4978 - The Journal of Neuroscience, March 30, 2011 - 31(13):4978 — 4990

Development/Plasticity/Repair

A Signaling Cascade of Nuclear Calcium-CREB-ATF3
Activated by Synaptic NMDA Receptors Defines a Gene
Repression Module That Protects against Extrasynaptic

NMDA Receptor-Induced Neuronal Cell Death and Ischemic

Brain Damage
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Synapse-to-nucleus signaling triggered by synaptic NMDA receptors can lead to the buildup of a neuroprotective shield. Nuclear calcium
activating the cAMP response element binding protein (CREB) plays a key role in neuroprotection acquired by synaptic activity. Here we
show that in mouse hippocampal neurons, the transcription factor A#f3 (activating transcription factor 3) is a direct target of CREB.
Induction of ATF3 expression by CREB in hippocampal neurons was initiated by calcium entry through synaptic NMDA receptors and
required nuclear calcium transients and calcium/calmodulin-dependent protein kinase IV activity. Acting as a transcriptional repressor,
ATE3 protects cultured hippocampal neurons from apoptosis and extrasynaptic NMDA receptor-induced cell death triggered by bath
application of NMDA or oxygen- glucose deprivation. Expression of ATF3 in vivo using stereotaxic delivery of recombinant adeno-
associated virus reduces brain damage following a cerebral ischemic insult in mice. Conversion of ATF3 to a transcriptional activator
transforms ATF3 into a potent prodeath protein that kills neurons in cell culture and, when expressed in vivo in the hippocampus, ablates
the neuronal cell layer. These results link nuclear calcium-CREB signaling to an ATF3-mediated neuroprotective gene repression pro-
gram, indicating that activity-dependent shutoff of genes is an important process for survival. ATF3 supplementation may counteract
age- and disease-related neuronal cell loss caused by a reduction in synaptic activity, malfunctioning of calcium signaling toward and

within the nucleus (“nuclear calciopathy”), or increases in death signaling by extrasynaptic NMDA receptors.

Introduction

The well-being of neurons in the mammalian CNS is dependent
on the balance of the activities of the survival-promoting synaptic
NMDA receptor and the extrasynaptic NMDA receptor that in-
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duces cell death pathways (Hardingham et al., 2002; Hardingham
and Bading, 2010). Important for the acquisition of along-lasting
neuroprotective shield following calcium entry through synaptic
NMDA receptors is the propagation of calcium signals into the
nucleus, the subsequent formation of a nuclear calcium/calmod-
ulin complex, and the initiation of a genomic response (Bading,
2000, Hardingham et al., 2001; 2002; Lee et al., 2005; Papadia et
al., 2005; Zhang et al., 2007; 2009; Bengtson et al., 2010). Nuclear
calcium is one of the most potent activators of neuronal gene
expression and controls a large gene pool that includes a gene
program for acquired neuroprotection (Zhang et al., 2009). The
transcription factor cAMP response element binding protein
(CREB), a key target of nuclear calcium signaling (Hardingham
etal., 1997;2001; Chawla et al., 1998; Zhang et al., 2009), plays an
important role in neuronal survival (Mantamadiotis et al., 2002).
However, CREB is a multifunctional transcriptional regulator
(Mayr and Montminy, 2001; Carlezon et al., 2005) that is also
involved in a number of other processes including neuronal plas-
ticity, addiction, neurogenesis, learning, and memory (Carlezon
et al., 1998; Silva et al., 1998; Lonze and Ginty, 2002; Zhu et al.,
2004; Giachino et al., 2005). CREB signaling may control multi-
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ple processes through the activation of target genes, which them-
selves may encode transcription factors and regulate function-
specific genomic subroutines. The concept of a hierarchical
transcription factor cascade that starts with a master regulator
and branches off to other DNA binding proteins that serve a
specific function is not new and has been implemented to control
biological processes such as the specification of the body plan and
pattern formation in embryonic development (Anderson, 1999;
Pearson et al., 2005; Peel et al., 2005; Dequéant and Pourquié,
2008). In this study, we show that the transcriptional repressor
ATF3 acts downstream of CREB to mediate the survival function.
ATF3 is a direct CREB target that can protect neurons both in
vitro and in vivo from death induced by stimulation of extrasyn-
aptic NMDA receptors. CREB-ATEF3 signaling, which is con-
trolled by synaptic NMDA receptors and nuclear calcium,
represents the core of an activity-regulated survival module that
involves the sequential activation of transcriptional induction
and gene repression.

Materials and Methods

Hippocampal cultures and stimulations. Hippocampal neurons from
newborn C57/Blacké mice were cultured in Neurobasal medium (Invit-
rogen) containing 1% rat serum, B27 (Invitrogen), and penicillin and
streptomycin (Sigma). The procedure used to isolate and culture hip-
pocampal neurons has been described (Bading and Greenberg, 1991;
Bading et al., 1993; Zhang et al., 2007). Stimulations were done after a
culturing period of 9-12 d, during which hippocampal neurons develop
arich network of processes, express functional NMDA-type and AMPA/
kainate-type glutamate receptors, and form synaptic contacts (Bading
et al., 1995; Hardingham et al., 2001). Action potential bursting was
induced by treatment with the GABA, receptor antagonist bicucull-
ine (50 uMm) as described previously (Hardingham et al., 2001, 2002;
Arnold et al., 2005). In the survival experiments, neurons were treated
for 16 h with bicuculline in the presence of 250 um 4-amino pyridine
(4-AP) (Hardingham et al., 2002). 4-AP increases the frequency of the
bicuculline-induced action potential bursts, thereby enhancing nuclear cal-
cium, CREB-mediated transcription, and activity-induced neuroprotection
(Hardingham et al., 2001, 2002; Arnold et al., 2005). b(—)-2-Amino-5-
phosphonopentanoic acid and MK-801 were from Sigma, tetrodotoxin
(TTX) was from Tocris Bioscience, 4-AP and staurosporine were from
Calbiochem, and the caspase inhibitor N-benzyloxycarbonyl-Val-Ala-
Asp(O-Me) fluoromethyl ketone (Z-VAD-FMK) was from Promega.

Reporter gene analysis. The cDNAs for DsRed (Clontech) and ATF3
were cloned into pPCMV-BD (Stratagene) to generate pCMV-Gal4-dsRed
and pCMV-Gal4-Atf3. pBD-NF-kB (Stratagene) containing the Gal4
DNA binding domain fused to the transcription activation domain of
NE-kB was used as positive control. The luciferase (luc) reporter gene
pGL2-5X Gal4-TK-luc reporter (Fujita et al., 2004) was provided by P.A.
Wade (Emory University, Atlanta, GA). For the Gal4-based reporter
assays, hippocampal neurons were cotransfected using Lipofectamine
2000 (Invitrogen) with pGL2-5X Gal4-TK-luc, the expression vectors
for Gal4 fusion proteins, and the pAAV-hRluc as reference plasmid
for normalization of transfection efficiency using a ratio of 8:1:1. To
generate pAAV-hRIuc (Lau and Bading, 2009), the cDNA for human-
ized renilla luciferase (from pGL4.70, Promega) was cloned into a
cytomegalovirus (CMV)/chicken B-actin hybrid promoter-driven
adeno-associated viral expression plasmid. Details of AAV plasmid
backbone have been described (Klugmann et al., 2005). The cells were
harvested 48 h posttransfection.

For the A#f3-promoter study, an 81-bp-long fragment of the mouse
Atf3 proximal promoter region that contains a cAMP response element
(CRE) and a binding site for MEF2 (monocyte enhancer factor 2) termed
the MEF2 response element (MRE) was inserted into the Nhel/BglII sites
of pGL4.10 (Promega) to generate Atf3-wt-luc. Three variants of this
wild-type (wt) Atf3 promoter construct were generated that contain a
mutation in either the CRE (Atf3-ACRE-luc) or the MRE (Atf3-AMRE-
luc) or in both the CRE and the MRE (Atf3-AMREACRE-luc). The fol-
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lowing oligonucleotides were used for reporter gene construction; the
CRE and the MRE are in bold letters, and mutations are underlined:

Atf3-wt-luc: GCTAGCAGCTATTAATAGCATTACGTCAGCCTG-
GGATTGGTAACCTGGAGTTAAGCGGGCTCCCTGCCAACGCGAG-
GGCTTTAAAAGAGATCT.

Atf3-AMRE-luc: GCTAGCAGCTATTGCGAGCATTACGTCAGCC-
TGGGATTGGTAACCTGGAGTTAAGCGGGCTCCCTGCCAACGCG-
AGGGCTTTAAAAGAGATCT.

Atf3-ACRE-luc: GCTAGCAGCTATTAATAGCATTTGGTCAGCC-
TGGGATTGGTAACCTGGAGTTAAGCGGGCTCCCTGCCAACGCG-
AGGGCTTTAAAAGAGATCT.

Atf3-AMREACRE-luc:  GCTAGCAGCTATTGCGAGCATTTGGT-
CAGCCTGGGATTGGTAACCTGGAGTTAAGCGGGCTCCCTGC-
CAACGCGAGGGCTTTAAAAGAGATCT.

The reporter plasmids were cotransfected at a ratio of 8:1 together with
pGL4.70 containing a basic expression cassette for the humanized renilla
luciferase (hRluc). Neurons were stimulated 24 h posttransfection to
induce action potential bursting for 48 h using 50 um Bic/250 um 4-AP
(Hardingham et al., 2001) and harvested. Luciferase activities in extracts
from hippocampal neurons were measured with the Dual-Luciferase As-
say Kit (Promega) and the Glomax Microplate Luminometer (Turner
Biosystems). Data represent mean values (=SEM) from at least three
independent experiments, each performed in duplicate.

Time lapse video microscopy. For time lapse video microscopy, hip-
pocampal neurons were transfected with a rAAV plasmid harboring two
synapsin [ promoter-containing expression cassettes for VP16-ATF3 and
enhanced green fluorescent protein (EGFP), respectively (H. E. Freitag
and H. Bading, unpublished observations). The EGFP fluorescence was
monitored using a Nikon BioStation IM automated life cell incubation
and imaging system (Nikon Instruments) at the Nikon Imaging Center,
University of Heidelberg, Heidelberg, Germany. Pictures were taken ev-
ery 10 min over a period of ~57 h.

Antibodies. Antibodies to the following proteins were used: ATF3 (rab-
bit polyclonal antibody; Santa Cruz Biotechnology); CREB (rabbit
monoclonal antibody; Cell Signaling Technology); MEF2C (rabbit poly-
clonal antibody; Cell Signaling Technology); Flag (ANTI-FLAG M2
mouse monoclonal antibody; Sigma); calmodulin (mouse monoclonal
antibody; Millipore); humanized Renilla reniformis green fluorescent
protein (hrGFP) (rabbit polyclonal antibody; Stratagene); hemaggluti-
nin (HA) tag (rabbit polyclonal antibody; Santa Cruz Biotechnology).
Immunoblot and immunocytochemistry were done according to stan-
dard procedures.

Recombinant adeno-associated virus and viral infections. The vectors
used to construct and package recombinant adeno-associated viruses
(rAAVs) have been described previously (Klugmann et al., 2005; Zhang
et al., 2007; 2009). The following CMV/chicken [-actin hybrid
promoter-driven rAAV expression plasmids were generated by standard
molecular biology techniques and confirmed by DNA sequencing:
rAAV-Atf3, rAAV-CaMBP4, rAAV-A-CREB, rAAV-CaMKIV(K75E),
rAAV-CaMKIV(1-313), rAAV-VP16-Atf3, rAAV-VP16-CREB, rAAV-
VP16-MEF2C, and rAAV-hrGFP. The synapsin I promoter-containing
rAAV expressing both VP16-ATF3 and EGFP was generated by H. Ecke-
hard Freitag, University of Heidelberg, Heidelberg, Germany (H. E. Fre-
itag and H. Bading, unpublished observations). cDNA clones that served
as templates for PCR-based cloning of the different rAAV constructs
were provided by Drs. Eric Olson (University of Texas Southwestern,
Dallas, TX), Eric Kandel (Columbia University, New York, NY), An-
thony Means (Duke University, Durham, NC), David Ginty (Johns
Hopkins University, Baltimore, MD), John Dedman (University of Cin-
cinnati, Cincinnati, OH), and Donald Steiner (University of Chicago,
Chicago, IL) or originate from phrGFP-1 (Stratagene) in the case of the
c¢DNA for hrGFP expression. rAAV-expressed proteins carry a Flag tag
except for hrGFP. Hippocampal neurons were infected with recombi-
nant rAAVs at 4 d in vitro (DIV). Infection efficiencies were routinely
determined immunocytochemically at 9 or 10 DIV by using antibodies to
the Flag tag, HA tag, or hrGFP or by analyzing the fluorescence of hrGFP;
they ranged from 80 to 95% of the viable neurons. The use of rAAV-A-
CREB is complicated by the observation that high levels of A-CREB
expression in hippocampal neurons can compromise the health of the
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cells. In the design of the experiments with rAAV-A-CREB, care was
taken to minimize A-CREB-induced cell death; the amount of rAAV-A-
CREB was titrated and the minimum amount of virus needed to obtain
an infection rate of ~80—85% was used.

Chromatin immunoprecipitation. Cultured mouse hippocampal neurons
(1-2 X 10° cells) were processed for chromatin immunoprecipitation
(ChIP) assays at 10 DIV. For chromatin cross-linking, formaldehyde
(Sigma) was added to the medium to a final concentration of 1% (v/v)
followed by incubation at room temperature for 15 min on a rocking plat-
form. The cross-linking reaction was stopped by the addition of glycine to a
final concentration of 0.125 M followed by a 5 min incubation at room
temperature with gentle swirling. After two brief washes with cold PBS con-
taining a protease inhibitor cocktail (Roche), the cross-linked neurons were
scraped off the dish with a cell scraper, transferred into an Eppendorf tube,
and spun down at 2000 X g for 10 min. The cell pellet was resuspended in 200
ul of SDS lysis buffer (1% SDS, 10 mm EDTA, 50 mM Tris, pH 8.1) and
placed on ice for 10 min. The resulting extract was sonicated using Branson
microtip sonicator model D-450 with 4 pulses of 5 s each at a power setting of
40%. Between each pulse, the extract was incubated in an ice-water bath for
2 min. After this step, the processing of all experimental samples and total
input was carried out with the ChIP kit (Millipore). For the immunoprecipi-
tation, either 10 ug of antibodies to CREB or MEF2C or 10 ug of normal
rabbit IgG (Sigma) was added to the precleared sample, which was incubated
at 4°C with rotation for 16 h. The recovered immunoprecipitated DNA or
input DNA was resuspended in 120 ul of H,O, of which 2 ul were used for
detecting the presence of the target gene promoter sequences with PCR by
using HotStarTaq Master Mix Kit (Qiagen). Input DNA and immunopre-
cipitated chromatin were analyzed first in pilot experiments to ensure that
PCRs were occurring in the linear range of amplification. The primers used
for PCR were as follows: Atf3 promoter (sense): 5'-CGTCAGCCTGG-
GATTGGTAA-3', Atf3 promoter (antisense): 5'-GTTGCATCACCCCT-
TTTAAAGC-3'; c-fos promoter (sense): 5'-AGATGTATGCCAAGAC-
GGGGG-3', c-fos promoter (antisense): 5'-CAGTCGCGGTTGGAGTAG-
TAG-3'; Nur77 promoter (sense): 5-CCTAGTGGGTCTGGAAG-
CTA-3', Nur77 promoter (antisense): 5'-AGCGCGGATTGTTTGATC-3';
Nucleolin promoter (sense): 5-CCCTCGTCAAGCCTTA-3', Nucleolin
promoter (antisense): 5'-AGTAATCGCCTCTGGAAA-3'.

Quantitative reverse transcriptase PCR. To determine the mRNA ex-
pression levels of Atf3, c-fos, and glyceraldehyde-3-phosphate dehydro-
genase (Gapdh), quantitative reverse transcription PCR (QRT-PCR) was
performed using real-time TagMan technology with a sequence detec-
tion system model 7300 real-time PCR system (Applied Biosystems).
Total RNA was extracted using RNeasy Mini Kit (Qiagen) with addi-
tional on-column DNase digestion during RNA purification. For the
generation of the first strand cDNA, 3-5 pg of total RNA was reverse
transcribed by extension of oligo(dT),, primers using SuperScript III
reverse transcriptase (Invitrogen) according to the manufacturer’s in-
structions. QRT-PCR was performed using TagMan Universal PCR
Master Mix (Applied Biosystems) with Assays-on Demand Gene Expres-
sion Products, which are ready to use primers and probe sets designed by
Applied Biosystems. The mouse Atf3-, c-fos-, and Gapdh-specific probes
were Assays-on-Demand Gene Expression Products with TagMan MGB
probes, FAM dye labeled (assay identifiers Mm00476032 for Atf3,
MmO00487425 for c-fos, and Mm99999915 for Gapdh). The thermal cy-
cling conditions comprised 10 min at 95°C, 45 cycles of 15 s for denatur-
ation at 95°C, and 60 s for annealing and extension at 60°C. The
expression levels of the target mRNA was normalized to the relative ratio
of the expression of Gapdh mRNA using the AACt cycle threshold
method. Each QRT-PCR assay was performed at least three times, and
the results are expressed as the means * SEM. Similar gene expression
results were obtained in gene expression studies using cDNA synthesized
with random primers, and 18S rRNA as well as gusb as reference genes
(data not shown).

Assessment of neuroprotective activity in vitro. As described previously
(Hardingham et al., 2002; Papadia et al., 2005; Zhang et al., 2007), two
types of assays were used to investigate apoptotic cell death and the
protection from cell death afforded by a period of action potential burst-
ing. At 10 DIV, activity-dependent survival was induced by treatment of
the neurons for 16 h with bicuculline (50 um) and 4-AP (250 um). All
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electrical activity of the network was subsequently stopped using TTX (1
M) followed by keeping the cells in either regular medium (containing
growth and trophic factors) with or without staurosporine (10 nm) or in
medium lacking growth and trophic factors, all in the presence of TTX (1
uMm). The principal growth and trophic factors in the regular serum-free
hippocampal medium [termed transfection medium (TM)] (Bading et
al., 1993) are insulin, transferrin, and selenium. Staurosporine-induced
apoptosis and growth factor withdrawal-induced apoptosis were as-
sessed after 36 and 72 h, respectively, by determining the percentage of
hippocampal neurons with shrunken cell body and large round chroma-
tin clumps characteristic of apoptotic death (Hardingham et al., 2002;
Papadia et al.,, 2005; Zhang et al., 2007, 2009). In the growth factor with-
drawal assays, basal cell death is slightly higher because of the differences
in the time that the neurons are kept in serum free, TTX-containing
media. At least 20 visual fields from each coverslip (corresponding to
15002000 cells per coverslip) were counted. For oxygen—glucose depri-
vation (OGD), hippocampal neurons at 10 DIV were washed three times
with deoxygenated glucose-free salt solution containing (in mwm) 140.1
NaCl, 5.3 KCl, 1.0 MgCl,, 2.0 CaCl,, 10.0 HEPES, pH 7.4, 1.0 glycine, and
0.5 sodium pyruvate and then transferred to an anaerobic chamber con-
taining a 5% CO, and 95% N, atmosphere. Control cultures were kept
for the same time in oxygenated TM in a normal atmosphere. After 1, 2,
or 3 h at 37°C, OGD was terminated by adding oxygenated TM to the
neurons. The cultures were maintained for an additional period of 24—
27hat 37°Cin a humidified atmosphere containing 5% CO, and 95% air
before incubating for 10 min in propidium iodide (PI; 2 wg/ml) in TM.
Neurons were washed three times with TM, fixed with 4% paraformal-
dehyde in PBS, and counterstained with Hoechst 33258. For each dye, 5
images were taken at a 10X magnification with a spot camera mounted
on a Leica DMRB microscope. The images were binarized and nuclei
were counted automatically using the Image]J software. The percentage of
dead cells was calculated as the ratio of dead (i.e., PI-positive) and all (i.e.,
Hoechst-positive) cells. For NMDA-induced cell death, hippocampal
neuronsat 10 DIV were exposed for 10 min to 20 um NMDA in TM. After
an additional period of 6 h, neurons were fixed, stained with Hoechst
33258, and the percentage of dead cells was determined. The TUNEL-In
Situ Cell Death Detection Kit (Roche) was used according to the manu-
facturer’s instructions (where TUNEL is terminal deoxynucleotidyl
transferase-mediated biotinylated UTP nick end labeling). All cell death
analyses were done without knowledge of the treatment history of the
cultures. All results are given as means == SEM; statistical significance was
determined by ANOVA or Student’s ¢ test.

Stereotaxic injections and assessment of VP16-ATF3-induced cell death
in slices. TAAVs (rAAV-Atf3, rAAV-mCherry, tAAV-hrGFP, rAAV-
VP16-Atf3, and rAAV empty vector control) were delivered by stereo-
taxic injection into the dorsal hippocampus of male Sprague Dawley rats
weighing 230-250 g or into the cerebral cortex of young adult male
C57/Black6 mice (Charles River Laboratories) weighing 25 * 1 g. Rats
were randomly grouped and anesthetized with ketamine. A total volume
of 3 ul containing 3 X 10® genomic virus particles was injected unilater-
ally over a period of 30 min at the following coordinates relative to
bregma: anteroposterior (AP), —3.8 mm; mediolateral (ML), 2.8 mm;
dorsoventral (DV), —2.8 to —3.8 mm from the skull surface. Mice were
randomly grouped and anesthetized with a mixture of medetomidin,
midazolam, and fentanyl. A total volume of 2.0 pl containing 1-2 X 10°
genomic virus particles were injected into the left cortex with a speed of
200 nl/min at the following coordinates relative to bregma: first site: AP,
0.2 mm; ML, 2.0; DV, —2.0; second site: AP, 0.2; ML, 2.0; DV, —1.8; third
site: AP, 0.2; ML, 3.0; DV, —4.0; forth site: AP, 0.2; ML, 3.0; DV, —3.5.
After stereotaxic injection, mice were allowed to recover from anesthesia
by subcutaneous application of a mixture with antipamezol, flumazenil,
and naloxone. Infection efficiencies of rAAVs were routinely determined
immunocytochemically using antibodies to the Flag tag or hrGFP or by
analyzing the fluorescence of hrGFP or mCherry. Cell death induced by
VP16-ATEF3 was assessed 14 d after stereotaxic delivery of rAAV-VPI6-
Atf3 and appropriate controls to the rat hippocampus. Rats were deeply
anesthetized with an overdose of Nembutal, preperfused transcardially
with PBS, and perfused with 200 ml of neutral phosphate-buffered 10%
formalin (Sigma). Brains were removed and postfixed overnight in the
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same fixative solution. For cryoprotection, brains were incubated in 20%
sucrose in PBS for 2 d. Brains were rapidly frozen on liquid nitrogen.
Frozen sections (40 wm thick) were collected in PBS. Consecutive sec-
tions separated by a 240 wm distance were used for immunostaining and
Fluoro-Jade C staining. Transgene expression was detected with anti-
Flag antibodies (1:2500, M2 mouse monoclonal; Sigma). Neuronal cell
loss was assessed with neuronal nuclei (NeuN) immunostaining (1:500,
mouse monoclonal; Millipore Bioscience Research Reagents). Immuno-
staining was done using standard procedures; staining with Fluoro-Jade
C (Histo-Chem) was done as described previously (Schmued et al., 2005;
Zhang et al., 2009).

Middle cerebral artery occlusion. Three weeks after stereotaxic delivery
of rAAV or PBS to the left cortex, permanent middle cerebral artery
occlusion (MCAOQ) was produced as described previously (Martinou et
al,, 1994; Zhang et al., 2005; Murikinati et al., 2010). Mice were placed in
the recumbent position, anesthetized with 150 ul of 2.5% tribrometha-
nol per 10 g of body weight, and the animals were allowed to breathe
spontaneously and were not ventilated. An incision was made from the
left eye to the ear. When the temporal muscle was removed by electroco-
agulation, the left middle cerebral artery (MCA) was visible through the
semitranslucent temporal surface of the skull. After a small burr hole was
made in the temporal bone with dental drill, the inner layer of the skull
was removed with fine forceps and the dura mater was opened carefully
to expose the left MCA. Care was taken to avoid damage to the brain
tissue. Saline was present in the area surrounding the MCA. A microbi-
polar electrocoagulator was used to permanently occlude the left MCA.
During surgical procedures, rectal temperature was maintained at 37 *
0.5°C with a temperature-controlled heat plate. After the incision was
closed, mice were allowed to recover from anesthesia in their home cages
where the temperature was maintained at 37°C. In these conditions,
animals were maintained homeothermically until fully recovery from
anesthesia. Sham-operated mice were subjected to identical procedures
without MCAO. On day 7 after MCAO or sham surgery, animals were killed
under deep anesthesia with Narcoren and perfused intracardially with 20 ml
of normal saline. The brains were removed from the skull and immediately
frozen on dry ice. Six consecutive 20-pum-thick coronal cryosections were
cut every 400 wm and subjected to cell death analysis and determination of
total infarct volume using a silver staining technique (Herrmann et al,,
2005). A total of ~20 slices were collected for each brain and analyzed for
stroke volume. The silver-stained sections were scanned at 1200 dots per
inch and the infarct area was measured by using ImageJ. Infarct volumes
were corrected for brain edema as has been described previously (Herrmann
etal., 2005). Surgery was performed and ischemic damage was measured by
an investigator who had no knowledge of the treatment group or rAAV
applied by stereotaxic injection. The MCAO model used in our study yielded
reliable and very consistent results with ~5 mm? lesion volumes in sham-
treated animals and ~20 mm? lesion volumes in MCAO-treated animals
that have been injected stereotaxically with PBS.

Animals. The study was carried out in accordance with national guide-
lines for the use of experimental animals. The protocols used were ap-
proved by the governmental committees (Animal Care Committee,
Regierungsprasidium Karlsruhe, Referat 35, Karlsruhe, Germany).

Results

ATF3 is a target of the nuclear calcium-CREB signaling
pathway

To induce activity-dependent neuronal survival, we exposed a net-
work of cultured hippocampal neurons to the GABA , receptor an-
tagonist bicuculline. GABAergic interneurons, which represent
~11% of the neuron population, impose a tonic inhibition onto the
network (Arnold et al., 2005). Removal of GABA ergic inhibition
with bicuculline leads to action potential bursting, which stimulates
calcium entry though synaptic NMDA receptors, generates robust
cytoplasmic and nuclear calcium transients, induces CREB-
dependent transcription, and activates a prosurvival program
(Hardingham et al., 2001, 2002; Arnold et al., 2005; Lee et al., 2005;
Papadia et al., 2005; Zhang et al., 2007, 2009). QRT-PCR (Fig. 1A)
and immunoblot analysis (Fig. 1 B) show high levels of A#f3 mRNA
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and ATF3 protein expression 2 and 4 h after inducing action poten-
tial bursting. Similar to c-fos, a classical neuronal activity- and
calcium-regulated gene (Bading et al., 1993; Curran and Morgan,
1995), ATF3 induction by synaptic activity was blocked by the
NMDA receptor antagonist MK-801 (Fig. 1A, B).

To determine a possible regulation of ATF3 by CREB and
nuclear calcium signaling, we expressed in neurons the CREB
inhibitor A-CREB (Ahn et al., 1998), a negative interfering mu-
tant of CaMKIV [CaMKIV(K75E)] (Anderson et al., 1997; Lem-
row et al.,, 2004) and the calmodulin (CaM) binding-peptide,
CaMBP4 (Wang et al., 1995). CaMBP4 is a nuclear protein that
contains four repeats of the M13 calmodulin binding peptide
derived from the rabbit skeletal muscle myosin light chain kinase;
it binds to and inactivates the nuclear calcium/CaM complex
(Wang et al., 1995). We used rAAV-mediated gene transfer that
resulted in expression of A-CREB, CaMKIV(K75E), CaMBP4, or
hrGFP in 80-95% of the viable cells (Fig. 1D). Expression of
A-CREB, CaMKIV(K75E), or CaMBP4, but not expression of
hrGFP, inhibited ATF3 induction by synaptic activity (Fig. 1 D).
These results demonstrate that the A#f3 gene is regulated by a
nuclear calcium signaling pathway involving CaMKIV and
CREB. As expected, transcriptional induction of the c-fos gene,
which is known to be controlled by nuclear calcium and CREB
and by a calcium signaling pathway impinging on the serum
response element in the c-fos promoter (Bading et al., 1993;
Hardingham et al., 1997), was also attenuated by A-CREB,
CaMKIV(K75E), or CaMBP4 (Fig. 1 D). Consistent with a role of
CREB in ATF3 regulation, we found that bath application of
glutamate, which leads to a shut-off of CREB function via the
activation of extrasynaptic NMDA receptors (Hardingham et al.,
2002), failed to robustly induce ATF3 expression (Fig. 1C).

CREB and MEF?2 bind to the Atf3 promoter

DNA sequence analysis of the mouse A#f3 promoter (Liang et al.,
1996) revealed the presence of a CRE (5'-TTACGTCA-3") lo-
cated at —93 to —86 bp 5’ of the transcriptional start site (Fig.
2 A), raising the possibility that CREB directly interacts with the
Atf3 promoter. To determine whether A#f3 is a direct CREB tar-
get, we carried out ChIP assays. Chromatin fragments from hip-
pocampal neurons were immunoprecipitated with antibodies to
CREB and analyzed by PCR using primers derived from the Atf3
promoter. The CRE-containing fragment of the promoter was
readily detectable in the ChIP assay, indicating that CREB binds
to the A#f3 promoter (Fig. 2B).

In addition to the CRE, we noticed the presence of a canonical
binding site for MEF2, 5'-CTATTAATAG-3" (McKinsey et al,,
20020, in the Atf3 promoter located immediately 5" to the CRE
(Fig.2 A). Similar to CREB, MEF2 has been implicated in activity-
dependent neuronal survival (Mao et al., 1999). ChIP assays us-
ing hippocampal neurons and antibodies to MEF2C revealed
that, indeed, MEF2C also binds to the proximal A#f3 promoter
(Fig. 2C). Two other genes were included as positive controls
in our ChIP assay. These were c-fos and Nur77, which are well
characterized targets of CREB and MEF2C, respectively (Bad-
ing et al., 1993; Curran and Morgan, 1995; Youn et al., 2000).
As expected, fragments of the promoter regions of the genes
c-fos and Nur77, but not nucleolin (as a negative control), were
present in the appropriate chromatin immunoprecipitates
(Fig. 2B, C). No enrichment of any of the promoter fragments
analyzed was observed when normal rabbit IgG was used for
the immunoprecipitations (Fig. 2B,C). The results demon-
strate that both CREB and MEF2C can bind to the regulatory
region of the A#f3 gene.
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Figure 1.

Activity-dependent regulation of Atf3 expression is triggered by calcium entry through synaptic NMDA receptors and requires nuclear calcium signaling, CaMKIV, and CREB. 4, B, C,

QRT-PCR (4, €) and immunoblot (B) analyses of Atf3 and c-fos expression in unstimulated hippocampal neurons and in hippocampal neurons treated for 2 and 4 h with bicuculline (50 m) in the
presence or absence of MK-801 (10 wum) or treated for 4 h with glutamate (20 wum). Bicuculline, a GABA, receptor antagonist, removes inhibitory synaptic activity from the neuronal network, leading
to action potential bursting that is associated with robust increases in the cytoplasmic and nuclear calcium concentration (Hardingham et al., 2001; 2002; Arnold et al., 2005). Bars represent
means = SEM (n = 3); the immunoblot shown is representative of four independent experiments. Calmodulin expression was used as the loading control. D, Immunoblot analysis of ATF3
expression in uninfected hippocampal neurons and in hippocampal neurons infected with rAAVs expressing hrGFP, A-CREB, CaMBP4, or CaMKIV(K75E). Neurons were stimulated for 4 h with
bicuculline (50 tum) or left unstimulated. Expression of c-Fos, CREB, hrGFP, and calmodulin (loading control) was analyzed in parallel. A-CREB, CaMBP4, and CaMKIV(K75E) are Flag tagged and were
detected with an antibody to the Flag; hrGFP was detected with an antibody to hrGFP. A representative example of four independent experiments is shown. E, Inmunocytochemical analysis of
hippocampal neurons infected with rAAVs expressing hrGFP, A-CREB, CaMBP4, or CaMKIV(K75E). Expressed proteins were detected immunocytochemically using an antibody to hrGFP or with an
antibody to Flag for the Flag-tagged proteins A-CREB, CaMBP4, and CaMKIV(K75E). Nuclei of cells were counterstained with Hoechst 33258. Representative images are shown. Scale bar, 5 pm.

To investigate whether CREB and MEF2C are sufficient to
increase expression of ATF3, we infected hippocampal neurons
with rAAVs carrying VP16-CREB or VP16-MEF2C, which, be-
cause of their fusion to VP16, a herpes simplex virus-encoded
transcriptional activator protein, represent constitutively active
versions of CREB and MEF2C, respectively. Expression of either
VP16-CREB or VP16-MEF2C caused an increase in ATF3 ex-
pression (Fig. 2D). Coexpression of VP16-CREB and VP16-
MEF2C gave the strongest increase in ATFE3 expression (Fig. 2 D),
indicating that both factors can act together to control the A#f3
promoter. We also observed robust increases in ATF3 expression
in neurons expressing CaMKIV(1-313), a constitutively active

form of CaMKIV that stimulates CREB-mediated transcription
(Sun et al., 1994) (Fig. 2D).

As a complementary approach to assess the role of the CRE
and the MEF2 binding site in A#f3 regulation, we constructed
and functionally tested a series of A#f3 promoter-containing
luciferase reporter genes. The wild-type reporter construct
(Atf3-luc) consists of a firefly luciferase reporter gene driven
by an 81-bp-long sequence of the mouse A#f3 promoter har-
boring a TATA box, a MEF2 binding site (MRE), and a CRE.
Mutations were introduced into the CRE or the MRE individu-
ally or in combination to generate reporter constructs lacking binding
sites for CREB (A#3ACRE-luc), MEF2 (A#3AMRE-luc), or both tran-
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Figure2.  (REBand MEF2Cbind to the Atf3 promoter and are sufficient to activate Atf3 expression. A, Schematic representation of the
proximal promoter of the mouse Af3 gene (mAf3). Sequences of the MEF2 and CREB binding sites and the TATA box are given; the start site
of transcription is indicated with +1. B, €, ChIP assays using hippocampal neurons. Chromatin fragments were immunoprecipitated with
antibodies to CREB or MEF2C or with normal rabbit IgG (IgG), and genomic DNA fragments were eluted and amplified using PCR with
primers specific to the promoters of Atf3, c-fos, and Nur77 (aknown MEF2C target gene) (Youn et al., 2000). ChiP assays were quantified and
expressed as enrichment relative to IgG control. As positive control for the PCR, we used 0.1 and 0.3% of the sheared chromatin before
immunoprecipitation (indicated as Input); for negative control, the PCR was done without adding chromatin (No DNA) or with primers to
the Nucleolin promoter. D, Immunoblot analysis of ATF3 expression in uninfected hippocampal neurons and in hippocampal neurons
infected with rAAVs expressing hrGFP, VP16-CREB, VP16-MEF2C, or CaMKIV(1-313). Expression of c-Fos, CREB, hrGFP, and calmodulin
(loading control) was analyzed in parallel. VP16-CREB, VP16-MEF2C, and CaMKIV(1-313) are Flag tagged and were detected with an
antibody to the Flag; hrGFP was detected with an antibody to hrGFP. A representative example of four independent experiments is shown.
E, F, Analysis of luciferase activity in cell extracts from unstimulated and stimulated hippocampal neurons cotransfected with the indicated
pGL4.10-based Atf3-luc reporter constructs. A schematic diagram of the used reporter constructs is shown (E). Neurons were stimulated
24 h posttransfection for 48 h using bicuculline (50 pum) and 4-AP (250 um). A basic expression cassette for humanized Renilla luciferase
(pGL4.70) was used to normalize for transfection efficiency. AP, Action potential. Experiments were done in duplicate and data represent
mean values == SEM (n = 4). Statistical analysis was determined by ANOVA (**p < 0.01; N.S. indicates not significant) (F).
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scription factors (A#f3ACREAMRE-luc) (Fig.
2E). These constructs were transfected into
hippocampal neurons and tested for their reg-
ulation by AP bursting. We found that expres-
sion of both Atf3-luc and A#3AMRE-luc was
induced by action potential bursting. In con-
trast, expression of the two reporter constructs
that lack the CRE (ie., A#3ACRE-luc and
AtfBACREAMRE-luc) did not significantly
change after action potential bursting (Fig.
2F). This identifies the CRE as the principal
DNA regulatory element in the A#3 pro-
moter that mediates the induction of A#f3
following synaptic activity. The presence of
the MRE in the reporter constructs seems to
have a moderate suppressive effect on the
action potential bursting-induced tran-
scriptional response, since a lack of the MRE
slightly enhanced expression of the CRE-
containing reporter under basal and stimu-
lated conditions. Given the close proximity
of the MRE and the CRE (which are sepa-
rated by only 2 bp), one possible explana-
tion of this observation is that the binding of
MEF?2 to the MRE could, through steric hin-
drance, affect the binding and/or activation
of CREB.

Collectively, these findings indicate
that the A#f3 gene is not only a direct
target of CREB but may serve as a con-
verging point for at least two survival
promoting transcription factors. How-
ever, the two transcription factors do not
appear to contribute equally to ATF3 reg-
ulation in hippocampal neurons. First,
VP16-CREB is a stronger inducer of ATF3
expression than VP16-MEF2C (Fig. 2D).
Second, whereas CREB is both necessary
and sufficient for Atf3 regulation (Figs.
1D, 2D), we found that expression in
hippocampal neurons of three different
dominant-negative mutants of MEF2C
[i.e., MEF2C(R24L) and MEF2C(S388A)
(Han et al., 1997; Molkentin et al., 1996)
and MEF2C(R24L/S388A) (data not shown)]
did not significantly inhibit activity-
dependent regulation of A#f3 (data not
shown). Finally, the reporter gene assays
suggest that the CRE in the proximal A#f3
promoter is the major site for activity-
dependent transcriptional regulation of
Atf3. Thus, MEF2C can interact with the
Atf3 promoter and is capable of increas-
ing Atf3 expression when fused to VP16.
However, in contrast to CREB, in hip-
pocampal neurons MEF2C activation does
not seem to be required for A#f3 induction
by synaptic activity.

ATF3 acts antiapoptotically

We next investigated the ability of ATF3
to protect against apoptosis. To assess ap-
optotic cell death, two types of assays were
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To assess a possible neuroprotective po-  Figure3.  ATF3 protects against apoptosis and excitotoxicity. A-D, Analysis of cell death induced by growth factor withdrawal

tential of ATF3 in excitotoxicity, we used
two experimental conditions: bath appli-
cation of 20 uM NMDA or exposure of
hippocampal neurons to a medium con-
taining low oxygen and no glucose, a
procedure known as oxygen—glucose
deprivation or OGD. Similar to the re-
sults obtained for apoptotic cell death, we found that com-
pared to control (i.e., noninfected neurons or infection with
rAAV-hrGFP), cell death induced by either NMDA bath ap-
plication or by OGD was inhibited in neurons infected with
rAAV carrying Flag-tagged ATF3 (Fig. 3C,D). These results
demonstrate that ATF3 can confer robust neuroprotection,
rendering neurons more resistant to apoptosis- and necrosis-
inducing conditions.

Gene repression by ATF3 is neuroprotective: VP16-ATF3

kills neurons

We next investigated whether the known transcription-
repressing activity of ATF3 (Chen et al., 1994) accounts for the
observed neuroprotection. To confirm that ATF3 expression in
hippocampal neurons leads to repression of target genes, we
transfected hippocampal neurons with a luciferase reporter gene,
pGL2-5XGal4-TK-luc, which contains the thymidine kinase
(TK) promoter and a binding site for the yeast DNA binding
protein, Gal4 (Fujita et al., 2004). Because of the presence of the TK
promoter (which is constitutively active), we could readily detect
luciferase activity in extracts obtained from hippocampal neurons
transfected with pGL2—-5X Gal4-TK-luc (Fig. 4A). A severalfold in-
crease in reporter gene expression was observed in hippocampal
neurons transfected with pGL2-5X Gal4-TK-luc alongside an expres-
sion vector for the transcriptional activation domain of NF-«B
fused to the Gal4 DNA binding protein (Fig. 4A). In contrast, in
hippocampal neurons cotransfected with pGL2-5X Gal4-TK-luc
and an expression vector for Gal4-ATF3, significantly less lu-
ciferase activity was detected compared to the appropriate con-
trols (Fig. 4A). Expression of a Gal4-dsRED fusion protein had

(A), 10 nmstaurosporine (B), bath application 0f 20 .um NMDA (€), or 0GD (D) in uninfected hippocampal neurons and in hippocam-
pal neurons infected with rAAVs expressing hrGFP or ATF3. Bars represent means == SEM (4,n = 3;B,n =4,(,n =3;D,n = 4).
Cell death was assessed using morphological criteria (for details, see Materials and Methods). Statistical significance was deter-
mined by ANOVA; statistically significant differences are indicated with asterisks (**p << 0.01, ***p <C'0.001; N.S. indicates not
significant). The infection rates ranged from 80 to 95% of the neurons; they were determined by analyzing the fluorescence of
hrGFP orimmunocytochemically using antibodies to hrGFP or to Flag that labels cells expressing Flag-tagged ATF3.

no effect on reporter gene expression (Fig. 4A). These results
indicate that ATF3 bound to the promoter of target genes (in case
of the pGL2-5XGal4-TK-luc, via the Gal4 DNA binding do-
main) causes suppression of gene transcription.

To determine whether neuroprotection caused by ATF3 is due
to ATF3-mediated transcriptional repression, we fused the her-
pes simplex virus transcription activation domain VP16 to ATF3.
We reasoned that if ATF3 promotes survival through repression
of putative prodeath genes, its conversion to a transcriptional
activator (by means of fusion to VP16) transforms ATF3 into
aprodeath protein. We found that indeed expression of VP16-
ATF3 in cultured hippocampal neurons dramatically en-
hanced cell death (Fig. 4B, C). This prodeath activity required
the ATF3 portion of the VP16-ATF3 fusion protein and was
not caused by the expression of the VP16 domain per se, be-
cause expression of another VP16 fusion protein, VP16-
Npas4, did not increase cell death (see Fig. 5C). Using time
lapse video microscopy of hippocampal neurons expressing
VP16-ATF3 (alongside EGFP for visualization), we observed
in all cells analyzed (n = 22) the formation of many thin
dendritic membrane protrusions as the earliest detectable
morphological change in the cell death process. These protru-
sions or “death villi” may emerge from the dendritic shaft or
from spines; they give rise to a “frayed” appearance of the
neurons that is transient (lasting no longer than 4 h) and
precedes the swelling and subsequent fragmentation of the
dendrites (Fig. 4D, E). The cell death induced by VP16-ATF3
may occur via an apoptotic pathway, since it was inhibited by
the broad spectrum caspase inhibitor Z-VAD-FMK (Fig. 5A).
Moreover, the nucleus from hippocampal neurons expressing



Zhang et al. e Nuclear Calcium-CREB-ATF3 Signaling in Acquired Neuroprotection J. Neurosci., March 30,2011 - 31(13):4978 — 4990 + 4985

A B
| +Growth Factors ¢ W -Staurosporine
100{ @ -Growth Factors 1001 @ +Staurosporine
90 Kkk 90

80 *kk

Relative Fold Expression
O =~ NWHMOO N O

eurons (%)
(o]
o
Dead Neurons (%)

Figure 4.  ATF3 acts as a repressor of transcription to promote neuronal survival; VP16-ATF3 kills neurons. 4, Analysis of luciferase activity in cell extracts from hippocampal neurons cotransfected with
pGL2-5X Gal4-TK-luc and expression vectors for the indicated Gal4 fusion proteins. An rAAV plasmid containing an expression cassette for humanized Renilla luciferase, rAAV-hrLuc, was used to normalize for
transfection efficiency. Experiments were done in duplicate; data represent mean values == SEM (n = 4). Statistical analysis was determined by ANOVA; statistically significant differences are indicated with
asterisks (***p << 0.001). B, €, Analysis of cell death in uninfected hippocampal neurons and in hippocampal neurons infected with rAAVs expressing hrGFP or VP16-ATF3. Bars represent means == SEM (n =
3). Statistical significance was determined by ANOVA; statistically significant differences are indicated with asterisks (***p < 0.001). Cell death induced by growth factor withdrawal (B) or staurosporine (10 nw)
treatment (C) is shown for comparison. The infection rates ranged from 80 to 95% of the neurons; they were determined by analyzing the fluorescence of hrGFP or immunocytochemically using antibodies to
hrGFP or Flag that labels cells expressing Flag-tagged VP16-ATF3. Expression of other VP16 fusion proteins, including VP16-CREB or VP16-MEF2, did not increase the rate of cell death in similar experiments (data
not shown). Cell death was assessed using morphological criteria (for details see Materials and Methods). D, Time lapse video microscopy of a hippocampal neuron transfected on 10 DIV with an rAAV plasmid
harboring two synapsin | promoter-containing expression cassettes for VP16-ATF3 and EGFP, respectively. EGFP fluorescence was monitored for ~57 h starting 16 h after transfection. Images taken at the
indicated times are shown; scale bar, 15 m. E, High-magnification images of a hippocampal neuron transfected and imaged as in D showing death signaling-associated membrane protrusions (death villi) at
~21 h after the start of the imaging; arrows indicate position of newly formed death villi. The pictures show the same dendritic section with a time difference of 1h. Scale bar, 8 pem.

VP16-ATF3 were TUNEL positive and contained large round  observed severe hippocampal cell death in vivo 2 weeks after
chromatin clumps, a morphological characteristic of apopto-  stereotaxic delivery of an rAAV containing an expression cas-
sis (Fig. 5B). We also analyzed the possible prodeath activity of ~ sette for VP16-ATF3 to the hippocampus of adult rats (Fig.
VP16-ATF3 in vivo. Similar to the result obtained in vitro, we ~ 5C). These results suggest that the neuroprotective activity of
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Figure5. VP16-ATF3 and apoptosis. 4, Analysis of cell death in hippocampal neurons induced by VP16-ATF3 in the presence or absence of the caspase inhibitor Z-VAD-FMK. After transfection on
10 DIV with an rAAV plasmid harboring two synapsin | promoter-containing expression cassettes for VP16-ATF3 and EGFP, respectively, hippocampal neurons were treated with 100 pum Z-VAD-FMK
or were left untreated. Cell death was assessed 36, 48, and 72 h after transfection using morphological criteria (for details, see Materials and Methods); transfected neurons were identified by
analyzing the fluorescence of EGFP. Bars represent means = SEM (n = 3). Statistical significance was determined by Student’s t test; statistically significant differences are indicated with an asterisk
(*p < 0.05). B, TUNEL and Hoechst 33258 staining of hippocampal neurons. Top, Neurons transfected as in A to express VP16-ATF3 and EGFP were stained 36, 48, and 72 h after transfection;
transfected neurons were identified by analyzing the fluorescence of EGFP. Bottom, Hippocampal neurons undergoing apoptotic cell death after a 36 h treatment with 10 nm staurosporine are shown
for comparison. Photomicrographs of representative images are shown. Scale bars, 10 wm. €, Analysis of cell death in the CA1 region of the hippocampus of animals 2 weeks after unilateral
stereotaxicinjection of rAAV-VP16-Atf3 (expressing Flag-tagged VP16-ATF3), rAAV-VP16-Npas4 (expressing Flag-tagged VP16-Npas4), rAAV-Atf3, or rAAV-mCherry. Degenerating neurons and cell
loss were assessed using Fluoro-Jade C labeling (FJC) and NeuN immunoreactivity. VP16-ATF3, detected on the ipsilateral (i.e., injected) hemisphere using the antibody to the Flag tag, caused
widespread neuronal cell loss (indicated by a decrease in NeuN immunoreactivity and strong Fluoro-Jade C staining). The contralateral (i.e., noninjected) hemisphere of the animals injected with
rAAV-VP16-Atf3 and the ipsilateral (i.e., injected) hemisphere of the animals injected with rAAV-VP16-Npas4, rAAV-Atf3, or rAAV-mCherry displayed little Fluoro-Jade C staining and are shown for
comparison. Nuclei of cells were counterstained with Hoechst 33258. Representative examples are shown of the following: rAAV-VP16-Atf3, n = 7; rAAV-VP16-Npas4, n = 4; rAAV-Atf3,n =7,
rAAV-mCherry, n = 4. Scale bar, 100 um.

ATF3 is caused by transcriptional repression and that the con-
version of ATF3 to a transcriptional activator kills neurons.

ATEF3 confers neuroprotection in a mouse stroke model

We finally analyzed the ability of ATF3 to protect neurons from
cell death in a mouse stroke model (Fig. 6 A). Ischemic conditions
were induced by middle cerebral artery occlusion or MCAO
(Zhang et al., 2005). Ischemic brain injury affects many brain

regions, in particular the cerebral cortex. We first established a
suitable delivery protocol for rAAVs to the cortex of young adult
mice. We found that a line shot stereotaxic delivery to the mouse
cortex of a high-titer virus solution consistently gave rise to a
widespread expression of the transgene in the cerebral cortex
(Fig. 6 B, E; supplemental Fig. 1, available at www.jneurosci.org as
supplemental material). For details on the stereotaxic delivery,
see Materials and Methods. Three weeks after stereotaxic delivery
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Figure6.  ATF3 protects neurons from stroke-induced brain damage. 4, B, Scheme for MCAQ (4) and schematic representation of the site of stereotaxic delivery of PBS, rAAV-hrGFP, or rAAV-Atf3 (B). Animals
were stereotaxically injected by a double line shot into the primary somatosensory cortex barrel field (S1BF) and the primary somatosensory cortex forelimb region (S1FL) (B). €, Silver-stained coronal brain
sections of the three different stereotaxic injection groups used to analyze infarct size in MCAO and sham-treated mice. Representative images from a series of 20 slices per brain of the ipsilateral hemisphere (i.e.,
injected, left hemisphere) and the contralateral hemisphere (i.e., noninjected, right hemisphere) are shown. Stereotaxicinjections were into the lefthemisphere. The border of the damaged area s indicated with
ayellow line. Scale bar, 0.25 cm. D, Quantitative analysis of infarct volume using 20 silver-stained coronal brain sections per animal obtained from mice 7 d after onset of MCAQ or sham. Mice were stereotaxically
injected into the left cortex with PBS, rAAV-hrGFP, or rAAV-Atf3 3 weeks before MCAO or had undergone sham surgery. Statistical analysis was determined by ANOVA; statistically significant differences are
indicated with an asterisk (*p << 0.05). E, Detection of transgene expression in coronal sections from mice stereotaxically injected into the left cortex with PBS, rAAV-hrGFP, or rAAV-Atf3 and subjected to MCAO.
A schematic representation of the area of histological analysis is shown. Representative images of the hrGFP fluorescence and immunostainings using antibodies to Flag that label cells expressing Flag-tagged
ATF3 are shown. Nuclei of cells were counterstained with Hoechst 33258. Scale bar is 50 pem.
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of rAAV-Atf3, mice underwent MCAO. Seven days after MCAO,
mouse brains were analyzed histochemically to detect the heter-
ologously expressed proteins (i.e., ATF3 and hrGFP), and silver
staining (Herrmann et al., 2005) was used to mark the damaged
brain area (Fig. 6C—E). In the control group (i.e., mice stereotaxi-
cally injected with rAAV-hrGFP or PBS), MCAO induced severe
damage in the cerebral cortex (Fig. 6C,D). However, in mice that
had been stereotaxically injected with rAAV-Atf3, we observed a
reduction in brain damage in the cerebral cortex. Quantification
of the results revealed that compared to controls, stroke-induced
damage of the cerebral cortex is reduced by ~41% by the expres-
sion of ATF3 (Fig. 6 D).

Discussion

In this study, we established a synaptic activity-regulated signal-
ing module that consists of nuclear calcium-CREB-ATF3 and
links synaptic NMDA receptors to a gene repression program
that protects neurons against apoptosis and cell death induced by
extrasynaptic NMDA receptors.

CREB-ATF3: a hierarchical transcription factor network
controls neuronal survival

The importance of CREB in neuronal survival is well established
(Riccio et al., 1999; Mantamadiotis et al., 2002; Hardingham et
al., 2002; Lee et al., 2005; Papadia et al., 2005). However, CREB
has many other roles in the nervous system, particularly in the
context of learning, memory, addiction, and neurogenesis (Car-
lezon et al., 1998; Silva et al., 1998; Lonze and Ginty, 2002; Zhu et
al., 2004; Giachino et al., 2005). The results of this study suggest
that CREB may exert its different biological functions by activat-
ing target genes that act, in a hierarchical transcription factor
network, downstream of CREB as regulators of function-specific
genomic subroutines. We identified A#f3 as such a regulator of
neuronal survival. Atf3 promoter analysis and chromatin immu-
noprecipitation experiments revealed that A#f3 is not only a direct
target of CREB but also a target of MEF2. Similar to CREB, MEF2
is also a multifunctional transcription factor with a prominent
role in activity-dependent neuronal survival (Mao et al., 1999;
McKinsey et al., 2002). Thus A#f3 may serve as a converging point
of several survival-promoting transcription factors. The sequen-
tial activation of multifunctional and function-specific transcrip-
tional regulators may be a more widely used strategy to
implement other adaptive responses, such as synaptic plasticity,
in which CREB has been implicated.

Synapse dysfunction compromises nuclear calcium signaling:

are neurodegenerative diseases “nuclear calciopathies™?

The vital role for neuronal activity and synaptic NMDA receptors
in activating neuroprotection through nuclear calcium-CREB-
ATF3 signaling suggests that intact synaptic transmission may be
critical for the well-being of neurons. Under conditions of com-
promised synaptic transmission, neurons may slowly degenerate
and eventually die, which could explain the observed cell death in
neurodegenerative disorders that are associated with a loss of
synapses. This may be particular relevant for Alzheimer’s disease
(AD), which is characterized by a reduction in synapse density in
the cortex and the hippocampus (DeKosky and Scheff, 1990;
Terry et al., 1991; Lassmann et al., 1993) possibly caused by sol-
uble oligomers of the AD amyloid-B protein (Shankar et al.,
2007). One consequence of synapse loss is cognitive impairment
caused by disruption of proper neuronal network function (Pa-
lop et al., 2006). In addition, synapse and spine loss are likely to
compromise synapse-to-nucleus communication and nuclear
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calcium signaling, thereby affecting CREB-ATF3 function as well
as the expression of other target genes with roles in neuronal
survival (Zhang et al., 2009). Thus, if calcium signal generation or
propagation toward and into the nucleus is impaired, nuclear
calcium-regulated genomic antiapoptotic programs may not be
activated to the extent needed for health and survival. This con-
dition, which could be described as a “nuclear calciopathy”,
causes a slowly progressing degeneration of neurons. Whether
levels of Atf3 expression are reduced in AD remains to be inves-
tigated. However, consistent with the above-mentioned concept
of the malfunctioning of calcium signaling in neurodegenerative
diseases is the observation that in individuals with AD the levels
of phosphorylation of CREB on its activator site serine 133 (an
event induced by synaptic activity and calcium signaling) are
reduced compared to an age-matched healthy control group
(Yamamoto-Sasaki et al., 1999).

Extrasynaptic NMDA receptors antagonize neuroprotection
by nuclear calcium-CREB-ATF3 signaling

Lack of synaptic activity may not be the only cause of impairment of
nuclear calcium-CREB-ATEF3 signaling. The function of this survival
module could also be severely compromised by changes in the cell
surface distribution of NMDA receptors, in particular a shift toward
increased expression of extrasynaptic NMDA receptors that trigger a
CREB shutoff and antagonize the survival-promoting activities of
the synaptic NMDA receptors (Hardingham et al., 2002; Harding-
ham and Bading, 2010). This may be relevant for the etiology of
Huntington’s disease (HD), which leads to the death of medium
spiny neurons in the striatum. Medium spiny neurons expressing
mutant huntingtin (the sole cause of this disease) have increased
surface expression of NMDA receptors at extrasynaptic sites,
which increases their susceptibility to glutamate excitotoxicity
(Fernandes et al., 2007; Fan et al., 2007; Okamoto et al., 2009;
Milnerwood et al., 2010), a process initiated by death-promoting
extrasynaptic NMDA receptors (Hardingham et al., 2002). Thus,
in HD and possibly in other human neurodegenerative diseases,
in particular AD in which NMDA receptors have been impli-
cated in the etiology (Bossy-Wetzel et al., 2004), a shift in the
balance from the survival-promoting synaptic NMDA receptors
toward extrasynaptic NMDA receptors impairs prosurvival nu-
clear calcium signaling, ultimately leading to neuronal cell death.

ATF3 as a new target for the therapy of neurodegenerative
diseases

The identification of the CREB target A#f3 as a mediator of neu-
ronal survival offers new potential therapies for neurodegenera-
tive diseases. ATF3-based therapy (for example using viral
vector-mediated gene delivery in vivo) provides significant ad-
vantages over attempts to manipulate survival at the level of
CREB. Being a signal-regulated transcription factor, CREB func-
tion is controlled through posttranslational modifications rather
than changes in expression level (Mayr and Montminy, 2001). A
deliberate CREB activation would require the stimulation of sig-
naling pathways impinging on CREB. Although possible, for ex-
ample by using constitutively active kinases, such procedures will
have highly pleiotropic effects with unwanted consequences and
thus appear not suitable for a therapeutic strategy in humans. In
contrast to CREB, ATF3 function is primarily controlled at the
transcriptional level, allowing for an arrest of cell death using
ATF3 supplementation.
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Use of ATF3-VP16 for cell ablation

The conversion of ATF3 to a transcriptional activator by means
of fusion to VP16 converts ATF3 into a potent prodeath gene.
Expression of VP16-ATF3 using cell type-specific promoters may
prove a useful tool to efficiently ablate specific neuronal cell types
in vivo.

Conclusion

Nuclear calcium, a signaling endpoint of synapse-to-nucleus
communication, is a strong activator of cell survival and causes
robust induction of the transcriptional repressor Atf3. The Atf3
gene is a direct target of CREB and functions as a regulator of
neuronal survival that links neuronal activity, synaptic NMDA
receptor stimulation, and nuclear calcium-CREB signaling to a
neuroprotective gene repression program.
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