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Myocyte enhancer factor-2 (MEF2) transcription factors are acti-
vated by p38 mitogen-activated protein kinase during neuronal
and myogenic differentiation. Recent work has shown that stim-
ulation of this pathway is antiapoptotic during development but
proapoptotic in mature neurons exposed to excitotoxic or other
stress. We now report that excitotoxic (N-methyl-D-aspartate)
insults to mature cerebrocortical neurons activate caspase-3, -7, in
turn cleaving MEF2A, C, and D isoforms. MEF2 cleavage fragments
containing a truncated transactivation domain but preserved DNA-
binding domain block MEF2 transcriptional activity via dominant
interference. Transfection of constitutively active MEF2 (MEF2C-
CA) rescues MEF2 transcriptional activity after N-methyl-D-aspar-
tate insult and prevents neuronal apoptosis. Conversely, domi-
nant-interfering MEF2 abrogates neuroprotection by MEF2C-CA.
These results define a pathway to excitotoxic neuronal stress/apo-
ptosis via caspase-catalyzed cleavage of MEF2. Additionally, we
show that similar MEF2 cleavage fragments are generated in vivo
during focal stroke damage. Hence, this pathway appears to have
pathophysiological relevance in vivo.

P aradoxically, we and others have shown that activation of the
p38 mitogen-activated protein kinase (MAPK) pathway can
lead to either antiapoptotic or proapoptotic effects on neurons
(1-4). An important transcription factor that is activated by the
p38 stress kinase pathway and thought to mediate these life and
death events, at least in part, is myocyte enhancer factor-2
(MEF2) (5, 6). There are four MEF2 proteins (MEF2A, -B, -C,
and -D). They represent transcription factors in the MADS
(MCM1-agamous-deficiens-serum response factor) family, sig-
nifying that they contain a MADS box and act in concert with
other MADS domain factors as well as other classes of tran-
scription factors (7-10). Previously, we had cloned and charac-
terized MEF2C and shown that it was the predominant MEF2
family member in cerebrocortical neurons (7), with lesser con-
tributions of MEF2A and -D in this neuronal population (11, 12).
Olson and colleagues have shown that MEF2 proteins are also
highly expressed in cardiac myocytes and induce myogenesis in
conjunction with basic helix-loop-helix transcription factors, as
judged from both in vitro and in vivo models; other groups have
reported concordant findings (13-15). Moreover, recent work
from our group and others has shown that in vitro transfection
of stem-like P19 cells or murine embryonic stem cells with a
constitutively active form of MEF2C (MEF2C-CA) was antiapo-
ptotic and induced a phenotype with both muscle and neuronal
characteristics (4, 16). Forced expression of a dominant-
interfering form of MEF2C (MEF2C-DN) prevented retinoic-
acid-induced neurogenesis of these cells. Additionally, when
constitutively active MEF2A was transfected into postmitotic
cerebellar granule cell neurons in the face of an insult, such as
extracellular K* withdrawal, the MEF2 activity promoted sur-
vival (i.e., was antiapoptotic) (17).

On the other hand, inhibition of the p38-MEF2 pathway has
been shown to prevent neuronal apoptosis induced by N-methyl-
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D-aspartate (NMDA) or related insults in a variety of in vitro and
in vivo paradigms, suggesting that the pathway can be proapo-
ptotic under some conditions (1-3). Heretofore, the basis for this
dualistic nature of the p38-MEF2 pathway as either a pro- or
antiapoptotic trigger has remained elusive.

Caspases are proteases required for the process of apoptosis,
cleaving sensitive proteins specifically at consensus sites encom-
passing an aspartate residue (18-22). Caspases are synthesized
as inactive proenzymes and activated in a proteolytic cascade
after exposure to apoptotic signals. A direct interaction between
caspases and MEF2 proteins has not been previously demon-
strated. While the current study was under review, Li et al. (23)
reported cleavage of two MEF2 isoforms (MEF2A and -D) in
cerebellar granule cells after K* withdrawal. Polycaspase inhib-
itors prevented this cleavage. However, that report did not
demonstrate a direct interaction of caspases with MEF2 and was
unable to find the exact cleavage sites of MEF2. Therefore, many
questions still remain, including that of direct MEF?2 cleavage by
caspases, which specific caspases may be involved, the mecha-
nism of action of cleaved MEF2 participating in neuronal cell
death pathways, and the functional implications of MEF2 cleav-
age in vivo. Here we show that exposure of cerebrocortical
neurons to an excitotoxic concentration of NMDA, a stimulus
known to activate the p38 pathway as well as caspase enzymes
(1-3, 24-30), leads to direct cleavage of MEF2A, -C, and -D by
caspases. We observed similar cleavage of MEF2 after focal
ischemia/reperfusion in vivo. Caspase target sites on MEF2
proteins are all in the transactivation domain, with cleavage
leading to the formation of endogenous dominant-interfering
forms of MEF2. We show that such dominant-negative MEF2s
are able to block transcriptional activation by intact MEF2,
thereby contributing to neuronal apoptosis. We conclude that
the p38-MEF2 pathway signals to produce survival-promoting
gene regulation, but when interrupted by excessive caspase
activation, this pathway becomes proapoptotic.

Materials and Methods

Plasmids and Transfections. MEF2-DN (pcDNA1-MEF2C-1-
105flag) and MEF2C-CA (pcDNA1-MEF2C-1-117/VP16) have
been described previously (4). The construct pcDNA1-MEF2C-
1-105flag retains the DNA-binding domain of MEF2 and acts as
a dominant-interfering form because of truncation in the trans-
activation domain at amino acid residue 105 with replacement of
the remainder of the sequence with a flag tag for labeling

Abbreviations: MAPK, mitogen-activated protein kinase; NMDA, N-methyl-D-aspartate;
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Fig. 1. Caspase cleavage sites of MEF2 proteins. MEF2 proteins contain a
conserved N-terminal DNA-binding domain (with MADS and MEF2 domains;
amino acids 1-87) and a transactivation domain. Observed caspase cleavage
sites on MEF2 family proteins are indicated by arrows (caspases are listed in
order of preference for substrate, as judged by density of bands in the
autoradiograms of Fig. 2). The caspase-cleaved fragments are designated AF-1
to -5 for MEF2A, CF-1 for MEF2C, and DF-1 and -2 for MEF2D. The MEF2C-DN
construct (DN) contains the first 105 amino acids (pcDNA1-MEF2C-1-105flag)
and acts as a dominant negative because it lacks the full transactivation
domain. The bar underneath the C-terminal segment of each transactivation
domain indicates the region that is recognized by isoform-specific MEF2
antibodies.

purposes. Conversely, despite the fact that it contains a truncated
version of the MEF2C transactivation domain, the construct
pcDNA1-MEF2C-1-117/VP16 is a constitutively active form of
MEF?2 because it encodes a fully active VP16 transactivation
domain. The MEF2-dependent luciferase reporter gene was
constructed by insertion of two tandem copies of the MEF2 site
from the brain creatine kinase enhancer upstream of the basal
promoter of the embryonic myosin heavy-chain gene. Point
mutations (Asp to Ala) were introduced into pcDNA3-MEF2A,
-MEF2C, and -MEF2D expression vectors by using the
QuikChange Site-Directed Mutagenesis Kit (Stratagene). Trun-
cated MEF2 cDNAs were amplified with cloned Pfu polymerase
and inserted into pcDNA3. Cerebrocortical neurons from em-
bryonic day 16 rat embryos were cultured as described (24).
After 17 days in vitro, cells were transfected with the various
constructs (1.5-2 ug) by using Lipofect AMINE 2000 (2 ul, Life
Technologies, Rockville, MD). For apoptosis assays, an en-
hanced green fluorescent protein vector (pEGFP-N1, 1 ug) was
coexpressed to identify transfected cells. Fourteen hours after
transfection, cells were washed and placed in their original
conditioned medium.

Luciferase Reporter Gene Assay and Apoptosis Assessment. To in-
duce apoptosis, transfected cerebrocortical cultures were ex-
posed to NMDA (50-100 uM plus 5 uM glycine for 20 min) in
Earle’s balanced salt solution (24, 31). After NMDA exposure,
cells were rinsed and replaced in their original conditioned
medium. Luciferase reporter gene assays were performed 4 h
after NMDA exposure by using the Luciferase Assay System
(Promega). This time point was chosen because it was adequate
for transcriptional alterations but preceded neuronal apoptosis.
For assessment of apoptosis, cells were fixed 12-24 h after
NMDA exposure. Only neurons were susceptible to NMDA-
induced caspase activation, gene regulation, and apoptosis in this
culture system (24, 29-31). Nuclear apoptotic morphology was
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Fig. 2. Identification of caspase cleavage sites on MEF2 proteins. (A) In vitro
translated, [3*S]methionine-labeled MEF2A, -C, or -D proteins were incubated
with purified caspase-3, -6, -7, or -8. Cleaved fragments (corresponding to
those shown in Fig. 1) were resolved on NuPAGE and visualized by autora-
diography. (B) Mutation of residue 176 of MEF2A from Asp to Ala [MEF2A
mt(176)] prevented formation of AF-1and -2 but enhanced AF-5 formation by
caspase-3. (C) Mutation of residue 215 of MEF2A from Asp to Ala [MEF2A
mt(215)] prevented formation of AF-3 and -4 by caspase-7. (D) Mutation of
residue 422 of MEF2C from Asp to Ala [MEF2C mt(422)] prevented formation
of CF-1 by caspase-7. (E) Mutation of residue 288 of MEF2D from Asp to Ala
[MEF2D mt(288)] prevented formation of DF-1 and -2. This effect was quan-
tified by densitometry.

evaluated after staining with Hoechst 33342 dye (1 pg/ml) under
epifluorescence microscopy.

Electrophoretic Mobility-Shift Assays (EMSA). Nuclear extracts were
obtained from cerebrocortical cultures. Binding to DNA of
MEF2A-D, or their caspase-cleaved fragments that were present
in the nuclear extracts, was assayed by using a double-stranded
probe labeled with 32P-dCTP that represents the consensus
sequence corresponding to the brain creatine kinase MEF2 site.
The nuclear lysates are incubated with the labeled probe for 20
min at room temperature, resolved on a 6% native polyacryl-
amide gel, and exposed to x-ray film. Mutated probe was used as
a control. Specific anti-MEF2A-D antibodies were used for
supershift analysis.

In Vitro Translation of MEF2 and Caspase Reactions. Recombinant
caspase-3, -6, -7, and -8 were purified from Escherichia coli, and
their active concentrations were determined by titration with
zVAD.fmk (32, 33). In vitro transcription/translation of each
MEEF2 isoform was performed in a total reaction volume of 25
wl with [*S]methionine and 0.5 ug of each construct by using the
TNT Quick Coupled Transcription/Translation System (Pro-
mega). One microliter of this reaction mixture and 100 nM
purified caspase were incubated in 20 mM Hepes (pH 7.0)/100
mM NaCl/10 mM DTT/1 mM EDTA/0.1% 3-[(3-cholamido-
propyl)dimethylammonio]-1-propanesulfonate /10% sucrose for
2 h at 37°C. The reaction mixtures were then subjected to
NuPAGE (Invitrogen) and autoradiography.

Cell Lysate Preparation and Western Analysis. Four hours after an
apoptosis-inducing NMDA exposure, cells were harvested with
arubber policeman, and the cultures were centrifuged at 1,000 X
g at 4°C. In some experiments, zZVAD.fmk (50 uM) was added
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to the culture medium 2 h before exposure to NMDA. The
pellets were resuspended in M-PER Mammalian Protein Ex-
traction Reagent (Pierce), composed of Complete Protease
Inhibitor Mixture (Roche Molecular Biochemicals) and NaVO,.
Protein concentrations of supernatants were determined with
the Pierce BCA protein assay with BSA as the standard. Proteins
were resolved on NuPAGE gels (Invitrogen) and transferred to
Immobilon-P membrane filters (Millipore) by using a XCell
SureLock MiniCell Electrophoresis System (Invitrogen) accord-
ing to the manufacturer’s instructions. Anti-MEF2A and
-MEF2C antibodies were purchased from Santa Cruz Biotech-
nology and Cell Signaling, respectively. Anti-MEF2D antibody
was obtained from Ron Prywes (Columbia University). Anti-
NR1 antibody was purchased from Upstate Biotechnology (Lake
Placid, NY). All of the antibodies were used following the
suppliers’ instructions. After incubation with specific peroxi-
dase-conjugated secondary antibodies, membranes were devel-
oped with an enhanced chemiluminescence Western blotting
detection system (Amersham Pharmacia Biotech).

Caspase-3 and -7 Immunostaining. Five to nine hours after NMDA
exposure, cell cultures were fixed with 4% paraformaldehyde for
15 min at room temperature. Cells were then washed three times
in PBS, permeabilized with 0.15% Triton X-100 for 5 min, and
washed again. Nonspecific antibody binding was minimized by
incubation in blocking solution (3% FBS, 3% BSA in PBS, pH
7.4) for 1 h at room temperature. Primary antibodies were
diluted as follows in culture medium (DMEM with 10% FBS/20
mM Hepes, pH 7.4): rabbit antiactive caspase-3 (Cell Signaling,
Beverly, MA, 1:1,000), rabbit antiactive caspase-7 (Cell Signal-
ing, 1:20), and monoclonal anti-MAP-2 (Sigma, 1:100) or anti-
NeuN (Chemicon, 1:50). After a 3-hr incubation, cells were
washed three times in PBS and incubated with the following
secondary antibodies diluted 1:100: Texas red anti-mouse IgG
heavy and light chain (H+L) (Vector Laboratories) and FITC-
conjugated donkey anti-rabbit IgG (H+L) (Jackson ImmunoRe-
search). After a 2-hr incubation, cells were washed extensively
and incubated in Hoechst 33342 dye (1 pg/ml) to fluorescently
stain nuclei and allow assessment of nuclear morphology.
Stained preparations were examined under deconvolution mi-
croscopy (Zeiss Axiovert 100 M by using Intelligent Imaging
Innovations software, Denver).

Filament Model of Focal Stroke. Transient ischemia/reperfusion
was performed in vivo by using the intravascular filament model
to occlude the middle cerebral artery unilaterally for 2 h in
C57BL/6 mice, as detailed elsewhere (34). After a 1-h reper-
fusion period, the animals were killed under anesthesia and
nuclear extracts prepared.

Results

Purified Caspases Cleave Recombinant MEF2A, -C, and -D in Vitro. In
the initial experiments, we tested whether recombinant, in vitro
synthesized MEF2A, -C, and -D, representing the MEF2 pro-
teins found in cerebrocortical neurons, could be cleaved by
purified caspases in vitro (32, 33). Empirically, by using [S%]-
labeled MEF2 proteins analyzed on autoradiograms, we found
that MEF2A could be cleaved by equivalent concentrations (100
nM) of caspase-3, -6, -7, and -8; MEF2C by caspase-3 and -7; and
MEF2D by caspase-7 (Figs. 1 and 2). The predominant caspase
activity in each case, as judged by the density of the cleavage
bands, was caspase-3 or -7. Mutation of each site (aspartate to
alanine) completely blocked cleavage of the MEF2 protein,
confirming the site of enzymatic action (Fig. 2). Importantly, in
each case, cleavage occurred in the transactivation domain of
MEF2 (Figs. 1 and 2), suggesting that the remaining N-terminal
cleavage products containing the DNA-binding domain might

3976 | www.pnas.org/cgi/doi/10.1073/pnas.022036399

act as dominant-interfering forms of the protein for transcrip-
tional regulation.

NMDA Activates Neuronal Caspase-3 and -7 in Cerebrocortical Neu-
rons. Because caspase-3 and -7 cleaved the predominant frag-
ments of MEF2 in vitro, it was important to establish whether
these caspase enzymes were activated during apoptotic insults in
cerebrocortical neurons. Previously, we and others had demon-
strated activation of caspase-3 in cerebrocortical neurons as well
as other neuronal cell types after apoptosis-inducing stimulation
with NMDA or glutamate (24-30). Caspase-3 and -7 manifest
similar substrate preferences, so until the recent development of
a specific antibody that recognizes active caspase-7, it has been
difficult to demonstrate the existence of active caspase-7 in
neurons after exposure to NMDA. Using this antibody (which
recognizes the new C terminus produced during activation), we
found that after NMDA exposure, active caspase-7 is present in
cerebrocortical neurons in addition to active caspase-3 (Fig. 3).
This is the first demonstration, to our knowledge, of active
caspase-7 in cerebrocortical neurons triggered by excitotoxic
stress.

NMDA-Activated Caspases Cleave Endogenous MEF2 in Cerebrocorti-
cal Neurons. Next, we asked whether endogenous MEF2 proteins
could be cleaved by caspases that are activated after NMDA
exposure in cerebrocortical neurons. Previously, we had shown
that mild insults with NMDA initiated an apoptotic cascade in
cultured cerebrocortical neurons (31). This cascade consists of
Ca?* overload of mitochondria, free radical formation, perme-
ability transition, cytochrome c¢ release, and activation of
caspase-9 and subsequently caspase-3 (24, 29, 30). Additionally,
we and others had demonstrated that excessive NMDA receptor
activity could also activate p38 MAPK (1-3). Therefore, initially
we sought evidence in our culture system that an apoptosis-
inducing exposure to NMDA could activate transcription factors
in the MEF2 family, located downstream from p38. Instead,
using specific anti-MEF2 antibodies, we found by Western blot
that MEF2A, -C, and -D proteins were cleaved within 3 h of
NMDA exposure, well in advance of the time of apoptosis, which
was observed at 12-24 h (24, 29, 30). The band representing
full-length MEF2A was decreased most predominantly, consis-
tent with the multiple sites of cleavage observed in vitro and the
fact that the anti-MEF2A-specific antibody recognition site was
at the extreme C-terminal end of the molecule (Figs. 1, 2, and
44). Decrements in MEF2C and -D were also consistently
observed in three separate experiments after short exposure to
NMDA. As shown in Figs. 1 and 2, MEF2C is expected to be
cleaved into a slightly smaller cleavage fragment (designated
CF-1; the antibody recognition site is indicated by a bar in Fig.
1). To visualize the CF-1 fragment on Western blots (arrow in
Fig. 44), the blots had to be overexposed such that the decre-
ment in full-length MEF2C was no longer obvious. In the case
of MEF2D, two potential cleavage sites are located close to one
another and N-terminal to the antibody-binding site (Fig. 1);
hence, the larger fragment would not be expected to react with
the antibody. In fact, by Western blot, we found a decrease in
full-length MEF2D and the expected cleavage fragment DF-2
(arrowhead in Fig. 44). The addition of the polycaspase inhibitor
zVAD.fmk abrogated the NMDA-induced decrement in each
MEF2 protein, whereas neither NMDA exposure nor zVAD
treatment affected the level of a control protein, NR1, the major
subunit of the NMDA receptor.

NMDA-Mediated Insults Decrease MEF2 Transcriptional Activity in
Cerebrocortical Neurons. The next question we asked was whether
the caspase-cleaved MEF2 proteins produced in response to an
NMDA insult would affect the transcriptional activity of endog-
enous MEF2. We predicted that, because the cleavage sites were
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A. C 1 D C 1 in the transactivation domain, MEF2 transcriptional activity

ontro ontro would be lost by these cleavage fragments. In fact, the fragments
; % containing the DNA-binding domain but without a full-length
transactivation domain would be expected to function as dom-
inant-interfering forms of MEF2. To begin to test this premise,
we performed reporter gene assays and found that induction of
MEF2-dependent luciferase activity was greatly reduced within
4 h of NMDA exposure; zVAD.fmk prevented the decrease in
MEF?2 transcriptional activity engendered by NMDA exposure
(Fig. 4B). As a control, the transcriptional activity of the simian
virus 40 promoter was unaffected by NMDA exposure under
these conditions, indicating that a nonspecific effect such as cell
toxicity was not responsible for this finding (Fig. 4C). Transfec-
tion with constitutively active MEF2C-CA (pcDNA1-MEF2C-
1-117/VP16) also blocked the decrease in MEF2-dependent
luciferase activity produced by NMDA (Fig. 4D). We also found
on Western blots that the overexpressed MEF2C-CA was not
substantially cleaved by endogenous caspases (data not shown),
presumably because of the high levels of MEFC-CA present after
transfection. Conversely, cotransfection with a dominant-
interfering form, MEF2C-DN (pcDNA1-MEF2C-1-105flag),
abrogated the effect of MEF2C-CA, indicating the specificity of
the effect. These results suggested that caspase cleavage of the
MEF?2 proteins resulted in their decreased transcriptional activ-
ity. Moreover, the inhibitory effect of pcDNA1-MEF2C-1-
105flag, which like each caspase-cleaved MEF2 protein was
truncated in the transactivation domain, was consistent with the
notion that cleavage in the transactivation domain produces
dominant-interfering forms. To further test this premise, cere-
brocortical cells were transfected with constructs encoding the
caspase-induced cleavage fragments that retained their DNA-
binding domains. These fragments of MEF2A, -C, and -D were
Fig. 3. Activation of neuronal caspase-3 and -7 after NMDA stimulation. designated AF-1, AF-3, CF-1 (closely resembling AF-5),
Sham-treated (A and D) and NMDA-exposed (B, C, E, F) cerebrocortical cells and DF-1 (Fig. 1). We found that these MEF2 fragments
were fixed and stained with Hoechst or 4’,6-diamidino-2-phenylindole (DAPI) functioned as dominant-interfering forms by 1nh1b1t1ng the tran-

nuclear dye (blue in merged images), anti-MAP-2 or anti-NeuN antibody (red), scriptional activity of MEF2-CA in a similar fashion to
and antiactivated caspase-3 antibody (green in A-C) or antiactivated MEF2C-DN (Fig. 4E)
caspase-7 antibody (green in D—F). Stained preparations were examined under ’ ’

deconvolution microscopy. Note that images obtained 9 h after exposure to .
NMDA, a time when neurons destined to undergo apoptosis manifest caspase After NMDA-Mediated Insult or Stroke, MEF2 Cleavage Fragments

activity, have often lost their MAP-2 staining (29, 30). Hence, to confirm that Find to DNA. To .determine whether the DNA-binding region was
these caspases were located specifically in neurons, we used a second neuronal indeed present in the MEF?2 cleavage fragments, we performed

marker more resistant to the initial phases of apoptosis, NeuN. EMSAs. In these experiments, cleaved fragments of MEF2
C Fig. 4. Caspase-mediated MEF2 cleavage inhibits

A B = i i asvaoLuc MEF2 transcriptional activity after NMDA insult. (A)
2 MEF? LUCHVAD gm Western blots of cell lysates from control, NMDA-

NMDA NMDA £ fm exposed, and NMDA plus 2VAD. fmk-treated cultures

Control '+ ZVAD % S probed with specific antibodies to MEF2A, -C, or -D.
MEF2A — = - -% b % @ The blots were stripped and incubated with anti-NR1
NR1 — Siie—— : o ;e antibody (the principal subunit of the NMDA receptor)

in é i as a loading control. Arrowheads indicate cleaved

o ] o MEF2C or -D; these cleavage fragments correspond by

MEF2C - Soerl © NBILA Comrol  NMDA  molecular weight to CF-1 and DF-2, respectively (see
NR | — s D o owerLC E g Figs. 1 and 2). (B) NMDA insult reduces MEF2 transcrip-
MEF2D— — ;§ . ¥ R LICABRCGh o fmi L tional activity in luciferase reporter gene assays. The
- - £ in " decrement in luciferase activity was prevented by

" g fa i zVAD.fmk (in other experiments, the control com-

'l;: ; ‘:: I N * pound zFA.fmk had no effect). Cerebrocortical neu-

NR1 — emem— 3 -9 | rons were transfected with a MEF2 reporter gene

s , E j |_'| 11 |—| (MEF2 LUC) before exposure to NMDA + zVAD. Lucif-

VDN erase activity was measured 4 h after NMDA insult

(NMDA-induced killing did not occur until 12-24 h).
Baseline activity from untreated cells was assigned a value of 100% (values are mean = SE; *, P < 0.001 by ANOVA). (C) As a control, transcriptional activity
monitored in cells transfected with the simian virus 40 (SV40) enhancer-driven luciferase construct (SV40 LUC) was unaffected after NMDA exposure. (D)
Constitutively active MEF2 (MEF2C-CA) prevented the decrease in MEF2 transcriptional activity engendered by NMDA exposure, but this effect was blocked by
coexpression of a dominant-interfering form of MEF2 (MEF2C-DN, representing cleavage of MEF2 in the transactivation domain). (E) Truncated MEF2 proteins
inhibit MEF2 transcriptional activity. Neurons were transfected with a MEF2 reporter gene (MEF2 LUC), MEF2C-CA, and expression vectors for the caspase
cleavage fragments of MEF2 proteins (AF-1, AF-3, CF-1, DF-1) or dominant-negative MEF2 (DN). One day after transfection, luciferase activity was measured. In
this case, activity observed after MEF2C-CA transfection was assigned a value of 100%.
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Fig.5. EMSA for MEF2 full-length protein and cleavage fragment binding to

the MEF2 site on DNA. (A) EMSA for MEF2. Cerebrocortical cultures were
incubated for 2 h with vehicle (DMSO, lanes 1 and 2) or zVAD.fmk (lane 3)
before stimulation with 100 uM NMDA for 20 min (lanes 2 and 3). Nuclear
extracts were prepared 4 h after NMDA insult. EMSAs were performed by
using 10 ug of nuclear cell extracts and 32P-labeled oligonucleotide represent-
ing the MEF2-binding site. Arrows: A/D, heteromer of full-length MEF2A and
MEF2D binding to DNA (as determined by supershift assay; see below); A/C,
heteromer of full-length MEF2A and MEF2C binding to DNA (as determined
by supershift assay; see below). Arrowheads: low mobility complexes of MEF2
cleavage fragments and DNA. (B) Supershift analysis. Nuclear extracts were
prepared from untreated (lanes 1-4) or NMDA exposed (lanes 5-8) cerebro-
cortical cultures. The nuclear lysates were preincubated with specific anti-
MEF2 antibodies and then incubated with 32P-labeled oligonucleotide repre-
senting the MEF2-binding site. Arrows: SSC, supershifted complex of full-
length MEF2 and DNA; A/D, heteromer of full-length MEF2A and MEF2D
binding to DNA; A/C, heteromer of full-length MEF2A and MEF2C binding to
DNA. Bottom of gel: low mobility complexes of MEF2 cleavage fragments and
DNA. (C) MEF2 cleavage in vivo after stroke. Nuclear extracts were prepared
3 h after focal ischemia/reperfusion to one hemisphere or from the control
undamaged hemisphere (n = 6 mice). Representative EMSA shows the pres-
ence of MEF2 cleavage fragments that bind to DNA only from the side with
stroke damage (arrowhead).

isoforms in nuclear lysates were shown to bind to the radiola-
beled MEF?2 site DNA probe, as evidenced by the presence of
lower molecular weight bands in the EMSA (Fig. 54). Specific
anti-MEF2A, -C, and -D antibodies supershifted individual
bands, indicating that particular MEF2 isoforms were indeed
bound to DNA as dimers (Fig. 5B). We did not find evidence for
the presence of MEF2B by supershift analysis (data not shown).
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Note that the vast majority of MEF2 cleavage fragments that
bound to DNA did not contain the antibody recognition site for
their cognate antibodies. Hence, these small MEF2 cleavage
fragments were not supershifted; nonetheless, the cleaved MEF2
fragments that bound to DNA were apparent at the bottom of
gel and were observed only coincident with the disappearance of
their full length counterparts. Additionally, we found evidence
for the production of MEF2 cleavage fragments in vivo within 3 h
of the onset of insult in a mouse model of focal middle cerebral
artery ischemia/reperfusion (Fig. 5C) (34). Neuronal damage in
this stroke model is known to be NMDA receptor mediated.

Constitutively Active MEF2C Prevents NMDA-Induced Neuronal Apo-
ptosis, an Effect Reversed by Dominant-Interfering Forms of MEF2C.
We had previously shown that caspase inhibition (with the
polycaspase inhibitor zZVAD.fmk or the caspase-3, -7 inhibitor
DEVD.CHO) could ameliorate NMDA-induced neuronal apo-
ptosis in our cerebrocortical culture system (24, 29, 30). In the
present study, we found that transfection with MEF2C-CA
(assessed by cotransfection with EGFP) abrogated the apoptotic
effect of NMDA (Fig. 6 4 and B). Additionally, overexpression
of MEF2C-DN or a caspase-generated fragment of MEF?2 (e.g.,
AF-3 in Fig. 1) was able to overcome the antiapoptotic action of
MEF2C-CA, arguing against a nonspecific effect (Fig. 6B).
Taken together, these results suggest that constitutively active
MEF?2 could prevent NMDA-induced neuronal apoptosis. Con-
versely, expression of a dominant-interfering form of MEF2
resulting from cleavage in the transactivation domain was proapo-
ptotic and capable of inhibiting the antiapoptotic effect of active
MEF2.

Discussion

In the developing brain, MEF2 proteins are expressed at the
time of initial neuronal differentiation (7, 11, 12, 17, 35, 36).
Early in development, MEF2C is found in the cortical plate
and later is observed in neurons migrating preferentially to
layers II, I'V, and VI of the mature cerebrocortex. Because of
this distribution, we had previously suggested that MEF2C
might be involved in neuronal differentiation (7). Along these
lines, more recent work has shown that MEF2C serves an
antiapoptotic function and can promote the neurogenic phe-
notype, as can upstream activation with p38 MAPK (4, 16). In
apparent contrast to these findings, in mature neurons, acti-
vation of the same p38 MAPK pathway under periods of stress,
e.g., induced by excitotoxic insults, has been found to trigger

Fig. 6. Dependence of NMDA-induced neuro-

nal apoptosis on MEF2 transcriptional activity.

(A) NMDA-induced neuronal apoptosis was pre-
vented by constitutively active MEF2. Cerebro-
cortical neurons were transfected with an empty

" vector or an expression vector encoding
* MEF2C-CA in conjunction with an EGFP expres-
sion vector to label transfected cells (green). One

day after exposure to NMDA, apoptotic cells
were scored by morphological changes with
Hoechst nuclear staining (blue); neurons labeled

by EGFP are marked by an arrow. Cells were
verified to be neurons with MAP-2 staining (not
shown). (B) Dominant-interfering forms of MEF2

]—1*

NMDA
+
MEF2C-CA

prevent the neuroprotective effect of constitu-
tively active MEF2. Neurons were transfected
with an EGFP expression vector plus expression
vectors for control (empty vector), MEF2C-CA,
6“‘ Q‘f" MEF2C-DN, or a caspase-cleaved form of MEF2A
(AF-3). Apoptosis in transfected neurons was as-

sessed with Hoechst nuclear staining. MEF2C-CA ameliorated NMDA-induced neuronal apoptosis, whereas dominant-interfering forms of MEF2 (MEF2-DN and
AF-3) blocked this neuroprotective effect. Values are mean = SE; *, P < 0.001 by ANOVA.
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apoptosis, and inhibition of the pathway can prevent this form
of neuronal cell death (1-3).

Here we describe a mechanism that can account for a switch
from the proneurogenic antiapoptotic effects of the p38
MAPK-MEF?2 transcription factor pathway into a proapopto-
tic cascade in mature neurons. The events entail the activation
of neuronal caspases, e.g., by mild NMDA insults, which in turn
cleave MEF2 proteins in their transactivation domains. Such
cleavage not only renders inactive the transcriptional regula-
tion of MEF2 but also produces dominant-interfering forms
that can block the transcriptional activity of MEF2. Under
these circumstances, apoptosis ensues after NMDA exposure.
These proapoptotic effects of caspase-cleaved MEF2 frag-
ments can be abrogated by inhibition of caspases or by
expression of a constitutively active form of MEF2 (MEF2C-
CA). Conversely, dominant-interfering forms of MEF2 tran-
scriptional regulation, produced by truncation or caspase
cleavage of MEF2 in the transactivation domain while pre-
serving the DNA-binding domain, can reverse the antiapo-
ptotic effect of MEF2C-CA. Taken together, our results show
that caspase cleavage of the various MEF2 isoforms found in
cerebrocortical neurons renders them transcriptionally inac-
tive, produces dominant-interfering forms of MEF2 that in-
terfere with transcriptional regulation by any remaining intact
MEF2, and contributes to apoptotic neuronal cell death.

One of the features of the cerebrocortical culture system used
in the present study is that it embodies all of the cell types found
in the intact brain (e.g., glia and neurons). However, in this
culture system, functional NMDA receptors are found only on
neurons (31, 37). Because the NMDA insult is specific for
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neurons (24, 29-31), caspase activation, gene regulation, and
apoptosis in response to NMDA can be studied specifically in
this cell type. Importantly, in control experiments, transfection
with MEF2C-DN alone did not affect neuronal cell survival
under basal conditions. Nonetheless, dominant-interfering
forms of MEF2 abrogated the protective effect from NMDA
neurotoxicity engendered by MEF2C-CA. Because interference
with the p38-MEF2 pathway under basal conditions does not
affect neuronal survival, but inhibition of MEF2 transcriptional
activity (e.g., with MEF2C-DN or AF-3) during insults with
NMDA does invoke cell death, then the p38-MEF2 pathway is
apparently necessary only for survival under periods of neuronal
cell stress.

In summary, we describe a pathway for neuronal apoptosis
involving caspase-catalyzed cleavage of MEF2 transcription
factor proteins. This reaction disrupts the normal prosurvival
effects of the p38-MEF2 pathway and contributes to neuronal
cell death, e.g., after excessive NMDA receptor activation. That
caspase inhibitors or constitutively active MEF2 constructs can
prevent apoptotic neuronal cell death after NMDA exposure
may have therapeutic implications, because a large number of
acute and chronic neurodegenerative disorders, ranging from
stroke and spinal cord trauma to dementia and glaucoma,
involve excessive NMDA receptor stimulation (38, 39).
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