell survival, sup-
presses apoptotic cell death (Catsicas et al., 1992; Sherrard and
Bower, 1998; West et al., 2002), functions as a guidance cue dur-
ing neuronal migration, and refines synaptic circuitry (Katz and
Shatz, 1996; Behar et al., 1999; Cohen-Cory, 2002; Cancedda et
al., 2003). As the dominant fast excitatory neurotransmitter, glu-
tamate is a key regulator of these processes (Barry and
O’Donovan, 1987; Barger and Mattson, 1995). Its capacity to
drive synaptic communication is derived in part by the NMDA
subtype of ionotropic glutamate receptor. The NMDA receptor
functions as a cellular “gate” that allows Ca*" to enter the cell
only under the correct spatial and temporal pattern of synaptic
activity (for review, see Nakanishi, 1992; Malenka and Nicoll,

Received April 14, 2004; revised Dec. 7, 2004; accepted Dec. 9, 2004.
This work was supported by National Institutes of Health Grants MH62335 and NS47176 to K.0. and NS41003 to
K.R.H. G.Q.B. is a National Research Service Award trainee (MH073374).
Correspondence should be addressed to Karl Obrietan, Department of Neuroscience, The Ohio State University,
Graves Hall, Room 4118, 333 West 10th Avenue, Columbus, OH 43210. E-mail: obrietan.1@osu.edu.
DOI:10.1523/JNEUR0SCI.4288-04.2005
Copyright © 2005 Society for Neuroscience  0270-6474/05/251137-12$15.00/0

1993; Cull-Candy et al., 2001). In turn, elevated intracellular
Ca** triggers the expression of new genes, thus converting brief
NMDA receptor stimulation into long-term changes in CNS
physiology.

NMDA receptor stimulation can protect against cell death
resulting from both the withdrawal of trophic factors and excito-
toxic insults (Balazs et al., 1988; Chuang et al., 1992; Rocha et al.,
1999; Raval et al., 2003). NMDA receptor-mediated neuropro-
tection is a transcriptionally dependent process (Marini and Paul,
1992) that appears to be dependent, in part, on the expression of
both the anti-apoptotic gene BCL-2 (Mabuchi et al., 2001; Alavez
et al., 2003) and the neurotrophin BDNF (Aliaga et al., 1998;
Rocha et al., 1999). A number of studies have shown that the
cAMP response element-binding protein (CREB)/cAMP re-
sponse element (CRE) transcriptional pathway regulates the ex-
pression of both BCL-2 and BDNF (Wilson et al., 1996; Shieh et
al., 1998; Tao et al., 1998; Riccio et al., 1999). With respect to the
role of the CREB/CRE transcriptional pathway in neuroprotec-
tion, Hara et al. (2003) found that CRE-mediated gene expres-
sion is necessary for the induction of ischemic tolerance. Like-
wise, Mabuchi et al. (2001) showed that the neuroprotective
effects of an ischemic preconditioning stimulus involve both
NMDA receptor stimulation and CREB-dependent transcrip-
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tion. These observations suggest that a signaling cassette formed
by the NMDA receptor and the CREB/CRE transcriptional path-
way contributes to activity-dependent neuroprotection.

These neuroprotective effects appear to be mediated specifi-
cally by synaptic NMDA receptors; activation of extrasynaptic
NMDA receptors has been shown to trigger a transient form of
CREB phosphorylation and apoptotic cell death (Hardingham et
al., 2002). Although these studies suggest a role for both synaptic
activity and CREB-dependent transcription in neuroprotection,
issues regarding the signaling events that regulate the induction
and duration of NMDA receptor-evoked CREB phosphoryla-
tion, as well as how stimulus intensity triggers protection or cell
death, have yet to be addressed. The data presented here provide
new mechanistic insights into the connections between the
NMDA receptor/CREB signaling cassette and the induction of
excitotoxic tolerance.

Materials and Methods

Tissue culture and transfection. Embryonic day 19-20 Sprague Dawley rat
pups were decapitated, their brains were removed, and the cortices were
isolated and placed in dissociation media [DM; containing the following
(in mMm): 90 Na,SO,, 30 K,SO,, 16 MgCl,, 0.25 CaCl,, 32 HEPES, and
0.01% phenol red (Sigma, St. Louis, MO), pH 7.7]. Tissue then was
washed three times in DM, finely minced with a razor blade, and digested
with a mild protease solution [100 U/ml papain latex (Worthington,
Freehold, NJ) and 4.5 mg of cysteine (Sigma) in DM] at 37°C for 30 min.
After removal of the digestion solution, the tissue was washed three times
in DM and transferred to tissue culture medium [minimal essential me-
dium (MEM); Invitrogen, San Diego, CA] containing 10% fetal bovine
serum and 100 U/ml penicillin/streptomycin. Then the tissue was tritu-
rated into a single-cell suspension via a 5 ml serological pipette and plated
at a density of 2.2 X 10 cells/cm? on poly-L-lysine-coated (>540 kDa;
Sigma) glass coverslips or tissue culture dishes. At 2 h after plating, the
medium was replaced with MEM containing 2% B-27 (Invitrogen), 1%
fetal bovine serum, and 100 U/ml penicillin/streptomycin. Cultures were
maintained at 37°C and 5% CO, in a Napco (Winchester, VA) 6100
incubator. Experiments were performed after 10-12 d in vitro (DIV). All
animal procedures were in accordance with The Ohio State University
animal welfare guidelines.

Fura-2 calcium digital imaging. Time-lapse ratiometric fluorescent
digital microscopy was performed as described previously (Obrietan and
van den Pol, 1998). Ratiometric single-cell imaging data were collected
with MetaFluor software (Universal Imaging, West Chester, PA). Data
acquisition was performed every 5 s. Cells were maintained in a HEPES-
based buffer containing the following (in mm): 137 NaCl, 25 glucose, 10
HEPES, 5 KCl, 1 MgCl,, and 3 CaCl,, pH 7.4. To facilitate NMDA recep-
tor activity during synaptic activity assays and NMDA administration, we
added glycine (2 um) and removed Mg>* from the perfusion medium.
Tetrodotoxin (TTX; 1 um) was added to the perfusion solution to block
spontaneous synaptic activity during NMDA administration.

Western blotting. Cultured cells were transferred from tissue culture
medium to a HEPES perfusion solution containing 1 um TTX 30 min
before stimulation. Cells were stimulated for 10 min and lysed in 200 ul
of hot (95°C) 3X SDS sample buffer. Lysates were stored at —80°C until
use. Before being loaded, the lysates were heated to 95°C for 10 min,
vortexed (10 s), and centrifuged for 7 min at 15,000 X g. Extracts (20
wl/lane) were electrophoresed into a 10% SDS polyacrylamide gel and
transblotted onto polyvinylidene fluoride (Immobilon P; Millipore, Bed-
ford, MA). Next the membranes were washed with 5% (w/v) powdered
milk dissolved in PBS with 0.1% Triton X-100 (PBST), followed by in-
cubation (4°C overnight) with one of the following antibodies: affinity-
purified rabbit polyclonal anti-CREB phosphorylated at Ser'** (1:1000
final dilution; Cell Signaling Technology, Beverly, MA), mouse mono-
clonal anti-extracellular signal-regulated kinase-1 (ERK-1) and anti-
ERK-2 phosphorylated at Thr2°* and Tyr>** (1:5000; Sigma), or mouse
monoclonal anti-Ca**/calmodulin-dependent protein kinase IV
(CaMKIV) phosphorylated at Thr'® (acquired from Dr. Thomas R.
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Soderling, Vollum Institute, Portland, OR). Next the membranes were
washed and incubated [4 h at room temperature (RT)] with horseradish
peroxidase (HRP)-conjugated secondary antibodies directed against the
IgG domains of the primary antibodies (1:2000; PerkinElmer Life Sci-
ences, Norwalk, CT). The signal was visualized by using Renaissance
chemiluminescent HRP substrate (PerkinElmer Life Sciences). As a con-
trol for equal loading of protein across the gel, the membranes were
stripped and probed for total ERK expression with a rabbit polyclonal
antibody against ERK-1 and ERK-2 (1:1000 final dilution; Santa Cruz
Biotechnology, Santa Cruz, CA). ERK expression was revealed with a
goat anti-rabbit IgG antibody (1:2000 final dilution; PerkinElmer Life
Sciences) conjugated to HRP, followed by visualization as described
above. Blots were washed a minimum of six times (5 min per wash) in
PBST with 5% milk after each antibody treatment. Quantitation of band
intensity was performed with Scion Image analysis software (Frederick,
MD). Band intensity was normalized to total ERK-1 for the correspond-
ing lane. Each experiment was repeated a minimum of three times.

Immunostaining. After stimulation, the cells were fixed with 4% (w/v)
formaldehyde for 15 min, washed five times in PBST, and then blocked (2
h at RT) with 1% normal goat serum and 10% bovine serum albumin in
PBST containing 0.02% azide. Cultures were immunolabeled (overnight
at 4°C) with an affinity-purified rabbit polyclonal CREB phosphoryla-
tion (pCREB) antibody (1:500; Cell Signaling Technology), a monoclo-
nal antibody raised against the neuronal nuclear marker neuronal-
specific nuclear protein (NeuN) (1:500; Chemicon, Temecula, CA), or a
rabbit polyclonal antibody raised against green fluorescent protein (GFP;
1:5000 final dilution; acquired from Dr. Luc Berthiaume, University of
Alberta, Edmonton, Canada). Next the cells were washed and incubated
(4 h at RT) with an Alexa 488- or 594-conjugated secondary antibody
(1:250 final dilution; Molecular Probes, Eugene, OR). To examine cell
health, we also incubated cultures (10 min) with the DNA stain Hoechst
33342 (Hoechst, 1 pg/ml; Molecular Probes) before mounting them with
gel mount (Biomedia, Foster City, CA). Photomicrographs were cap-
tured by a 16-bit digital camera (Micromax YHS 1300; Princeton Instru-
ments, Trenton, NJ) connected to an inverted epifluorescence micro-
scope [Leica (Nussloch, Germany) DM IRB at 200X magnification]. All
tabulated data are expressed as the mean = SEM. Significance was deter-
mined by using the two-tailed Student’s ¢ test.

Transfection and reporter gene assays. Primary cultured cortical neu-
rons were transfected after 8 DIV (1.5 ug of DNA per well) by using
Lipofectamine 2000 (Invitrogen) as described by the manufacturer. The
following constructs were used: pcDNA3 VP16-CREB, pcDNA3 A-CREB,
pcDNA3.1 (empty vector), pGL3-CRE-luciferase, and pEGFP-Nj;. Cells
were assayed 48 h after transfection. Luciferase activity was measured by
using the Bright-Glo Luciferase Assay System (Promega, Madison, WI).

Full-length NF-ATc4 was amplified by PCR from a mouse brain cDNA
library and cloned in frame into the pcDNA3.1/CT-GFP expression vec-
tor (Invitrogen). Cells were assayed 48 h after transfection. Cells were
immunostained for GFP and for the neuronal marker MAP2 (1:2000;
Sigma). Fluorescent images were captured with a Zeiss (Oberkochen,
Germany) 510 Meta confocal microscope (2-um-thick optical section).
The nuclear/somatic GFP signal was determined for each neuron and
expressed as the mean ratio for each condition.

Cell toxicity assay. Cell toxicity was determined by measuring lactate
dehydrogenase (LDH) release as described by Koh and Choi (1987). The
percentage of LDH release was calculated as LDH in the culture medium
divided by total LDH (cellular plus medium LDH). Toxicity also was
measured by labeling with the DNA stain Hoechst as described above.
For the quantification of apoptotic cell death, the regions were selected
randomly as described above, and the viability of all neurons (NeuN-
positive) within the region was determined. Neurons with fragmented or
condensed nuclei were scored as dead or dying (apoptotic).

Materials. Pyruvate, nicotinamide adenine dinucleotide, NMDA, glu-
tamate, nimodipine, bicuculline, 4-aminopyridine (4-AP), TTX,
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) disodium salt, and
2-amino-5-phosphonopentanoic acid (APV) were acquired from Sigma.
Bisindolylmaleimide, U0126, KN62, KN93, SP600125, and staurospor-
ine were acquired from Calbiochem (La Jolla, CA). H89, FK506,
LY294002, PD98059, Rp-cAMPs, and SB203580 were acquired from LC
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Figure 1. The NMDA receptor couples synaptic activity to the Ser "> phosphorylated form of CREB. 4, Top, Initially, cortical

neurons cultured for 10 d were placed in a HEPES-hased buffer containing TTX (1 M), and internal Ca 2% Javels were monitored
by using fura-2 time-lapse digital microscopy. In the presence of bicuculline (50 wm), the withdrawal of the TTX from the buffer
elicited rapid and reproducible Ca** transients. A, Bottom, Relative to cortical cultures maintained in TTX, 10 min of synaptic
activity elicited by the removal of TTX trigged a marked increase in pCREB expression. As a protein loading control, this blot was
stripped and probed for total ERK expression. Duplicate determinations are shown for each condition. 8, Top, Driving the synaptic
network via activation of the NMDA receptor. To examine the necessity of L-type Ca>* channels and ionotropic glutamate
receptors in synaptic activity-dependent CREB phosphorylation, we placed cortical cultures in HEPES buffer containing bicuculline
(50 um), 4-AP (200 wm), and nimodipine (5 wm). In the majority of neurons, the basal Ca®™ levels were maintained by the
withdrawal of TTX (1 um) and the addition of APV (100 um) to the perfusion medium. Washout of APV and the non-NMDA
ionotropic receptor antagonist CNQX (10 wm) triggered a robust and sustained increase in Ca® ™" levels. Ca ™ levels also were
increased by the withdrawal of APV, indicating that the synaptic release of glutamate stimulated Ca>* influx via an NMDA
receptor-mediated mechanism. B, Bottom, Western blot analysis for pCREB revealed that the NMDA receptor coupled synaptic
activity to pCREB expression. (, Synaptic activity attenuates NMDA-induced cell death. Hoechst labeling was used to monitor the
effects that synaptic activity has on NMDA-evoked neurotoxicity. A bout (15 min) of synaptic activity was elicited by the applica-
tion of bicuculline and 4-AP (bic+4AP) in the presence of nimodipine and C(NQX at time 0 (t = 0). Then 24 h later (t = 24), the cultures
were exposed to NMDA (S0 rum, 15 min); the number of dead and dying cells was scored 8 h later (t = 24 + 8). Arrowheads denote the
location of nuclei from healthy cells; arrows indicate apoptotic cells with condensed or fragmented nuclei. D, In the absence of pretreat-
ment with synaptic activity, relatively high numbers (~40%) of apoptotic cells were observed. Pretreatment with synaptic activity
significantly (*p << 0.05) reduced the apoptotic effects of NMDA. Control data are from cells that were stimulated neither with synaptic
activity nor with NMDA. Numbers above each bar indicate the number of cells assayed. £, The neuroprotective effects of synaptic activity
also were monitored via LDH release. Cell stimulation was performed as described in C. *Significant difference ( p << 0.05) from the NMDA
treatment condition. NMDA administration was performed in media containing TTX (1 pm).

Laboratories (Woburn, MA). Hoechst 33342 and fura-2 were acquired
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excitatory and inhibitory amino acid neu-
rotransmitters (Segal and Barker, 1984;
Wilcox et al., 1994; Obrietan and van den
Pol, 1995; Craig et al., 1996). Fura-2 time-
lapse digital microscopy was used to mon-
itor neuronal Ca®* changes mediated by
synaptic transmitter release. In the pres-
ence of the GABA, receptor antagonist
bicuculline (50 uMm), the withdrawal of the
sodium channel blocker TTX (1 um) from
the perfusion solution triggered a series of
rapid Ca** transients (Fig. 1A). The ma-
jority of neurons within an imaging region
(> 70%) exhibited synchronized Ca*"*
transients. The readministration of TTX at
the end of the recording returned Ca** to
basal levels, indicating that the rise in Ca**
was mediated by the action potential-
dependent release of an excitatory neuro-
transmitter. In parallel with this effect on
Ca**, spontaneous synaptic activity trig-
gered an increase in the Ser'*> phosphor-
ylated form of CREB (Fig. 1 A).

Next we examined whether signaling
via the NMDA receptor was sufficient to
drive the synaptic network and trigger
CREB phosphorylation. In this experi-
ment, synaptic activity was elicited by the
withdrawal of TTX from the perfusion
media. To augment network-dependent
neuronal activity, we added bicuculline
(50 um) and the potassium channel
blocker 4-AP (200 um) to the perfusion
media. Nimodipine (5 uM) was added to
the perfusion media to eliminate the po-
tential contribution of L-type voltage-
activated Ca" channels (VACC) to syn-
aptically evoked Ca’* transients and
activity-dependent CREB phosphoryla-
tion. Under these conditions, network-
driven neuronal activity elicited robust
Ca’* transients and CREB phosphoryla-
tion (Fig. 1B). When the NMDA recep-
tor antagonist APV was added to the per-
fusion media, synaptic activity was
mostly blocked (we did note a small per-
centage of cells with increased Ca** lev-
els even in the presence of NMDA recep-
tor blockade) (data not shown), and
CREB phosphorylation was attenuated
markedly. The administration of the
non-NMDA ionotropic receptor antag-
onist CNQX did not inhibit the synapti-

from Molecular Probes.

Results

The NMDA receptor couples synaptic activity to

CREB phosphorylation

To begin to examine the receptors that mediate synaptically
evoked CREB phosphorylation, we prepared cortical neuronal
cultures from embryonic day 20 rats and maintained them in
vitro for 10—12 d. Several groups have shown that 10 DIV cortical
neurons form functional synaptic connections and secrete both

cally evoked Ca*™ rise, nor was it able to block CREB phos-
phorylation (Fig. 1B). Collectively, these data show that a
synaptic network can be driven specifically by the NMDA re-
ceptor and that NMDA receptor signaling is sufficient to drive
CREB phosphorylation.

Synaptic/NMDA receptor stimulation, CREB, and excitotoxic
cell death

NMDA receptor stimulation has been shown to be both neuro-
protective and excitotoxic. Although the mechanism or mecha-
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nisms by which the NMDA receptor exerts
this dualist character are not clear, recep-
tor location, the magnitude of the Ca?t
response, and CREB activation may be
critical factors. Initially, we tested whether
NMDA receptor stimulation mediated by
synaptic glutamate release attenuated the
apoptotic effects of exogenous NMDA (50
uM) application. For these experiments,
NMDA receptor-dependent synaptic ac-
tivity was elicited by the application of
bicuculline and 4-AP in the presence of
nimodipine and CNQX for 15 min. Then
24 h later, NMDA (50 uM) was adminis-
tered for 15 min. Hoechst labeling and
LDH release were examined 8 h after
NMDA administration. In the absence of a
pretreatment with synaptic activity,
NMDA elicited a marked increase in the
number of dead and dying cells (Fig. 1C-
E). In contrast, synaptic activity 24 h be-
fore NMDA application significantly de-
creased both the number of apoptotic cells
and LDH release. These results indicate
that excitatory neurotransmission medi-
ated by NMDA receptor activation pro-
tects against NMDA-induced excitotoxic
cell death.

Upregulation of the neurotrophin
BDNF and the anti-apoptotic protein
BCL-2 may be a mechanism by which syn-
aptic activity confers neuroprotection
against excitotoxic insults. Given that both
BDNF and BCL-2 are CREB-regulated
genes (Shieh et al., 1998; Tao et al., 1998),
these results suggest that neuroprotective
(synaptic activity) and toxic (50 uMm
NMDA) stimuli differentially regulate sig-
naling via the CREB/CRE transcriptional
pathway. To begin to address this issue, we
examined the effects that brief stimula-
tions (15 min) with synaptic activity and
NMDA have on the activation of CRE-
mediated gene expression. For these ex-
periments, the neurons were transfected
with a CRE-luciferase reporter construct
after 8 DIV and stimulated (48 h later)
with either synaptic activity driven specif-
ically by the NMDA receptor (bicuculline,
4-AP, nimodipine, and CNQX) or the ex-
ogenous application of NMDA (1, 5, or 50
uM). Luciferase activity measurements re-
vealed that both synaptic activity and low
concentrations of NMDA (1 and 5 uMm)
stimulated significant increases in CRE-
mediated gene expression, whereas the ap-

plication of 50 um NMDA did not stimulate luciferase expression
(Fig. 2A). In an attempt to determine why these stimuli have
differential effects on CRE-mediated gene expression, we moni-
tored the activation state of CREB. A number of studies have
shown that the duration of CREB phosphorylation correlates
with transcriptional activation (Bito et al., 1996; Liu and Gray-
biel, 1996; Impey et al., 1998). The exogenous application of 50
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Figure2. NMDA, the CREB/CRE pathway, and cell toxicity. A, Neurons transfected with a CRE-luciferase reporter gene construct
p Y, Y porterg

were stimulated (15 min) with NMDA (1,5, 50 um), forskolin (5 wum), or NMDA receptor-dependent synaptic activity (as described
inFig. 10) and assayed 8 h later. *Significant difference ( p << 0.05) relative to control buffer treatment. Data were averaged from
triplicate determinations. B, Synaptic activity triggered a long-lasting form of CREB phosphorylation. In this example, the phos-
phorylated form of CREB was stimulated after a brief (10 min) administration of bicuculline (bic; 20 um). Cultures were collected
at the poststimulus onset time points indicated. (, Long-lasting CREB phosphorylation was mediated by NMDA receptor activa-
tion. In this experiment, synaptic activity was stimulated (10 min) in the presence of CNQX (10 wm) and nimodipine (nim; 5 m).
D, The exogenous application of NMDA (50 wum) triggered a transient form of CREB phosphorylation. Initially, cortical neurons were
stimulated for 10 min. Then NMDA was washed from the medium, and the cultures were collected at the poststimulus onset time
points indicated. £, Top, Preincubation (120 min) with the calcineurin antagonist FK506 (1 um) converted the NMDA-evoked (50
um) transient increase in CREB phosphorylation into a sustained elevation. Basal levels of CREB phosphorylation were not altered
by FK506 pretreatment (Cont = O and t = 180 vs FK506 t = 0 and ¢ = 180). Western blots are representative of at least three
independent experiments. £, Bottom, FK506 pretreatment (1 wum, 120 min) attenuated the toxic effects of NMDA (50 wum, 15 min
stimulation). LDH release was examined 8 h after NMDA administration. For the NMDA administration experiments, all solutions
contained TTX. *Significant difference ( p < 0.05) relative to both control and NMDA administration. F, Neurons were transfected
with an NF-ATc4-GFP fusion protein, and the effects of NMDA (50 wum, 10 min stimulation) and synaptic activity (bicuculline plus
4-APin the presence of nimodipine and CNQX, 10 min stimulation) on NF-ATc4-GFP subcellular localization were examined. F, Top,
Representative confocal images of NF-ATc4-GFP expression under the four conditions. Cells were incubated (120 min) with FK506
(1 um) before NMDA stimulation. Note the marked nuclear translocation after NMDA administration. £, Bottom, Mean nuclear/
cytoplasmic NF-ATc4-GFP ratio under the four treatment conditions. Error bars denote the SEM. Numbers above each bar indicate
the number of neurons analyzed. *p << 0.005, relative to all other conditions. Con, Control.

M NMDA triggered a robust but transient increase in pCREB;
levels declined by 15 min after stimulation (25 min time point)
and returned to basal levels by 45 min after stimulation (Fig. 2D,
45 min time point). A significant increase in NMDA-induced cell
death, as assessed by Hoechst labeling (data not shown) and LDH
release (Fig. 3C, 2 h time point), was not observed during the
period of CREB dephosphorylation, indicating that the rapid
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relative responsiveness of calcineurin to
synaptic activity and NMDA (50 uMm), we
monitored the subcellular localization of
the transcription factor NF-ATc4. Nuclear
translocation of NF-ATc4 is elicited by
calcineurin-mediated dephosphorylation
(Crabtree, 1999; Graef et al., 1999). Thus
by monitoring the nuclear/cytoplasmic
NF-ATc4 ratio, one may infer the activa-
tion state of calcineurin. For these studies,
the cortical neurons were transfected with
an NF-ATc4-GFP fusion protein and
stimulated (10 min) with NMDA (50 um)
* or synaptic activity (bicuculline, 4-AP,
CNQX, nimodipine); then they were fixed
and immunolabeled for GFP and the neu-
ronal marker protein MAP2. NMDA elic-
ited marked NF-ATc4-GFP nuclear trans-
location, whereas synaptic activity did not
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Figure 3.

NMDA administration. Con, Control; bic, bicuculline.

drop in pCREB levels was not the result of acute cell death. In
contrast to the transient pCREB response elicited by 50 um
NMDA, the administration of bicuculline elicited a robust in-
crease in CREB phosphorylation that persisted for =90 min after
stimulus onset (Fig. 2B). Typically, synaptically evoked CREB
phosphorylation persisted from 90 to >180 min. Long-lasting
CREB phosphorylation was mediated by NMDA receptor activa-
tion; in the presence of nimodipine and CNQX, a brief period of
synaptic activity triggered long-lasting CREB phosphorylation
(Fig. 2C, 180 min time point). The transient nature of CREB
phosphorylation mediated by exogenous NMDA administration
raised the possibility that a process of dephosphorylation also had
been activated by the stimulus. Several studies have shown that
the phosphatase calcineurin regulates the duration of CREB
phosphorylation (Bito et al., 1996; Liu and Graybiel, 1996; Wu et
al., 2001). To address the potential role of calcineurin, we incu-
bated cultures with the calcineurin inhibitor FK506 (1 uMm). Un-
der this condition, the administration of NMDA (50 M, 10 min)
led to a sustained increase in CREB phosphorylation that per-
sisted for 180 min (Fig. 2 E, top), paralleling the long-lasting in-
crease in CREB phosphorylation mediated by synaptic activity. In
addition, FK506 significantly attenuated the toxic effects of exog-
enous NMDA administration (Fig. 3E, bottom). These data sug-
gest that strong, potentially neurotoxic levels of NMDA receptor
stimulation specifically may activate calcineurin. To assess the

The duration of CREB phosphorylation depends on NMDA concentration. A, In contrast to the transient increase in
pCREB elicited by 50 rum NMDA (Fig. 2), brief stimulation (10 min) with low concentrations of NMDA (1and 5 uum) triggered a
sustained (90 —180 min) increase in CREB phosphorylation. As a protein-loading control, blots were stripped and probed for total
ERK expression. B, Quantitation of the duration of NMDA-evoked (1-50 wum) CREB phosphorylation. pCREB values were normal-
ized to ERK 1 expression, and control conditions were set equal to 100%. Note that low concentrations of NMDA (1 and 5 rum)
elicited longer-lasting pCREB than the high (50 ) concentration of NMDA. *Significant differences ( p << 0.05) between low (1
and 5 wm) and high (50 m) NMDA concentrations from the 25—180 min time points. Data are from triplicate determinations. C,
The toxic effects of NMDA were correlated inversely with the duration of CREB phosphorylation. LDH assays performed 2 and 8 h
after NMDA stimulation (15 min) revealed that low levels of NMDA (1and 5 wm) are relatively nontoxic, whereas 50 pum NMDA led
to a pronounced increase in LDH release at the 8 h time point. As a relative comparison for the toxic effects of NMDA, cortical
neurons also were treated with glutamate (1 mm, 15 min). Data are from triplicate determinations. *Significant difference ( p <
0.05) relative to control conditions. D, Pretreatment with a low concentration of NMDA (2.5 wum) significantly attenuated the
excitotoxic effects of NMDA (50 wum). In this assay, the cortical neurons were stimulated at time 0 (t = 0) with 2.5 um NMDA for
15minand then stimulated 24 h later (t = 24) with 50 um NMDA; LDH release was assayed 8 h later. *p << 0.05, relative to 50 um

tions (Fig. 2 F). Pretreatment with FK506
blocked NMDA-induced NF-ATc4 trans-
location, indicating that calcineurin activ-
ity is essential to couple NMDA to NEF-
ATc4 nuclear accumulation. Interestingly,
FK506 reduced NMDA-induced NF-ATc4
nuclear localization to a level that was
lower than that observed in unstimulated
(control) neurons, indicating that there is
tonic calcineurin activity under control
conditions. Together these data reveal that
NMDA (50 um) stimulates calcineurin ac-
tivity but that synaptic activity is not effec-
tive. These differential response profiles
provide mechanistic insight into how the
duration of CREB phosphorylation is af-
fected differentially by these two stimuli.

The transient CREB phosphorylation mediated by exogenous
NMDA application was in striking contrast to the sustained level
of CREB phosphorylation mediated by synaptic NMDA receptor
activation. These results raise the possibility that distinct pools of
NMDA receptors (synaptic and nonsynaptic) and/or the inten-
sity of the stimulus may govern pCREB duration. To gain insight
into whether pCREB duration is related to NMDA concentra-
tion, we monitored the pCREB time course after exogenous stim-
ulation with relatively low concentrations of NMDA. In contrast
to the transient increase in pCREB mediated by 50 um NMDA,
brief (10 min) treatment with either 1 or 5 uMm NMDA (in the
presence of TTX) led to a persistent (~90—180 min) increase in
CREB phosphorylation (Fig. 3A4,B).

To address the issue of whether the duration of CREB phos-
phorylation corresponds with the toxicity of the treatment, we
analyzed LDH release from neurons treated with low and high
concentrations of NMDA. Consistent with the idea that the pro-
longed CREB phosphorylation is associated with nontoxic
NMDA stimulation, we found that low concentrations of NMDA
(1 and 5 um) did not trigger significant cell death, whereas 50 um
NMDA stimulated a significant increase in cell death (Fig. 3D). In
an additional parallel to the results observed by using the synaptic
activity paradigm, pretreatment with a low concentration of
NMDA (2.5 um) significantly attenuated excitotoxic effects of 50
uM NMDA (Fig. 3D). Collectively, these data indicate that
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Figure4. The MAPK and CaMK pathways couple synaptically evoked NMDA receptor activa-

tion to CREB phosphorylation. A, Initially, cortical cultures were pretreated (for 30 min) with
U0126(10 pum), KN62 (10 1m), H89 (5 pum), Rp-cAMPs (300 wum), or bisindolylmaleimide (Bis; 1
m). Then NMDA receptor-mediated synaptic activity was elicited (10 min) by bicuculline (bic)
plus 4-AP in the presence of nimodipine and CNQX. Both U0126 and KN62 attenuated CREB
phosphorylation. Mean densitometric band analysis is shown in the bars below. Data are rep-
resentative of triplicate determinations. *Significant difference (p << 0.05) relative to the
bicuculline plus 4-AP condition. Intensity values were normalized to the bicuculline plus 4-AP
treatment condition, which was set equal to 100%. Data are representative of triplicate deter-
minations. B, Inmunofluorescent staining for pCREB was used to compliment the Western blot
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NMDA concentration determines the duration of CREB phos-
phorylation and determines whether NMDA 1is protective or
toxic.

Kinase coupling to CREB

A panel of pharmacological inhibitors was used to identify the
signaling events that couple synaptic/NMDA receptor activity to
CREB phosphorylation. Initially, cortical neurons were treated
with the broad-spectrum CaMK inhibitor KN62 (10 uMm), the
mitogen-activated protein kinase kinase 1/2 (MEK1/2) inhibitor
U0126 (10 uMm), the PKA inhibitor H89 (5 uM), the inactive
cAMP analog Rp-cAMPs (300 uM), or the PKC inhibitor bisin-
dolylmaleimide (1 um). Western blot analysis and immunofluo-
rescent labeling for pCREB revealed that KN62 and U0126 sig-
nificantly attenuated the capacity of synaptic activity to stimulate
CREB phosphorylation (Fig. 4A,B). None of the other inhibitors
were effective. As a control experiment, fura-2 Ca*" imaging was
used to examine whether KN62 and U0126 inhibit neurotrans-
mission and thereby nonspecifically affect the ability of synaptic
input to regulate CREB phosphorylation. Representative record-
ings (Fig. 4C) revealed that synaptic/NMDA receptor-mediated
Ca** transients persisted in the presence of the CaMK and
mitogen-activated protein kinase (MAPK) inhibitors. Western
blot analysis was used to show that ERK phosphorylation at
Thr?°* and Tyr** (a marker of ERK activation) was blocked by
U0126 and that CaMKIV phosphorylation at Thr '*® (a marker of
CaMKIV activation) was inhibited by KN62 (Fig. 4C).

In contrast to the role the MAPK and CaMK pathways play in
synaptically evoked CREB activation, neither pathway appeared
to contribute to CREB phosphorylation mediated by high levels
of NMDA (50 um) (Fig. 54,C). Control experiments (Fig. 5B)
validated the capacity of KN62 and U0126 to attenuate NMDA-
evoked (50 um) CaMKIV phosphorylation and MAPK activa-
tion, respectively. We also tested the capacity of a number of
other pathways to couple excitotoxic levels of NMDA to CREB
phosphorylation. Inhibitors of cAMP/PKA-dependent signaling
(5 wm H89; 300 uM Rp-cAMPs) as well as the PKC inhibitor
bisindolylmaleimide (1 M) had no effect on pCREB levels (Fig.
5A). Because 50 um NMDA is neurotoxic, we assessed whether
two stress-responsive pathways, the p38 MAPK pathway and
c-Jun N-terminal kinase (JNK)/stress-activated protein kinase
(SAPK), regulated CREB phosphorylation. Both pathways were
activated by NMDA (data not shown); however, neither the dis-
ruption of p38 MAPK activity with SB203580 (10-50 uM) nor
addition of the JNK/SAPK inhibitor SP600125 (30 uM) had an
effect on the NMDA-evoked CREB phosphorylation (Fig. 5D,E).
In addition, the phosphatidylinositol kinase pathway inhibitor
LY294002 (30 uMm) and the broad-spectrum protein kinase inhib-
itor staurosporine (200 nm) had no effect on CREB activation
(data not shown). In initial tests of ERK-5, we found that NMDA
(50 um) did not elicit its phospho-activation (data not shown).

<«

analysis. Relative to control cultures, the administration of bicuculline increased pCREB expres-
sion; pretreatment with KN62 or U0126 attenuated the synaptic activity-dependent increase in
CREB phosphorylation. C, To determine whether inhibition of MAPK and CaMK signaling dis-
rupts Ca2™ response characteristics, we loaded cortical cultures with fura-2, pretreated them
(10 min) with 10 m KN6 or 10 wm U0126, and examined the capacity of NMDA receptor-
mediated synaptic activity to stimulate Ca" transients. Representative examples show that
robust Ca™ transients were generated in the presence of these inhibitors. As an additional
control, Western blot analysis was used to examine the potency of these inhibitors. U0126 (10
) attenuated synaptically evoked ERK phosphorylation; KN62 (10 wuu) attenuated synapti-
cally evoked CaMKIV phosphorylation. Con, Control.
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onset and returning to near-basal levels
before the end of the stimulus period.
Given its transient activation profile, these
results suggest that CaMK signaling may
not contribute to the sustained increase in
CREB activation. Indeed, treatment of
cortical neurons with KN62 after 10 min of
synaptic activity did not decrease the du-
ration of CREB phosphorylation (Fig. 6 B);
in the presence of KN62, elevated pCREB
levels were observed 90-180 min after
stimulation termination, paralleling the
pCREB duration after synaptic stimula-
tion in the absence of inhibitor adminis-
tration. Persistent synaptic/NMDA recep-
tor activation led to a sustained increase in
ERK phosphorylation, paralleling the
pCREB activation profile (Fig. 6A). Sur-

prisingly, the administration of U0126 (10
uM) after the onset of synaptically medi-
ated CREB phosphorylation also failed to
reduce the duration of CREB activation
(Fig. 6 B). In control experiments, synaptic
activity (10 min) led to a sustained in-
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Figure 5.  Coupling excitotoxic levels of NMDA receptor stimulation to CREB phosphorylation. A, The small molecule inhibitor

panel used in Figure 4 A had no effect on CREB phosphorylation mediated by the application of 50 Lum NMDA. Intensity values were
normalized to the NMDA treatment condition, which was set equal to 100%. Data are representative of triplicate determinations.
Bis, Bisindolylmaleimide. B, The capacity of KN62 to disrupt NMDA-evoked CaMKIV activation and of U0126 to disrupt NMDA-
evoked MEK-dependent ERK phosphorylation was verified. (, To test for potential redundancy within the MAPK and CaMK
pathways, we incubated cells in both 10 v KN62 and 10 um U0126 and assayed the effects of NMDA. Treatment with another

crease in ERK phosphorylation, and the
administration of U0126 blocked sus-
tained ERK phosphorylation (Fig. 6C).
These data suggest that MAPK and CaMK
signaling are required for the onset of syn-
aptically evoked CREB phosphorylation
but that neither pathway regulates the du-
ration of CREB activation.

broad-spectrum CaMK inhibitor, KN93 (10 gum), as well as another MEK inhibitor, PD98059 (50 i), had no discernible effect on

NMDA-evoked CREB phosphorylation. D, £, Inhibition of JNK/SAPK with SP600125 (30 um) and disruption of p38 MAPK with
$B203580 (1050 yum) did not affect NMDA-evoked CREB phosphorylation. F, Pretreatment with an inhibitor mixture attenuated,
but did not block, NMDA-evoked CREB phosphorylation. In this experiment, the neurons were incubated with U0126 (10 um),
KN62 (10 pum), bisindolylmaleimide (1 wm), H89 (5 um), SB203580 (20 wum), SP600125 (30 pum), LY294002 (30 pum), and
staurosporine (200 nm). The number above each lane indicates the pCREB/ERK ratio, which was normalized to the first control
condition, which was set equal to 1. Inhibitors were applied 30 min before NMDA stimulation and maintained in the culture media

until the cells were lysed. All buffers contained TTX (1 rum). Con, Control.

Finally, kinase coupling to CREB phosphorylation was tested by
using a potent mixture of inhibitors (U0126, KN62, bisindolyl-
maleimide, H89, SB203580, SP600125, 1L.Y294002, and stauro-
sporine). Under this condition, we noted a modest ~40% de-
crease in CREB phosphorylation (Fig. 5F). Together, these data
indicate that high, potentially toxic levels of NMDA couple to
CREB phosphorylation via an atypical signaling event.

The MAPK and CaMK pathways do not determine the
duration of CREB phosphorylation

Next we examined the potential signaling events that govern the
duration of CREB phosphorylation. Given the data showing that
U0126 and KN62 attenuated synaptic/NMDA receptor-
mediated CREB phosphorylation, we focused attention on the
MAPK and CaMK cascades. To examine the duration of kinase
activation, we collected cultures after 10—60 min of persistent
synaptic/NMDA receptor activation and processed them for the
phosphorylated form of ERK and for the phosphorylated form of
CaMKIV. As expected, synaptic activity led to CREB phosphor-
ylation throughout the stimulus period (Fig. 6A). In contrast,
CaMKIV activation was transient, peaking 10 min after stimulus

Temporal regulation of

CREB “shut-off”

Hardingham et al. (2002) found that exog-
enous glutamate applied after 30 min of
persistent synaptic activity triggered a
rapid decrease in pCREB levels. Under this
stimulus paradigm, the extrasynaptic
CREB shut-off mechanism determines
pCREB duration. In light of our data
above showing that the duration of synaptically evoked CREB
phosphorylation is independent of persistent kinase activity, we
wanted to identify specifically when shut-off occurs: during the
induction of synaptically evoked pCREB and/or during the pe-
riod when persistent CREB phosphorylation has become inde-
pendent of the MAPK and CaMK pathways. To test whether
shut-off occurs during induction, we stimulated synaptic activity
while we applied exogenous NMDA (50 um). After 10 min,
the medium was changed to a TTX-containing solution, and
the pCREB duration was determined. Under these conditions
PCREB levels persisted for up to 90 min, consistent with the
pCREB time course elicited by synaptic activity alone (Fig. 7A).
These data indicate that, when both synaptic and exogenous stim-
uli are applied simultaneously, synaptic activity dominates and thus
determines pCREB duration. In agreement with the work of Hard-
ingham et al. (2002), we found that if synaptically mediated CREB
phosphorylation was elicited before exogenous NMDA receptor
stimulation, pCREB shut-off occurred (Fig. 7B). These data indicate
that the sequence of stimulation determines which pathway exerts
control over pCREB duration.
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Figure6. The MAPK pathway and CaMKIV do not regulate the duration of CREB phosphor-
ylation. A, The duration of CREB, CaMKIV, and ERK phosphorylation was monitored during a
period of persistent NMDA receptor-mediated synaptic activity. Cultures were lysed 10 — 60 min
after the onset of synaptic stimulation [bicuculline (bic) plus 4-AP containing nimodipine and
CNQX]. Control cultures (no stimulation) were collected at the beginning and the end of the
stimulus period. Robust increases in both CREB and ERK phosphorylation were observed for the
duration of the stimulation. However, CaMKIV phosphorylation was transient, showing maxi-
mal activation at the 10 min time point. B, To examine the contribution of CaMK and MAPK
signaling to the duration of CREB phosphorylation, we transferred cells to media containing
KN62 (10 um) or U0126 (10 wm) immediately after synaptic stimulation. Samples were col-
lected at the prestimulus and poststimulus time points indicated. Relative to the control synap-
tic activity condition (no inhibitor), disruption of CaMK signaling and MAPK signaling did not
alter the duration of CREB phosphorylation. (, As a control experiment, the duration of ERK
phosphorylation was examined. Synaptic activity triggered sustained ERK phosphorylation; the
administration of U0126 after stimulation dramatically attenuated ERK activation. Con, Control.
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Figure7.  Temporal regulation of CREB shut-off. A, Cultures were costimulated with NMDA
(50 um) and synaptic activity [bicuculline (bic) plus 4-AP with nimodipine and CNQX] from t =
0-10 min. After stimulation, the medium was changed to a TTX-containing solution, and the
pCREB expression was determined at the time points outlined. Mock stimulation is shown for
the t = 0 time point. Under this 10 min stimulus condition, pCREB expression persisted for 90
min. B, Cultures initially were stimulated (10 min) with synaptic activity (bicuculline plus 4-AP
with nimodipine and CNQX from —40 to —30 min) and then placed in a TTX/HEPES buffer (30
min; from —30 to 0 min). After this treatment, NMDA (50 ) was administered for 10 min
(from 0 to 10 min), and the cells were then returned to a TTX/HEPES buffer. pCREB expression
was determined at the time points outlined. pCREB levels for both synaptic stimulation (bicu-
culline plus 4-AP in the presence of nimodipine and CNQX) and mock stimulation [control (Con)]
are shown for the t = 0 time point (before NMDA administration). Under this sequential stim-
ulus paradigm, pCREB expression returned to basal levels by 25— 45 min after NMDA adminis-
tration. Data are representative of triplicate determinations.

Synaptic activity, CRE-mediated transcription,

and neuroprotection

Finally, to form a definitive link between CREB and attenuation
of NMDA-mediated toxicity, we transfected cortical neurons
with a constitutively active CREB construct (VP16-CREB) and a
GFP reporter construct and then, 48 h later, stimulated them with
50 uM NMDA. GFP immunofluorescence was used to identify
transfected cells, NeuN was used to verify that the cells were
neurons, and Hoechst labeling was used to examine cell health.
Relative to empty vector-transfected neurons, transfection of
VP16-CREB significantly attenuated NMDA-induced cell death
(Fig. 7A,B). In the absence of NMDA administration, VP16-
CREB did not affect cell survival (data not shown). As a control,
we show that VP16-CREB stimulated the expression of a CRE-
luciferase reporter gene (Fig. 7C). A-CREB, a dominant-negative
inhibitor of CREB (Ahn et al., 1998), also was used to test the role
of CREB in synaptic activity-dependent neuroprotection. In this
set of experiments the neurons were transfected with A-CREB
and GFP; synaptic activity was elicited 24 h later (at t = 0) for 15
min (Fig. 8 D). At 24 h after synaptic stimulation, the cells were
exposed to NMDA (50 uMm, 15 min), and the apoptotic effects
were assayed 8 h later (Fig. 8 D). In the absence of NMDA admin-
istration, A-CREB did not increase the number of apoptotic cells,



Lee etal. « CREB and Neuroprotection

A B 40
a5 21
8 30
w
S 25
o
GFP g * S
a 13 208
= 10
5
“ DMNA 3.1 DNA 3.1 VP16-CREB
pel . X -
NeuN {- NMDA)  nmoA) {+ NMDA)
c
22— 120000 5
b [}
%g 100000
o =
Hoechst @D
5=
[T}
pcDNA 3.1 VP16-CREB S
+NMDA +NMDA
peDNA 3 VP16-CREB
CRE-Luc CRE-Luc
D
=}
£
3
8]
w
=
&
5
m
w
o
Q
<
=0 | bic+4AP + + -
t=24 NMDA - + *
E
8
g
o
=]
(=%
<
ES
t=0 | bictaAP | — | + | + | - -+ +] -
t=24] NMmDA | - | -] + [ + — 1 =1+ =
fold increase 10 |09 |15 | 2.8 1.0 0.9 | 24 | 3.2
pcDNA 3.1 transfected A-CREB transfected
Figure 8.  Synaptic activity attenuates NMDA-mediated cell death via a CREB-dependent mechanism. A, Neurons were trans-

fected with VP16-CREB or the control vector pcDNA3.1 and stimulated 48 h later with NMDA (50 pum, 15 min). Cell viability was
scored 8 h later. Cotransfection with GFP was used to identify transfected cells, NeuN was used to verify that the cells were neurons,
and Hoechst labeling was used to assess toxicity. The arrow identifies a representative transfected cell that is dying; arrowheads
denote healthy cells. B, Quantitation of the percentage of transfected neurons undergoing apoptosis. Relative to vector transfec-
tion, the transfection with VP16-CREB attenuated (*p << 0.05, significantly different from control vector transfection) the toxic
effects of NMDA. Error bars denote SEM. Numbers above the bars indicate the number of neurons assayed. C, A CRE-luciferase
reporter construct was cotransfected with VP16-CREB or pcDNA3.1 to validate that the constitutively active CREB construct
stimulated CRE-dependent transcription (*p << 0.05, significantly different from control vector transfection). D, A-CREB attenu-
ates the neuroprotective effects of synaptic activity. Neurons were cotransfected with GFP and A-CREB expression vectors. Then
24 hlater, neuronal activity was elicited [t = 0, bicuculline (bic) plus 4-AP with nimodipine and CNQX, 15 min]. NMDA (50 ) was
administered 24 h after bicuculline stimulation (t = 24, 15 min), and cell viability was scored 8 h later. GFP immunofluorescence
was used to identify transfected cells, MAP2 was used to verify that the cells were neurons, and Hoechst labeling was used to assess
toxicity. Arrows identify transfected cells that were dead or dying; arrowheads denote healthy cells. £, Quantitation of transfected
neurons undergoing apoptosis. Relative to control expression vector transfection (pcDNA3.1), transfection with A-CREB signifi-
cantly attenuated (*p << 0.05, relative to control vector transfection) the neuroprotective effects of synaptic activity and aug-
mented the neurotoxic effects of NMDA. Numbers above each bar indicate the number of neurons assayed. In the table shown
below the bars, the percentage of apoptotic neurons was normalized to control conditions (no stimulation), which was set equal
to 1. Error bars denote SEM. Data are the mean of triplicate determinations.
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relative to empty vector (pcDNA3.1)
transfection. However, A-CREB did exac-
erbate the excitotoxic effects of NMDA
and significantly reduce the neuroprotec-
tive effects of synaptic activity (Fig. 8E).
Thus under control conditions (empty
vector transfection), synaptic activity re-
duced the toxic effects of NMDA by 71%,
whereas in the presence of A-CREB, the
synaptic activity reduced the toxic effects
of NMDA by 36%, an approximately two-
fold diminution of the neuroprotective ef-
fects of synaptic activity. Collectively,
these data indicate that the CREB/CRE sig-
naling pathway contributes to the neuro-
protective effects of synaptic/NMDA re-
ceptor activity.

Discussion

Work over the past several years has re-
vealed that the CREB/CRE transcriptional
pathway is a complex regulator of a vast
array of activity-dependent physiological
processes. Of particular prominence have
been data examining the role of CREB as a
regulator of neuronal health and viability
(Walton et al., 1996, 1999; Bonni et al.,
1999; Mabuchi et al., 2001; Lonze and
Ginty, 2002; Jaworski et al., 2003). In this
study, we focused on the interplay between
the neuroprotective and cytotoxic effects
of NMDA receptor stimulation and on
how these extremes in cellular responsive-
ness affect the activation state of CREB.
The data presented here reveal that (1) the
magnitude of NMDA receptor stimulation
(toxic vs nontoxic) determines the dura-
tion of CREB phosphorylation via the se-
lective recruitment of calcineurin activity,
(2) permissive and toxic levels of NMDA
receptor activation regulate CREB phos-
phorylation via distinct cellular signaling
pathways, (3) the sequence of stimulation
with neurotoxic levels of NMDA and neu-
roprotective synaptic activity determines
which pathway exerts control over pPCREB
duration, and (4) the neuroprotective ef-
fects of NMDA receptor activation are me-
diated, in part, via activation of CREB-
dependent transcription.

We have shown previously that cortical
neurons cultured from embryonic day 18
rat pups begin to form functional synaptic
connections by 5 DIV and secrete both
glutamate and GABA (van den Pol et al.,
1995; Obrietan and van den Pol, 1998). To
observe robust levels of synaptic activity
after 10 DIV, we cultured our neurons un-
der relatively dense conditions. The den-
sity of the cultures affects both the rate of
synapse formation and the number of
functional synapses. For example, van den
Pol et al. (1998) found that presynaptic re-
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lease of glutamate occurred after 3—4 DIV in high-density cul-
tures but was absent in low-density cultures at this time. Further-
more, neurites grow three times faster in high-density cultures
than in low-density cultures (van den Pol et al., 1998). Thus the
withdrawal of tetrodotoxin from the perfusion media elicited a
rapid rise in neuronal Ca*™ levels. This increase was blocked by
the application of APV, indicating that the action potential-
dependent release of glutamate drove activation of the network.
Synaptic activity triggered a marked increase in the Ser '** phos-
phorylated form of CREB. This result was expected, given the
work showing that synaptic transmission in cultured neurons
drives CREB phosphorylation (Bito et al., 1996; Hardingham et
al., 2002). However, in the work by Bito et al. (1996) and Hard-
ingham et al. (2002), the receptor subtypes that couple synaptic
activity to CREB phosphorylation were not addressed. In an at-
tempt to create a simplified synaptic network that relied specifi-
cally on the NMDA receptor, we added antagonists of both non-
NMDA ionotropic glutamate receptors and L-type VACC to the
bath media. Under this condition, we found that the application
of bicuculline and 4-AP stimulated robust Ca®" transients and a
marked increase in CREB phosphorylation, indicating that
L-type VACC and the AMPA/kainate subtype of glutamate re-
ceptors were dispensable. Many of the effects of synaptic/NMDA
receptor activation (persistent CREB phosphorylation, neuro-
protection) also were elicited by exogenous application of low
concentrations of NMDA (1-5 um), suggesting that the effects of
synaptic activity were mediated by NMDA receptor-dependent
signaling. However, it should be noted that synaptic activity also
stimulates trophic, hormonal, or metabotropic processes that, in
conjunction with NMDA receptor stimulation, might affect
CREB phosphorylation. Thus additional work will be required to
assess the relative contribution of these other pathways to synap-
tic/NMDA receptor-mediated CREB phosphorylation and
neuroprotection.

The cellular signaling events that couple neuronal activity to
CREB phosphorylation vary, depending on the developmental
state of the cells as well as the source and intensity of the stimulus
(Herdegen et al., 1997; Xing et al., 1998; Sala et al., 2000; Hard-
ingham et al., 2002; Obrietan et al., 2002). Two of the best char-
acterized intermediate-signaling pathways are the MAPK path-
way and CaMKIV (Enslen et al., 1994; Sun et al., 1994; Bito et al.,
1996; Xing et al., 1996; Impey et al., 1998). The MAPK pathway is
composed of the kinases RAF, MEK, and ERK. The MAPK cas-
cade stimulates the Ser'** phosphorylated form of CREB via a
kinase functioning downstream of ERK. Several studies have
identified RSK (ribosomal S6 kinase) and MSK (mitogen- and
stress-activated protein kinase) family members as ERK-
activated CREB kinases (Xing et al., 1996; De Cesare et al., 1998;
Impey et al., 1998; Arthur and Cohen, 2000). The enzymatic ac-
tivity of CaMKIV is stimulated by an array of activity-dependent
signaling events, including NMDA receptor activation and mem-
brane depolarization (Bito et al., 1996; Kasahara et al., 2000;
Soderling, 2000). CaMKIV is enriched in neuronal nuclei (Jensen
etal., 1991; Miyano et al., 1992), and its activation is mediated in
part by its phosphorylation at Thr'*® by CaMK (Selbert et al.,
1995). Both the MAPK cascade and CaMKIV were activated by
neuronal stimulation and found to elicit CREB phosphorylation.
Although it is unclear how both pathways contribute to the phos-
phorylation of CREB at the same site (Ser '**), it has been shown
that CaMKIV mediates a rapid and transient phosphorylation of
CREB, whereas an ERK-activated kinase mediates a subsequent,
prolonged phosphorylation of CREB (Impey et al., 1998; Wu et
al., 2001).
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Although both the MAPK and CaMK pathways stimulate
CREB phosphorylation, the duration of CREB phosphorylation
is not dependent on the persistent activation of either pathway.
These data suggest that other cellular signaling events (or the lack
thereof) determine the duration of CREB phosphorylation.

Along these lines, Bito et al. (1996) found that calcineurin
inhibition with FK506 significantly enhanced the duration of
CREB phosphorylation elicited by high-frequency stimulation.
In some systems, calcineurin has been shown to function as a
Ca**-activated negative regulator of CREB-dependent tran-
scription by limiting the duration of CREB phosphorylation
(Chang and Berg, 2001). To address the activation state of cal-
cineurin, we monitored the subcellular localization of NF-ATc4.
The nuclear translocation of NF-ATc4 is regulated by
calcineurin-dependent dephosphorylation (Crabtree, 1999;
Graef et al., 1999); thus, by measuring the cytosolic/nuclear ratio
of an NF-ATc4-GFP fusion protein, we were able to infer relative
levels of calcineurin activity. With this approach, we found that
our two stimulus paradigms had strikingly dissimilar effects on
calcineurin activity; NMDA (50 um) elicited a marked increase in
calcineurin-dependent NF-ATc4 nuclear accumulation, whereas
synaptic activity was relatively ineffective. Furthermore, our data
revealed that transient CREB phosphorylation triggered by the
exogenous application of a high concentration of NMDA was
reversed by FK506 pretreatment, thus supporting the idea that
calcineurin is recruited specifically by, and limits the duration of,
CREB phosphorylation elicited by excitotoxic levels of NMDA
receptor stimulation.

Calcineurin activity may account in part for the CREB shut-
off (Hardingham et al., 2002) effect elicited by the bath applica-
tion of a high concentration of NMDA, whereas the lack of syn-
aptically evoked calcineurin activity may contribute to persistent
CREB phosphorylation. Interestingly, the induction of CREB
shut-off was dependent on the sequence of stimulation. For ex-
ample, when NMDA (50 M) was applied and synaptic activity
was elicited simultaneously, CREB phosphorylation persisted.
Conversely, CREB shut-off occurred after synaptically evoked
PCREB had become kinase-independent. Thus when both syn-
aptically evoked kinase activity and NMDA-evoked (50 um)
phosphatase activity are stimulated simultaneously, kinase activ-
ity dominates and CREB phosphorylation becomes long-lasting
(>90 min).

NMDA-mediated toxicity was related inversely to the dura-
tion of CREB phosphorylation. Thus a high concentration of
NMDA (50 um) led to transient CREB phosphorylation and sig-
nificant cell death, whereas low concentrations of NMDA or syn-
aptic activity were nontoxic and triggered long-lasting CREB
phosphorylation. Interestingly, long-lasting CREB phosphoryla-
tion is observed in cells resistant to toxic insults (Hu et al., 1999;
Tanaka et al., 2001; Hara et al., 2003). In our analysis, we did not
attempt to address whether neuroprotection with low concentra-
tions of NMDA was mediated by activation of synaptic NMDA
receptors or by a combination of synaptic and extrasynaptic re-
ceptors. Additional analysis using receptor subtype-specific an-
tagonists, analogous to the approach used by Lu et al. (2003) and
Hardingham et al. (2002), will be required to address this issue.

In addition to finding that synaptic activity led to persistent
CREB phosphorylation, we observed that synaptic activity trig-
gered a robust increase in CRE-dependent transcription. Extend-
ing the duration of CREB phosphorylation may be neuroprotec-
tive by increasing the expression of CREB-regulated cell survival
genes. Along these lines, a number of studies have shown that the
CREB-regulated genes BCL-2 and BDNF are neuroprotective
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(Martinou et al., 1994; Kitagawa et al., 1996; Lawrence et al., 1996;
Bonni et al., 1999; Riccio et al., 1999; Mabuchi et al., 2001; Sug-
iura etal., 2004). In our model, synaptic activity and low concen-
trations of NMDA, but not high concentrations of NMDA, stim-
ulated BDNF expression (data not shown). Furthermore, we
found that overexpression of constitutively active CREB reduced the
toxic effects of high concentrations of NMDA and that A-CREB
blocked the neuroprotective effects of synaptic activity. These results
raise the possibility that a targeted approach to upregulate CREB-
dependent transcription may confer resistance against the neuro-
toxic effects of excessive excitatory neurotransmission.
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