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Neurobiology of Disease

Rescue of Neurons from Ischemic Injury by Peroxisome
Proliferator-Activated Receptor-y Requires a Novel Essential
Cofactor LMO4

Sarah C. Schock, Jin Xu,* Philippe M. Duquette,' Zhaohong Qin,' Adam J. Lewandowski,' Punarpreet S. Rai,’
Charlie S. Thompson,! Erin L. Seifert,> Mary-Ellen Harper,> and Hsiao-Huei Chen'>

'0ttawa Health Research Institute, Neuroscience, 2Department of Biochemistry, Microbiology and Immunology, and *Department of Medicine, University
of Ottawa, Ottawa, Ontario, Canada K1H 8M5

Activation of peroxisome proliferator-activated receptor-y (PPARy) signaling after stroke may reduce brain injury, but this effect will
depend on thelevels of receptor and cofactors. Here, we showed that the direct effect of PPARy signaling to protect neurons from ischemic
injury requires a novel cofactor LMO4, because this effect was lost in LMO4-null cortical neurons. PPARy agonist also failed to reduce
cerebral infarction after transient focal ischemia in CaMKIIaCre/LMO4loxP mice with LMO4 ablated in neurons of the forebrain.
Expressing LMO4 in LMO4-null cortical neurons rescued the PPARy-protective effect. PPARYy signaling activates the promoter of
the antioxidant gene SOD2 and this process requires LMO4. Addition of a superoxide dismutase mimetic MnTBAP
[manganese(III)tetrakis(4-benzoic acid)porphyrin] bypassed the deficiency in PPARy signaling and was able to directly rescue LMO4-
null cortical neurons from ischemic injury. Like LMO4, PPARy and PGCla (PPARY coactivator 1) levels in neurons are elevated by
hypoxic stress, and absence of LMO4 impairs their upregulation. Coimmunoprecipitation and mammalian two-hybrid assays revealed
that LMO4 interacts in a ligand-dependent manner with PPARy. LMO4 augments PPARy-dependent gene activation, in part, by promot-
ing RXR (retinoid X receptor-a) binding to PPARy and by increasing PPARy binding to its target DNA sequence. Together, our results
identify LMO4 as an essential hypoxia-inducible cofactor required for PPARy signaling in neurons. Thus, upregulation of LMO4 expres-

sion after stroke is likely to be an important determinant of neuron survival.
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Introduction

Diabetes mellitus is a major risk factor for stroke. The nuclear
receptor peroxisome proliferator-activated receptor-y (PPARYy)
plays a key role in the regulation of glucose and lipid metabolism
(Boyle, 2007) and synthetic ligands of PPARy are used to treat
insulin-resistant diabetes. In diabetic patients who had a previous
stroke, the PPAR7y agonist pioglitazone reduced by almost one-
half the incidence of a second stroke (Wilcox et al., 2007). More-
over, higher levels of endogenous PPARYy ligand 15-deoxy-
A12,14-prostaglandin J2 (PGJ2) are correlated with a smaller
infarction in patients with atherothrombotic stroke (Blanco et al.,
2005). In experimental models of stroke, PPARy agonists protect
the brain from ischemic injury and reduce infarction if adminis-
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tered within 2 h after middle cerebral artery occlusion (MCAO)
in part by an antiinflammatory effect that reduces cytokine pro-
duction from microglia (Luo et al., 2006). In addition, PPARy
agonists have a direct effect on neurons and increase their sur-
vival of NMDA-induced excitotoxicity (Uryu et al., 2002; Zhao et
al., 2006). High levels of PPARYy are detected in the brain of
mouse embryos, and PPARY plays a critical role during embry-
onic neurogenesis, controlling neural stem cell proliferation
(Wada et al., 2006). PPARYy expression is upregulated in adult
cortical neurons in response to ischemic injury (Victor et al.,
2006; Zhang et al., 2008), suggesting that the activation of PPARy
signaling may be a natural defensive mechanism.

The ability of PPARy signaling to protect neurons depends on
the levels of PPARy expression, the presence of ligand, and also the
availability of cofactors including PGC-1a (PPARYy coactivator-1a)
(Puigserver et al., 1998), the histone acetyltransferase CBP (CREB-
binding protein)/p300, and the hydrogen peroxide-inducible
clone-5 (Hic5) (Drori et al., 2005). Hic5 contains four Lin-11/Isl-1/
Mec-3 (LIM) domains, zinc finger protein/protein interaction do-
mains that interact with PPARYy. Hic5 is required for PPARy-
dependent differentiation of colon epithelium (Drori et al., 2005).
However, very low levels of Hic5 are detected in the brain (Shi-
banuma et al., 1994; Jia et al., 2001), and it is unclear whether
Hic5 is required for PPARy-dependent neuroprotection.
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However, the small nuclear LIM domain-only protein LMO4
is highly expressed in the developing nervous system (Herman-
son et al., 1999; Chen et al., 2002) and in primary cultured neu-
rons but not in glia (Chen et al., 2007b). We found that expres-
sion of LMO4 is tightly regulated. LMO4 mRNA and protein
levels increase in cultured cortical neurons exposed to elevated
extracellular ATP, conditions that are prevalent after ischemia in
the brain (Chen et al., 2007a,b). Moreover, we showed that
LMO4 promotes cortical neuron survival from chemically in-
duced hypoxia (Chen et al., 2007b). Here, we showed that LMO4
interacts with PPARy and mediates PPARy signaling in neurons.
Because mice that lack LMO4 die at birth, with defects in neural
tube closure (Hahm et al., 2004; Tse et al., 2004; Lee et al., 2005),
we generated mice with neuron-specific postnatal deletion of
LMO4 in the forebrain (CaMKIIaCre/LMO4loxP mice) to ad-
dress the function of LMO4 in adult mice. Although morpholog-
ical and physiological parameters appear normal, we found that
CaMKIIaCre/LMO4loxP mice are highly susceptible to focal ce-
rebral ischemia, and that PPARy agonist failed to limit ischemic
injury in these mice. Our study is the first to identify LMO4 as an
essential cofactor required for PPARy-dependent neuron protec-
tion from ischemic injury in vivo.

Materials and Methods

Reagents. Except for manganese(III)tetrakis(4-benzoic acid)porphyrin
(MnTBAP) (Calbiochem), rosiglitazone, 2-chloro-5-nitrobenzanilide
(GW9662), NMDA, KCN, 2,3,5-triphenyltetrazolium chloride monohy-
drate (TTC), 4',6-diamidino-2-phenylindole dihydrochloride (DAPI)
were purchased from Sigma-Aldrich.

Antibodies. Commercial monoclonal antibodies to Flag and actin
(Sigma-Aldrich) and NeuN (Invitrogen), rabbit polyclonal to PPARYy,
PGCla, and superoxide dismutase 2 (SOD2) (Santa Cruz), rabbit poly-
clonal to Cre recombinase (Abcam), and goat polyclonal to hsp60 and to
LMO4 (Santa Cruz) were used. Custom-made rabbit peptide-specific
antibody to LMO4 was described previously (Chen et al., 2007a).

Plasmids and expression constructs. Expression vectors for Hic5 (Drori
et al., 2005), Flag-tagged PPARy2 (Puigserver et al., 1998), retinoid X
receptor-a (RXRa) (Tontonoz et al., 1994), and a luciferase promoter
reporter construct containing three DR1 consensus PPARy-responsive
elements (PPRE X3-TK-luc) (Puigserver et al., 1998) were purchased
from Addgene, and Sport6eLMO4 was from Open Biosystems. Myc-
tagged LMO4 wild-type, C23S, and C87S expression vectors were from
Anirvan Ghosh (University of California, San Diego, La Jolla, CA). Gal4-
PPARyl mammalian two-hybrid constructs were from Jun-Ichi Abe
(University of Rochester, Rochester, NY). Gal4-PPAR+2 constructs con-
taining amino acids 183-505 or 318505 were generated by PCR from
wild-type or E499Q mutant PPARYy2 (Puigserver et al., 1998). The full-
length RXRa sequence was obtained by PCR and fused to the activation
domain of VP16 in the pACT vector (Promega). The ActLMO4(WT),
ActLMO4(C23S), and ActLMO4(C87S) were amplified by PCR from
expression vectors and cloned into the pAct vector. Gal4 and Act fusion
protein expression vectors were cotransfected with a Gal4-responsive
luciferase reporter (Clontech) and the level of luciferase activity was used
as a readout of protein interaction. Luciferase reporter constructs con-
taining the promoter sequences of SOD2-985 to +195 and —935 to
+195 (Ding et al., 2007) were from Qinglin Yang (Morehouse School of
Medicine, Atlanta, GA). A bicistronic CMV-LMO4/IRES-GFP expres-
sion construct containing mouse LMO4 was generated by PCR. All con-
structs were verified by sequencing.

F11 cells or primary cortical neurons were transiently transfected as
described previously (Chen et al., 2007b). In brief, cells were transfected
with 400 ng of luciferase-expressing vector and 100 ng of indicated ex-
pression constructs or appropriate empty vectors (e.g., cDNA3) and 200
ng of pPCMV Bgal to normalize transfection efficiency per well of 12-well
plate. Transfection was performed with a 1.5 ratio of total plasmid/Lipo-
fectamine 2000 reagent (Invitrogen). Ten micromolar rosiglitazone or
vehicle was applied to the culture medium the day after transfection for
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8 h. Cells were harvested 1624 h after transfection, and Luciferase and
B-galactosidase assays were performed (Ou et al., 2000). For all experi-
ments, assays were done in triplicate and repeated three times or as
indicated. Luciferase activities were compared by paired ¢ test and con-
sidered significant at the p < 0.05 level.

Primary neuronal cultures, ischemic insults, and cell survival assay. Pri-
mary cultures of cortical neurons were prepared from LMO4-null
[knock-out (KO)] or littermate wild-type control (WT) 14.5-d-old
mouse embryos as we described previously and maintained for 12-14 d
in vitro (Chen et al., 2007b). For oxygen and glucose deprivation (OGD)/
reperfusion, cultures were washed twice with a balanced salt solution at
room temperature with the following composition: 140 mm NaCl, 3.5
mm KCl, 0.4 mm KH,PO,, 5mmNaHCO;, 1.3 mm CaCl,, 1.2 mm MgSO,,
and 10 mm HEPES, pH 7.4. Cultures were subjected to an anaerobic
environment of 95% N,/5% CO, for 6 h, returning the stored medium to
the cells with or without 10 um rosiglitazone or MnTBAP, and main-
tained at normal atmospheric O, with 5% CO,, at 37°C. Chemical hyp-
oxia was induced by 1 mm KCN for 3 h. Excitotoxicity was induced with
100 um NMDA for 3 or 4 h as indicated.

Cell survival at day 1 was measured 12-16 h after treatments by the
lactate dehydrogenase (LDH) assay, as described previously (Chen et al.,
2007b). For MnTBAP treatment, cell survival at day 2 and day 3 was also
measured by the LDH assay, and one-way ANOVA was used to compare
the time-dependent cell survival and p < 0.05 was considered significant.
All experiments were performed in quadruplicate and reported as
mean *= SEM.

To restore LMO4 expression in cultured cortical neurons derived from
LMO4-null embryos, 0.4 ug of LMO4-IRES-GFP or control IRES-GFP
expression vector together with 1 ul of Lipofectamine 2000 (Invitrogen)
were transiently transfected to cortical neurons (days in vitro, 2 d) cul-
tured on poly-D-lysine-coated coverslips using eight-chamber
FLEXIPERM Disc (Greiner Bio-One) for 4 h with 150 ul of Neural Basal
medium. Then, 100 ul of N2- and B27-supplemented complete medium
was added for overnight culture followed by KCN/Rosi treatment or
OGD/reperfusion/Rosi treatment the next day. Neurons were fixed with
paraformaldehyde, immunostained with LMO4 antibody (C15; Santa
Cruz) and nuclei were stained with DAPI. Cells were imaged using a Zeiss
MI microscope with Apotome using the AxioVision software (Zeiss).
Cell death was determined by counting cells with condensed or frag-
mented nuclei in four to seven fields (100-200 cells) per chamber in a
blinded manner (Raoul et al., 2002). Data were expressed as the percent-
age of apoptotic cells among the total GFP * cells counted. Paired ¢ test
was used to compare percentage of live transfected neurons, and p < 0.05
was considered significant.

MitoSOX Red mitochondrial superoxide indicator. Embryonic cortical
neurons (11 d in vitro) were subjected 2.5 h of OGD and reperfused in the
presence or absence of 10 umM MnTBAP. To monitor superoxide produc-
tion, MitoSOX (Invitrogen) was added to a final concentration of 0.2 um
according to the manufacturer’s instructions. Cells were allowed to load
MitoSOX for 10 min and then washed two times with HBSS containing
calcium and magnesium and imaged with a Zeiss Axiolmager Z1 with
ApoTome fluorescence microscope.

Western blot and immunoprecipitation. Whole-cell protein extracts of
cultured F11 cells or cortical neurons were harvested and prepared for
Western blot analysis as described previously (Chen et al., 2007a,b). Nu-
clear fractions of protein extracts of brain samples were prepared as
described previously (Solaroglu et al., 2006). Immunoblots were scanned
and quantified using the ImageQuant TL software (GE Healthcare). Pro-
tein levels of genes indicated were compared by normalizing to B-actin.
Immunoprecipitation was performed using whole-cell extracts prepared
from transiently transfected F11 neuronal cells with protein A/G Sepha-
rose (GE Healthcare), as described by the manufacturer. For immuno-
precipitation, mouse anti-Flag antibody or LMO4 peptide-specific rabbit
antibody (Chen et al., 2007a) was used.

Electrophoretic mobility shift assay. Electrophoretic mobility shift assay
(EMSA) was conducted as described previously (Chen etal., 2004, 2007a)
using nuclear extract prepared from transfected F11 cells and double-
stranded oligonucleotide containing a PPARYy consensus DR1 binding
site (underlined): 5'-GGAACTAGGTCAAAGGTCATCCCCT-3'. Anti-
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Figure 1. LMO4 levels are increased after ischemic insult. A, Immunohistochemistry re-
vealed elevated LMO4 nuclear staining 4 h after MCAO in the cortex (top two panels) and
striatum (bottom two panels) ipsilateral to the infarction (asterisk, white area of TTC staining)
compared with the contralateral side. The TTC-stained section from a separate animal is used for
illustrative purposes. B, LMO4 is upregulated together with PPAR-y in the periinfarct area after
MCAO. Immunofluorescence staining revealed LMO4 (red) nuclear staining in NeuN-positive
(green) neurons. Dual LMO4/NeuN staining appears yellow. PPAR+y (green) is upregulated in
LMO4-positive (red) neurons, and dual-stained LMO4/PPARy neurons appear yellow in the
periinfarct area of the ipsilateral side. No staining above background was detected for PPARy or
LMO4 in the contralateral side (data not shown). Scale bar, 20 .em. Shown are representative
results of n = 3 mice.

bodies to PPARy and LMO4 (rabbit peptide-specific) (Chen et al.,
2007a) were used in supershift assays. For EMSA using brain nuclear
extracts, postnatal day 11 (P11) mice were killed 2 h after intraperitoneal
injection of vehicle or rosiglitazone (6 mg/kg), and their brains were
rapidly removed, dissected, and frozen in liquid nitrogen. Nuclear pro-
teins were extracted from brain tissues as described previously (Luo et al.,
2006).

LMO4-null (KO) and CaMKIIaCre/LMO4loxP mice. LMO4 hemizy-
gous mice were obtained from Terrence Rabbitts (MRC Laboratory of
Molecular Biology, Cambridge, UK) and genotyped as described previ-
ously (Tse etal., 2004). LMO4 homozygous null (KO) and littermate WT
embryos were used for primary cultures of cortical neurons.

CaMKIIaCre/LMO4loxP mice with forebrain/neuron-specific abla-
tion of LMO4 were generated by breeding homozygous LMO4loxP mice
(Hahm et al., 2004) (gift from Jane Visvader, The Walter and Eliza Hall
Institute of Medical Research, Parkville, Victoria, Australia) with hetero-
zygote CaMKIIaCre transgenic mice (Casanova et al., 2001) (gift from
Giinther Schiitz, German Cancer Research Center, Heidelberg, Ger-
many) to obtain CaMKIIaCre mice hemizygous for the LMO4loxP al-
lele. These mice were then backcrossed to the homozygous LMO4loxP
mice to obtain CaMKIIaCre/LMO4loxP mice. The neuron-specific
CaMKIIa promoter is activated in the forebrain (including cortex, stri-
atum, hippocampus) 1 week after birth (Casanova et al., 2001).
CaMKIIaCre/LMO4loxP mice and littermate control LMO4loxP mice
were genotyped by PCR and used for in vivo MCAO studies. Immuno-
fluorescence staining using antibody to bacteriophage P1 Cre (Novagen)
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Figure2. A, LMO04 augments the activity of a PPARy-responsive promoter (PPREX3) in the

presence of PPAR-yand agonist rosiglitazone in F11 cells. PPAR-y expression vector was cotrans-
fected with expression vectors for myc-tagged wild-type LMO4, mutant LMO4 (C23S or (875),
or Hic5 together with the luciferase reporter of the PPREx3 promoter and the CMV3-
galactosidase plasmid to normalize transfection efficiency. The (MV-dependent eukaryotic ex-
pression vector cDNA3 that was used to express LMO4 and PPAR~y was used as the negative
control for transient transfections. Mutation of cysteines in the LIM1 or LIM2 domains of LM04
disrupts its coactivation function (n = 6). B, The PPAR-y-responsive promoter is not activated
by rosiglitazone in LMO4-null cortical neurons (n = 3). Data presented are mean = SE.

revealed Cre recombinase expression in CaMKIIaCre/LMO4loxP brain
at P11 but not at P3.

MCAO model. All procedures followed the guidelines of the Canadian
Council for Animal Care and were approved by the Animal Care Com-
mittee of the University of Ottawa. Transient MCAO was performed in
7- to 8-week-old anesthetized male mice. Body temperature was moni-
tored by a rectal probe and maintained at 37.0 = 0.6°C using a heated pad
(Harvard Apparatus). Left MCAO was induced using the intraluminal
suture method (Longa et al., 1989). The 0.2-mm-diameter (4-0) nylon
monofilament coated with silicone remained in place for 60 min, was
withdrawn, and wounds were sutured. Blood flow was monitored by
laser Doppler flowmeter (LDF100C; Biopac) using a flexible probe posi-
tioned at the surface of the dura exposed by a 2 mm burr hole in the left
parietal bone to verify occlusion and ensure blood flow is restored to
normal before returning the mice to their cages. Vehicle or rosiglitazone
prepared as described previously (Luo et al., 2006) was administered
intraperitoneally (6 mg/kg) immediately after reperfusion and again 48 h
later.

Baseline physiological parameters were measured in two separate
groups of six CaMKIIaCre/LMO4loxP mice and six littermate control
LMO4loxP mice. Blood was drawn before MCAO and immediately after
filament withdrawal to measure arterial oxygen (PaO,) and carbon di-
oxide (PaCO,) and blood pH using an i-STAT analyzer. Heart rate and
systolic and diastolic blood pressures were measured with a tail cuff
manometer (BP-2000 Blood Pressure Analysis System; VisiTech Sys-
tem). Blood glucose was measured using Freestyle Blood Glucose Mon-
itoring System (Abbott).

For histology, brains were fixed with 4% paraformaldehyde in PBS,
frozen in CO, gas, sectioned on a cryostat (14 um), and stained with
cresyl violet or immunostained with primary antibody followed by HRP-
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conjugated tissue-appropriate secondary anti-
body and the DAB detection kit (Vector) as de-
scribed by the manufacturer.

Measurement of infarct volume. The 2 mm
fresh brain slices were stained with 2% TTC so-
lution (in saline) and postfixed with 4% para-
formaldehyde. The infarct and hemisphere ar-
eas of each section were scanned and measured
using AxioVision software (Zeiss). To calculate
cerebral infarct volume, the influence of cere-
bral edema was excluded using the following
correction formula: % cerebral edema = ([vol-
ume of infarcted hemisphere — volume of nor-
mal hemisphere]/volume of normal hemi-
sphere)*100. The corrected infarct volume was
calculated as follows: (actual measurement in-
farct volume)*[100/(100 + 9% cerebral
edema)]. The final relative infarct volume
equals 100*(corrected infarct volume/volume
of normal hemisphere*2). Paired  test was used
to compare infarct volumes and considered to
be significant at p < 0.05.

Results

LMO4 and PPARY expression is
elevated after ischemic insult

Elevated LMO4 nuclear staining was de-
tected by immunohistochemistry 4 h after
MCAO in the cortex and striatum adjacent
to the infarction (Fig. 1A). Dual immuno-
fluorescence staining revealed that LMO4
and PPARY are coexpressed in the same
cortical neurons in the area surrounding
the infarction (Fig. 1B). We then tested
whether LMO4 expression responds to
ischemic stress in cultured neuronal F11
cells. F11 cells derived from a fusion between
embryonic day 13 rat dorsal root ganglion
sensory neurons and mouse neuroblastoma
(Platika et al., 1985) are easily cultured and
express neuron specific markers, including
microtubule-associated protein 2 in neurites
(supplemental Fig. 1C, available at www.
jneurosci.org as supplemental material).
Similarly, after 2.5 h of OGD, LMO4 is rap-
idly upregulated 30 min after reperfusion
and elevated levels are sustained up to 16 h
(supplemental Fig. 1A, B, available at www.
jneurosci.org as supplemental material).
PPARYy was also upregulated after OGD in
F11 cells.

LMO4 promotes PPARy-dependent
gene activation

A previous study showed that Hic5 inter-
acts with PPARYy in the intestinal epithe-
lium and promotes ligand-dependent
gene activation through its LIM domains
(Drori et al., 2005). Here, we determined
whether LIM domain-only protein 4 that
is highly expressed in the developing ner-

vous system affects PPARYy signaling in F11 neuronal cells (Fig.
2A). In F11 cells, the PPARy-responsive PPREx3-luciferase re-
porter (containing three tandem DRI elements) was activated by
rosiglitazone in the presence of PPARYy expression vector. Over-
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Figure3. Physical and functional interaction of LMO4 with PPAR-y. Nuclear extracts from F11 cells transfected with LMO4 with

or without Flag-PPAR-y were immunoprecipitated with anti-Flag (A) or anti-LM04 antibody (B) and analyzed by Western blot
using LMO4, PPAR-y, and Flag antibodies as indicated. Rosiglitazone (10 wum) increases LMO4 binding to PPAR+y. IP, Imnmunopre-
cipitation; WB, Western blot. ¢, Mammalian two-hybrid assays in F11 cells revealed that the hinge region of PPARy (domain D) is
necessary for LMO4 to interact with ligand-binding domain of PPAR-y (domains D and E). Rosiglitazone augments this interaction
(n = 6). (MV B-galactosidase plasmid was cotransfected with pG5luciferase reporter and pAct and GAL4 expression vectors that
carry LMO4 and PPARy constructs, as indicated. Transfection efficiency was first normalized to the 3-galactosidase activity and
luciferase activity of the pG5 reporter was expressed as a fold of the activity in the presence of GAL4-PPAR-y2 183505 vector
cotransfected with the empty Act vector. To be noted, PPAR-y2 shares identical sequences as PPARy1 but has an additional 30 aa
atthe N-terminal end as aresult of alternative splicing. D, Both LIM domains of LMO4 are required for PPAR yinteraction. Mutation
of either cysteine 23 in the first LIM domain or cysteine 87 in the second LIM domain to a serine residue interfered with LM04
interaction with PPAR+y. Transfection was performed asin C. Cells were treated with 10 wum rosiglitazone for 8 h before harvesting
for luciferase assay. Data are mean = SE (n = 6).

expression of LMO4 together with PPARy activated the PPREx3
luciferase reporter to the same extent as did the other LIM do-
main PPARYy cofactor Hic5. LMO4 mutant proteins that disrupt
each of the LIM domains (C23S, C87S) and disrupt PPARYy in-
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Figure 4. LMO04 augments PPAR-y DNA binding. A, Electrophoretic mobility shift assay using nuclear extracts from F11 cells
transfected with PPAR-y alone (lanes 3—7) or together with LMO4 (lanes 9—15). Rosiglitazone increases PPAR-y DNA binding
(compare lanes 4, 3). Overexpression of LMO4 augments PPARy DNA binding (lane 9), even without rosiglitazone. Antibodies to
PPAR-y (lanes 6, 13) and LMO4 (lane 15) supershifted these proteins (SS). B, Western blot analysis revealed the levels of PPARy
and LMO4 in nuclear protein extracts used in A. Lanes 1,2, and 3 in B correspond to lanes 2and 8, 3-7,and 9—15in 4, respectively.
C, Mammalian two-hybrid assay shows LMO4 overexpression enhances PPAR-y2 interaction with RXRc, even without rosiglita-
zone (n = 6). (MV 3-galactosidase plasmid was cotransfected with pG5luciferase reporter and pAct and GAL4 expression vectors
that carry RXRa and PPARy (PPAR-y 2 183-505) constructs, as indicated. Transfection efficiency was first normalized to the
B-galactosidase activity and luciferase activity of the pG5 reporter was expressed as a fold of the activity in the presence of
GAL4-PPARy vector cotransfected with the empty pAct vector under vehicle-treated conditions. D, LMO4 augments PPARy/
RXReinteraction ata PPAR-y-responsive promoter in amanner thatisindependent of rosiglitazone (n = 6). CMV 3-galactosidase
plasmid was cotransfected with PPREX3 luciferase reporter and cDNA3 expression vectors that carry RRce and PPAR-y (PPARy 2
183-505) constructs, as indicated. Transfection efficiency was first normalized to the 3-galactosidase activity and luciferase
activity of the PPREX3 reporter was expressed as a fold of the activity in the presence of PPAR-y expression vector cotransfected
with the empty ¢DNA3 vector under vehicle-treated conditions. Data presented are mean = SE. E, Electrophoretic mobility shift
assay using nuclear extracts from brain of P11 CaMKIlceCre/LMO4loxP or littermate control LMO4 loxP mice. Rosiglitazone in-
creases PPARy DNA binding in LMO4loxP but not in CaMKIl ceCre/LMO4loxP mice (compare lanes 2, 3, and 5, 6). The specificity of
PPAR-y-binding activity was confirmed by supershift with PPAR+y antibody (SS, lane 3) and by competition of binding with
unlabeled PPRE oligonucleotides (lanes 7, 8).

teraction also abrogated the effect of LMO4 coactivation, sug-
gesting that both LIM domains of LMO4 are required for
PPARvy-dependent gene activation in F11 cells.

The response of the PPREx3 luciferase reporter was also mea-
sured in primary cortical neuron cultures. Rosiglitazone acti-
vated the PPREx3 luciferase reporter in wild-type but not in
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LMO4-null cortical neurons (Fig. 2B).
These results also show that endogenous
Hic5 is not sufficient to compensate for the
absence of LMO4 and that LMO4 is re-
quired to activate a PPAR<y-responsive
promoter in neurons.

LMO4 interacts with PPARy

Using whole-cell extracts from cultured
F11 neuronal cells transfected with LMO4
and Flag-epitope tagged PPARvy expres-
sion vectors, coimmunoprecipitation with
a Flag-antibody showed that LMO4 phys-
ically interacts with PPARYy (Fig. 3A, lane
2). Moreover, treating F11 cells with the
PPAR'y agonist rosiglitazone increased the
amount of LMO4 immunoprecipitated
with PPARvy (Fig. 3A, lane 3). Similarly,
Flag-epitope tagged PPAR7y could be im-
munoprecipitated with endogenous and
overexpressed mycLMO4 using a peptide-
specific rabbit LMO4 antibody (Fig. 3B,
lanes 3, 4).

Mammalian two-hybrid assays using
various truncations and deletions of
PPARY further characterized the interac-
tion of LMO4 with PPARYy (Fig. 3C). De-
letion of amino acids 201-232 of PPARYy1
that contain the hinge helixl region
(amino acids 206-224) prevented LMO4
binding. However, amino acids 201-232 at
the hinge region of PPARYy alone were not
sufficient to interact with LMO4. Disrup-
tion of the zinc fingers in the first LIM do-
main (C23S) or in the second LIM domain
(C87S) interfered with LMO4 interaction
with PPARYy (Fig. 3D). Thus, both LIM
domains are required for functional
interaction.

Consistent with our coimmunopre-
cipitation result, rosiglitazone increased
LMO4 interaction with PPARY. Studies of
the crystal structure of PPARYy indicate
that ligand binding leads to conforma-
tional changes in PPARy to recruit coacti-
vators (Nolte et al., 1998). A mutation of
PPARYy (E499Q) in the ligand binding do-
main that retains its ability to bind to
PPARY ligand but fails to recruit tran-
scription cofactors (Hauser et al., 2000)
did not interact with LMO4 in the two-
hybrid assay. Thus, a ligand-dependent
conformational change may recruit LMO4
to PPARYy and failure to recruit LMO4
would impair PPARy-dependent gene
activation.

LMO4 augments PPARy DNA binding

To test how LMO4 affects PPARy DNA binding, F11 neuronal
cells were transiently transfected with Flag-tagged PPARy alone
or together with LMO4 expression plasmids. Nuclear extracts
prepared from transfected cells were used in gel mobility shift
assays using an oligonucleotide containing the PPARy consensus
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pressed Flag-PPARy were detected in the
nuclear extracts of F11 cells with and with-
out LMO4 overexpression (Fig. 4 B, com-
pare lanes 2, 3), indicating that increased
DNA binding by PPARYy likely results
from its interaction with LMO4. Super-
shift was observed with both anti-PPARYy
and anti-LMO4 antibodies, demonstrat-
ing the presence of LMO4 in the PPARYy/
DNA complex (Fig. 4 A, lanes 6, 13, 15).
Dimerization of RXRa with PPARyin-
creases PPARYy binding to the DRI con-
sensus sequence (Okuno et al., 2001), an
essential step to activate PPARvy-
dependent gene expression. We did not 100
observe a direct interaction between
LMO4 and RXRa in a two-hybrid assay
(data not shown). However, overexpres-
sion of LMO4 increased the interaction
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conditions and no additional increase in

LMO4-GFP 0

GFP

(g}

80

o

OVehicle
ERosi

-
=
(=]

0 Vehicle
m Rosi

ns
80 -
p<0.05
—_— 60 -
40 -
’—1 20 _
| 0 - T T -

p<0.05

% of GFP+ live neurons

interaction was observed when F11 cells

ns
60
40
20
0 g

GFP LMO4-GFP

% of GFP+ live neurons

GFP LMO4-GFP GFP LMO4-GFP GFP LMO4-GFP

were treated with rosiglitazone (Fig. 4C).
Similarly, addition of LMO4 further acti-
vated the PPREx3 promoter when co-
transfected with RXRa and PPARY, but
this effect was not further increased by ad-
dition of rosiglitazone (Fig. 4 D). Together,
these results suggest that LMO4 can in-
crease the sensitivity of PPARY signaling
by modulating recruitment of RXRa and
DNA binding of PPARY.

WT

Figure5.

KO WT KO

PPARy rescues wild-type but not LMO4-null cortical neurons from ischemia-like injury. A, Compared with wild type,
LMO4-null cortical neurons were more sensitive to 3 h of 100 .um NMDA (a) and 6 h of 0GD (c) ( p << 0.05), but were equally
sensitive to 3h of 1 umKCN-induced cell death (b; not significant). The protective effect of rosiglitazone (10 um) added at the time
of reperfusion was blocked by previous exposure of neurons to the PPAR+y antagonist GW9662 (5 ). Survival of cultured
embryonic cortical neurons was measured by the LDH assay. Data presented are mean = SE (n = 8). B, Expression of LMO4 in
LMO4-null cortical neurons restores the protective effect of PPAR-y. Cortical neurons were cultured for 2 d and transiently trans-
fected with a GFP-LMO4 expression construct or the empty GFP vector, treated with KCN for 3 h, and then with rosiglitazone for
16 h. Immunofluorescence detection of LMO4 in GFP-expressing cortical neurons showed that the nucleiin these cells were intact
(arrow) compared with untransfected neurons in which the nuclei were condensed and picnotic (arrowheads). Scale bar, 10 m.

€, GFP-positive (GFP ) neurons were counted based on nuclear integrity. D, As in €, except that the cells were subjected to 6 h of

PPARY requires LMO4 to protect
cultured cortical neurons from

ischemic injury

To evaluate the requirement of LMO4 in
PPARy-dependent neuroprotection, primary cortical neurons
from wild-type and LMO4-null (KO) mouse embryos were cul-
tured under conditions that mimic ischemic insult. As we re-
ported previously, cultured cortical neurons from LMO4-null
mouse embryos do not differ from those of wild-type mice in
terms of their viability under optimal culture conditions (Chen et
al., 2007b). In addition, we did not observe a different staining
pattern for the mitochondrial marker hsp60 in LMO4-null and
wild-type neurons (supplemental Fig. 1 D, available at www.jneu-
rosci.org as supplemental material), suggesting similar mito-
chondrial biogenesis (Martinez-Diez et al., 2006). However,
LMO4-null neurons were more sensitive to NMDA and OGD-
induced cell death than wild-type neurons (Fig. 54) ( p < 0.05),
whereas KCN was equally potent at killing wild-type and LMO4-
null neurons. Moreover, rosiglitazone rescued wild-type but not
LMO4-null cortical neurons from all three insults. The PPARYy

0GD and then treated with 10 wum rosiglitazone for 16 h (n = 3).

antagonist GW9662 blocked rosiglitazone-mediated protection
of wild-type neurons, demonstrating that this effect occurs
through PPARYy. Importantly, restoration of LMO4 expression in
cultured LMO4-null cortical neurons by transient transfection
with an LMO4-GFP expression vector restored the protective
effect of PPARY signaling after KCN treatment. In Figure 5B,
LMO4 "GFP " neurons show intact nuclei, whereas untrans-
fected or GFP * vector transfected neurons show picnotic dying
nuclei. The effect was quantified in Figure 5C. Similar results
were obtained after OGD (Fig. 5D). These results support the
notion that LMO4 is essential for PPARy signaling to rescue neu-
rons from ischemic injury.

LMO4 neuron-deficient mice are more susceptible to focal
brain ischemia

To test whether LMO4 protects from ischemic injury in vivo, we
generated transgenic mice with selective postnatal ablation of
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LMO4 in neurons of the forebrain (CaMKIIaCre/LMO4loxP).
Mice expressing Cre-recombinase under the neuron-specific
CaMKIla promoter (Casanova et al., 2001) were crossed with
LMO4loxP mice carrying loxP sites flanking the LMO4 gene
(Hahm et al., 2004) to ablate LMO4 in neurons of the forebrain
after the first postnatal week. Outwardly, CaMKIIaCre/
LMO4loxP mice appear normal. Immunohistochemical exami-
nation confirmed the expression of Cre-recombinase and the
correlated reduction of LMO4 expression (Fig. 6; supplemental
Figs. 2, 3, available at www.jneurosci.org as supplemental mate-
rial). However, cresyl violet staining of brain sections did not
reveal structural differences between CaMKIIaCre/LMO4loxP
and littermate control LMO4loxP mice (Fig. 6 M,N). Western

LMO4 staining

‘CamKilloCre/LMO4loxP

CaMKlloxCre/LMO4loxP mice show reduced levels of LMO4 in the brain. Correlation between the pattern of Cre
recombinase expression and reduced expression of LMO4 was revealed by immunohistochemistry using Cre (4-D) antibody in
7-week-old CaMKllxCre mice and LMO4 antibody in control LMO4loxP mice (E-H) or in CaMKIlceCre/LMO4loxP mice (/-L).
Enlarged boxed insets at the cortex and hippocampus are shown in B, F, J, and (, G, K, respectively. D, H, and L show similar
magpnification of the striatum. Cresyl violet staining of brain sections showed no overt difference between morphology of the
(aMKllaeCre/LMO4loxP (N) and littermate control LMO4loxP mice (M). 0, Western blot showed a 90% lower level of LMO4 in
CaMKlloxCre/LMO4loxP brain compared with littermate LMO4loxP mice. Scale bars: A, E, 1, 200 um; B-D, F-H, J-L, 20 um; M,
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blot analysis showed a 90% reduction in
the levels of LMO4 in the forebrain (Fig.
60).

LMO4loxP littermate control and
CaMKIIaCre/LMO4loxP mice were sub-
jected to 1 h of transient focal ischemia by
occluding the middle cerebral artery. Laser
Doppler flowmetry (Fig. 7B) revealed no
difference in blood flow before and after
MCAO that would suggest a functional
deficit. However, TTC staining revealed a
larger infarction in CaMKIIaCre/
LMO4loxP mice compared with littermate
controls 24 h after reperfusion (Fig. 7C).
After 72 h (D3 vehicle), the difference in
infarction volumes was still observed, but
did not reach significance ( p = 0.08). Im-
portantly, rosiglitazone administered im-
mediately after reperfusion and again 48 h
later significantly reduced infarction vol-
umes in control LMO4loxP mice, but not
in CaMKIIaCre/LMO4loxP mice. No sig-
nificant difference in measured physiolog-
ical parameters was detected before or af-
ter MCAO between LMO4loxP and
CaMKIIaCre/LMO4loxP mice (Table 1).
However, PPARY activity (protein—-DNA
binding) was significantly reduced in the
brain of CaMKIIaCre/LMO4loxP mice
compared with littermate  control
LMO4loxP mice (Fig. 4 E). Together, these
results suggest that loss of LMO4 in neu-
rons increases susceptibility to ischemic
injury and that LMO4 is essential for
PPARYy-dependent neuroprotection in
vivo.

CamKllaCre/
LMO4loxP

LMO4loxP

LMO4

actin ees———

Neuron-specific ablation of LMO4
impairs PPARy and PGCl«
upregulation after ischemia
CaMKIIaCre/LMO4loxP mice subjected
to MCAO show an impaired response to
rosiglitazone. This could be attributable to
the absence of LMO4 as an essential cofac-
tor of PPARY. In addition, reduced levels
of PPARYy and other cofactors could also
contribute to the impaired response. Ele-
vated levels of PPARy and PGCla were
detected by immunohistochemistry in
the cerebral cortex in the area near the in-
farction in LMO4loxP but not in CaMKIIaCre/LMO4loxP mice
(Fig. 8). This result was confirmed by Western blot analysis of
nuclear protein extracts prepared from brain tissue dissected near
the infarction (Fig. 81, lanes 2, 4; supplemental Fig. 4 A, available
at www.jneurosci.org as supplemental material).

1 2

LMO4 mediates PPARy-dependent SOD2 upregulation

in neurons

PPARY activates the expression of the antioxidant gene SOD2
that scavenges free radicals and reduces oxidative stress (Ding et
al., 2007). Western blot analysis showed that NMDA or OGD/
reperfusion increased the levels of SOD2 in wild-type but not in
LMO4-null cortical neurons (Fig. 9A). This was correlated with
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LMO4 neuron-deficient CaMKIl ceCre/LMO4loxP mice are more susceptible to focal ischemia. A, A representative tracing of the relative cortical blood flow (rCBF) as a percentage of

baseline, measured across the cranial window by laser Doppler flowmetry before, during, and after 1 h occlusion of the middle cerebral artery. B, No significant difference of rBCF between the control
LMO4loxP and CaMKIl czCre/LMO4loxP mice was seen either before or after MCAQ. All measurements of CBF were normalized to averaged baseline values for control LMO4loxP mice before MCAO.
Representative sections stained by TTCare shown in Cand infarction volumes are quantified in D after 24 h (D1; n = 8) or 72 h treated with vehicle (D3 veh; n = 5) or rosiglitazone (D3 Rosi; n =
6). The difference between littermate control LMO4loxP and CaMKIl ceCre/LMO4loxP infarct volume at D1is p << 0.01. Rosiglitazone treatment reduced infarct volume in control LMO4loxP ( p <
0.05) but not in CaMKIl cCre/LMO4loxP mice (ns, not significant). Data presented are mean == SE. Scale bar, 5 mm.

Table 1. Physiological parameters before and after MCAQ

CaMKIloeCre/
LMO4loxP LMO4loxP
Weight (g) 271 £1.70 282 £ 0.64
Systolic blood pressure (mmHg)“ 134.83 = 7.43 141.64 = 5.76
Diastolic blood pressure (mmHg)* 100.65 = 8.51 11033 £ 7.54

Heart rate (beats/min) before MCAQ?
Heart rate (beats/min) at reperfusion

606.89 = 27.43
470.00 = 20.13

619.20 = 17.59
446.67 = 13.74

pH before MCAO 7.37 = 0.07 7.41 = 0.06
pH at reperfusion 741 = 0.03 7.43 = 0.05
Pa0, (mmHg) before MCAO 124 =18 13219
Pa0, (mmHg) at reperfusion 126 = 22 120 = 16
PaC0, (mmHg) before MCAO N2+43 398 £3.2
PaC0, (mmHg) at reperfusion 40.5 £57 420 £ 48
Blood glucose before MCAO (mmol/L) 5.83 +0.32 6.27 = 0.49

Values are means = SD of six mice per group.
“Blood pressure and heart rate before MCAQ were measured in restrained conscious mice.

increased LMO4, PPARY, and PGCla levels (supplemental Fig.
4B, available at www.jneurosci.org as supplemental material).
Baseline levels of PGCla did not differ between LMO4 and wild-
type neurons. Surprisingly, under basal conditions, PPARy levels
were higher in LMO4-null than in wild-type cortical neurons
without higher baseline SOD2 expression, consistent with the
idea that LMO4 is required for PPARYy to activate the SOD2
promoter (Fig. 9B). In addition, impaired upregulation of
PPARvy and PGCla in LMO4-null neurons after ischemic stress
would also limit SOD2 upregulation (Fig. 9A).

The mouse SOD2 promoter responds to PPARYy through a
distal PPAR response element located between —985 and —935
(Dingetal., 2007). Rosiglitazone activated the long —985, but not

the short —935 SOD2 promoter in transiently transfected wild-
type cortical neurons. In LMO4-null cortical neurons, the —985
SOD2 promoter was no more active than the —935 SOD2 pro-
moter under basal conditions and was not activated by rosiglita-
zone (Fig. 9B). Thus, PPARYy requires LMO4 to elevate SOD2
levels in cortical neurons. Moreover, in situ measurement of ox-
ygen consumption revealed no difference between wild-type and
LMO4 cortical neurons in their bioenergetic response to NMDA
(data not shown), indicating that lack of SOD2 and PPARYy up-
regulation in LMO4-null neurons likely did not reflect a general-
ized reduction in functional viability, particularly in ATP-
generating capacity, of these neurons.

To determine whether the inability of LMO4-null cortical
neurons to be rescued from ischemic injury by PPARy agonist
reflects a defect in their PPAR'y signaling pathway and the up-
regulation of the antioxidant gene SOD2 and not because of some
other defect in these cells, we tested whether the SOD mimetic
compound MnTBAP, a cell-permeant manganese porphyrin
(Ding et al., 2007), could bypass defective PPARY signaling.
MnTBAP rescued LMO4-null cortical neurons from ischemic
injury, just as in wild-type neurons (Fig. 9C), suggesting that
there is no intrinsic difference in the apoptotic mechanisms in
wild-type and LMO4-null neurons. Most wild-type and LMO4-
null neurons (>70%) rescued by MnTBAP continue to survive at
least 3 d after NMDA treatment (Fig. 9D).

Discussion

There is currently considerable interest in determining whether
PPARY agonists administered to patients at risk can reduce the
incidence of stroke and/or can improve recovery from stroke
(Culman et al., 2007). The success or failure of this approach will
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Figure8.  CaMKIlCre/LMO4loxP mice fail to upregulate PPAR~y and PGC1cx expression after MCAQ. Immunohistochemistry
staining of PPARy (4-D) and PGCT«x (E-H) was compared at the periinfarct cortex 16 h after 1 h of transient MCAO in
CaMKIlaeCre/LMO4loxP mice and littermate control LMO4loxP mice. Ctl, Sham-operated control. Scale bar, 100 um. I, Western
blot analysis of PPAR-y, PGCT cr, and LMO4 expression in the nuclear subcellular fraction of brain extract from the periinfarct cortex
(MCAO) of MCAO treated or sham-operated (Ctl) mice. Shown are representative results of n = 3 per group. Quantified and
normalized protein levels are shown in supplemental Figure 44 (available at www.jneurosci.org as supplemental material).
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rosiglitazone rescued nearly 80% of wild-
type cortical neurons, an effect that was
completely blocked by the PPARy-specific
antagonist GW9662 (Fig. 5A). However,
LMO4-null cortical neurons were refractory
to the protective effect of rosiglitazone.

How is LMO4 required for PPARy-
signaling? We found that LMO4 binds to
PPARYy (Fig. 3) and promotes the interac-
tion between RXRa and PPARYy (Fig. 4C).
Dimerization of RXRa with PPARYy in-
creases PPARYy binding to the DRI con-
sensus sequence of target genes (Okuno et
al., 2001). When overexpressed in F11
neuronal cells, LMO4 augmented PPARYy
DNA binding to a DR1 oligonucleotide to
the same extent as can be achieved with
exogenous ligand (Fig. 4 A). Thus, a crucial
role of LMO4 may be to increase the sen-
sitivity of the PPARYy signaling pathway,
especially when there are limited amounts
of endogenous ligand. In addition, we
found that ischemic injury upregulated
the expression of PPARy and the coactiva-
tor PGCla and that this upregulation also
requires LMO4 (Figs. 8, 9). The PGCla
promoter is regulated by cAMP response
element-binding protein (CREB) (Herzig
etal.,, 2001) and LMO4 may participate in
CREB-dependent gene activation (Kas-
hani et al., 2006). Therefore, in addition to
a direct effect on PPARy function, LMO4
can have an indirect effect on signaling by
affecting the expression of PPARy recep-
tor and its cofactor PGCla.

Our results show that LMO4 binds to
PPARYy in a ligand-dependent manner.
Furthermore, we provide evidence that the
helix 1 hinge region of PPARYy contributes
to the PPARy-LMO4 interaction because
deletion of the hinge helix 1 region dis-
rupted LMO4 binding (Fig. 3C). The helix
1 of the hinge region of PPARyis known to
mediate protein—protein interaction with
ERK5 (Hauser et al., 2000; Akaike et al.,
2004) and protein kinase Ca (PKCa) (von
Knethen et al., 2007). However, unlike in
the case in which helix 1 is required and
sufficient for interaction with the kinase
ERKS5 (Hauser et al., 2000), it was not suf-
ficient to interact with PKCa (von
Knethen et al., 2007) or with LMO4 (this
study). Additional sequences in the AF2
ligand binding domain are also required
because interaction was disrupted by a
mutation at E499Q. Thus, a ligand-
induced conformational change of
PPARYy may be involved in the recruit-
ment of LMO4 to promote formation of

be affected by the levels of PPARYy and its necessary cofactors.  an active transcription complex.

Here, we identified the small LIM domain-only protein LMO4 as an The activity and stability of PPARYy is tightly regulated by
essential, hypoxia-induced cofactor of PPARYy that is required for  syntheticligandslike rosiglitazone. PPARyis rapidly degraded on
PPARYto rescue neurons from ischemic injury. The PPARyagonist ~ ligand binding (Hauser et al., 2000). Our observation of higher
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Figure 9.  LMO4 controls SOD2 expression. A, Western blot analysis reveals that SOD2 levels

are induced after 12 h in wild-type but not in LMO4-null cortical neurons in response to 3 h
exposure to 100 v NMDA or to 6 h of 0GD. Quantified and normalized protein levels are shown
in supplemental Figure 4 B (available at www.jneurosci.org as supplemental material). B, The
S0D2-985 promoter is activated by rosiglitazone in wild-type but not LMO4-null cortical neu-
rons. The SOD2-935 promoter lacks the PPAR-response element (Ding et al., 2007). CMV3-
galactosidase plasmid was cotransfected with SOD2 promoter luciferase reporters. Transfection
efficiency was normalized to the 3-galactosidase activity and corrected luciferase activity of the
SOD2 reporters was shown (n = 4). C, The SOD-mimetic agent MnTBAP (10 M) added at the
time of reperfusion rescues wild-type and LMO4-null cortical neurons from NMDA, KCN, and
0GD-induced cell death. Note: In these experiments, neurons were treated with 100 um NMDA
for4h (n = 4).D, Cell survival after 4 h of 100 pm NMDA treatment was compared 1,2,and 3 d
after treatment with 10 wm rosiglitazone or MnTBAP (n = 4). Data presented are mean == SE.
**p < 0.001; *p < 0.05.

levels of PPARy in LMO4-null cortical neurons under basal con-
ditions was intriguing (Fig. 9A). Although LMO4-null mice
might compensate for the lack of an essential cofactor by elevat-
ing PPARYy expression, these mice might also have less endoge-
nous PPARyligand (PGJ2) and PPARy would accumulate under
basal conditions. Circulating levels of endogenous PPARy ligand
(PGJ2) are elevated after atherothrombotic stroke in patients and
higher levels are correlated with a smaller infarction (Blanco et
al., 2005). NMDA and OGD-induced ischemic stress caused in-
creased levels of PPARy in wild-type neurons but aloss of PPARy
in LMO4-null cortical neurons. Thus, LMO4 may stabilize
PPARYy under stressful conditions that elevate endogenous
PPARY ligand levels.

Schock et al. @ LMO4 Is Required for PPAR+y Signaling

What are the downstream targets of LMO4/PPARy signaling
required to protect neurons from ischemic injury? In cardiac
myocytes, the SOD2 promoter is activated by a PPARvy-
responsive element located between —985 to —935 (Ding et al.,
2007). This element also mediated the PPARYy response in wild-
type but not LMO4-null cortical neurons (Fig. 9B). SOD2 is a
critical mitochondrial antioxidant enzyme that defends against
superoxide produced during ischemic insults. Increased SOD2
levels are correlated with increased neuronal tolerance to oxida-
tive stress (Silva et al., 2005). SOD2 expression can be induced by
NMDA in rat cortical neurons (Gonzalez-Zulueta et al., 1998).

NMDA and OGD both upregulated SOD2 levels in wild-type
but not LMO4-null cortical neurons (Fig. 9A, compare lanes 2, 3,
and 5, 6). Higher levels of SOD2 after OGD were correlated with
higher survival of wild-type compared with LMO4-null cortical
neurons (Fig. 9C). Consistent with this result, the mitochondrial
superoxide indicator MitoSOX Red showed higher levels of su-
peroxide in mitochondria of LMO4-null than in wild-type corti-
cal neurons after OGD (supplemental Fig. 5, available at www.
jneurosci.org as supplemental material). Similarly, elevated
SOD2 levels (Fig. 9A) were also associated with improved sur-
vival after 3 h of NMDA treatment (Fig. 5A), but not with 4 h
NMDA treatment (Fig. 9C,D), suggesting that SOD2 is not suffi-
cient to rescue cortical neurons from prolonged NMDA insult. In
our hands, NMDA treatment was more toxic to cortical neurons
than OGD/reperfusion and upregulation of SOD2 in mitochon-
dria may not be sufficient to curtail NMDA excitotoxicity.

Whereas SOD2 is a mitochondrial antioxidant, membrane-
permeable MnTBAP can scavenge free radicals both inside and
outside the mitochondria. MnTBAP increased survival of both
wild-type as well as LMO4-null cortical neurons from NMDA
and OGD treatment, indicating that elevated reactive oxygen spe-
cies contribute to cell death induced by both insults. It is worth
noting that the initial effect of PPARYy signaling on promoting
wild-type neuron survival (nearly 80%) is greater than the effect
of MnTBAP (up to 60%) (Fig. 9D), suggesting that PPARYy sig-
naling activates additional prosurvival mechanisms. For exam-
ple, PPARY signaling in neurons may also prevent inappropriate
cell cycle reentry and apoptosis triggered during ischemic injury
by restoring the levels of p27(Kip1), a cyclin-dependent kinase
inhibitor that blocks cell cycle reentry (Zang et al., 2006).

It remains unclear how elevated LMO4 and PPARYy expres-
sion after NMDA or OGD is sufficient to activate SOD2 expres-
sion in wild-type neurons even without the addition of exoge-
nous PPARvy ligand (Fig. 9A, lanes 2, 3). Neurons express
prostaglandin D synthetase to produce their own endogenous
PPARY ligand (Mong et al., 2003). It is possible that ischemic
insult elevates levels of endogenous PPARyligand in our cultured
cortical neurons as occurs in patients with atherothrombotic
stroke (Blanco et al., 2005) and accounts for elevated SOD2
expression.

Both PPARYy and LMO4 are highly expressed in embryonic
neurons but are downregulated in adult neurons (Hermanson et
al., 1999; Wadaetal., 2006). Simultaneous upregulation of LMO4
with PPARY in neurons after ischemia might be an important
self-defense mechanism to survive ischemic injury. Brain isch-
emia triggers release of ATP into the extracellular space (Gourine
etal., 2005). Our previous studies showed that elevated extracel-
lular ATP prevents degradation of the labile LMO4 mRNA and
augments LMO4 protein levels in neurons (Chen et al., 2007a,b).
Whether similar mechanisms are responsible for increased
PPAR‘y expression in neurons after ischemia remains to be deter-
mined. The increased levels of LMO4 after ischemia could be
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critical to limit ischemic damage after stroke. Polymorphisms in
the promoter (Buckland et al., 2004) and 3’-untranslated region
of LMO4 have been described in the single-nucleotide polymor-
phism database. Whether these polymorphisms account for ge-
netic variability in LMO4 expression, the susceptibility to stroke
injury, and influence the efficacy of PPARy agonist therapy
awaits additional study.
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