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Neuroprotective Role of a Proline-Rich Akt Substrate in
Apoptotic Neuronal Cell Death after Stroke: Relationships
with Nerve Growth Factor
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The Akt signaling pathway contributes to regulation of apoptosis after a variety of cell death stimuli. A novel proline-rich Akt substrate
(PRAS) was recently detected and found to be involved in apoptosis. In our study, Akt activation was modulated by growth factors, and
treatment with nerve growth factor (NGF) reduced apoptotic cell death after ischemic injury. However, the role of the PRAS pathway in
apoptotic neuronal cell death after ischemia remains unknown. Phosphorylated PRAS (pPRAS) and the binding of pPRAS/phosphory-
lated Akt (pPRAS/pAkt) to 14-3-3 (pPRAS/14-3-3) were detected, and their expression transiently decreased in mouse brains after
transient focal cerebral ischemia (tFCI). Liposome-mediated pPRAS cDNA transfection induced overexpression of pPRAS, promoted
pPRAS/14-3-3, and inhibited apoptotic neuronal cell death after tFCIL. The expression of pPRAS, pPRAS/pAkt, and pPRAS/14-3-3 in-
creased in NGF-treated mice but decreased with inhibition of phosphatidylinositol-3 kinase and the NGF receptor after tFCI. These results
suggest that PRAS phosphorylation and its interaction with pAkt and 14-3-3 might play an important role in neuroprotection mediated

by NGF in apoptotic neuronal cell death after tFCI.
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Introduction

Cell survival pathways are the focus for clarifying the apoptotic
neuronal cell death machinery. Serine-threonine kinases, such as
Akt/protein kinase B, are key regulators of neuronal cell death
and survival after cerebral ischemia (Noshita et al., 2003). Akt
functions as a major downstream target of phosphatidylinositol
3-kinase (PI3-K), and after phosphorylation, it phosphorylates
some substrates on the serine or threonine residues, including
glycogen synthase kinase-3, Caenorhabditis elegans DAF-16 tran-
scription factor, Bad, phosphodiesterase 3B, a Rab GTPase-
activating protein, ATP-citrate lyase, and the tuberous sclerosis
complex 2 tumor suppressor gene product tuberin (Lizcano etal.,
2000; Berwick et al., 2002; Cantley, 2002; Kane et al., 2002; Man-
ning et al., 2002; McManus and Alessi, 2002). A novel proline-
rich Akt substrate (PRAS) has been identified and found to be
phosphorylated by activated Akt on the same site that was phos-
phorylated in insulin-treated cells. PRAS phosphorylation led to
its binding to 14-3-3 in vitro (Kovacina et al., 2003). However, the
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PRAS signaling pathway is unknown in other apoptotic cell death
models.

Gene transfer is a means of introducing neurotrophins into
the CNS (Karpati et al., 1996; Zou et al., 1999). Cationic lipo-
somes are suitable candidates for gene transfection because of
their nonimmunogenicity, nontoxicity, and relative biological
safety compared with viral gene transfection (Dokka et al., 2000).
They condense DNA and introduce it into cells, even in postmi-
totic, nondividing cells, including neurons by membrane fusion
and endocytosis (Zou et al., 1999; Cao et al., 2002). Recent ad-
vances in the development of more efficient liposome formula-
tions have raised the possibility that liposome-mediated neuro-
protective gene transfection may prove useful for treating in vivo
CNS injury (Yang et al., 1997; Zou et al., 1999; Cao et al., 2002).
N,N,N-Trimethyl-2-3-bis ((1-0x0-9-octa-decenyl)oxy)-(Z,Z)-
1-propanaminium methyl sulfate, C,;Hg;NOS CH;SO,
(DOTAP) liposomes have been used as a gene delivery system in
a number of in vivo applications (McLachlan et al., 1995; Porte-
ous et al., 1997; Cao et al., 2002). In the present study, the trans-
gene phosphorylated PRAS (pPRAS) complexed with DOTAP
liposomes was delivered into neuronal cells by means of a single
intrathecal injection.

The PI3-K pathway is involved in nerve growth factor (NGF)-
dependent neuronal survival (Crowder and Freeman, 1998).
NGF and its tyrosine kinase receptor trkA are induced after in
vivo cerebral ischemia. NGF administration ameliorates apopto-
tic cell death after cerebral ischemia (Buchan et al., 1990; Shigeno
etal., 1991; Yamamoto et al., 1992; Lee et al., 1998); however, the
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cell survival machinery mediated by NGF after ischemic injury in
vivo remains unclear. The present study was designed to clarify
the role of the novel Akt substrate PRAS in the apoptotic machin-
ery mediated by NGF administration after transient focal cerebral
ischemia (tFCI).

Materials and Methods

Focal cerebral ischemia. Adult male mice (3 months old, 35-40 gm) were
subjected to tFCI by intraluminal middle cerebral artery (MCA) block-
ade with a nylon suture as described previously (Yang et al., 1994). The
mice were anesthetized with 1.5% isoflurane in 30% oxygen and 70%
nitrous oxide using a face mask. The rectal temperature was controlled at
37°C with a homeothermic blanket. Cannulation of a femoral artery
allowed the monitoring of blood pressure and arterial blood gases, with
samples for analysis taken immediately after cannulation, 10 min after
occlusion, and 10 min after reperfusion. Blood gas was analyzed with a
pH-blood gas analyzer (Chiron Diagnostics, Ltd., Essex, UK). After a
midline skin incision, the left external carotid artery was exposed, and its
branches were electrocoagulated. An 11 mm 5-0 surgical monofilament
nylon suture, blunted at the end, was introduced into the left internal
carotid artery through the external carotid artery stump. After 60 min of
MCA occlusion, blood flow was restored by withdrawal of the nylon
suture.

PPRAS cloning and generation of an expression construct. An expressed
sequence tag containing the entire coding region of human cDNA (Gen-
Bank accession number BC007416, IMAGE clone number 2988648) was
purchased (Incyte Genomics, Wilmington, DE), amplified via PCR with
the addition of a BamHI site (5’) and an EcoRI site (3"), and subcloned
into the pcDNA3.1(+) vector (Invitrogen, Carlsbad, CA) containing
either an N-terminal Myc tag or a C-terminal hemagglutinin tag for
mammalian cell expression. The pPRAS plasmid was grown overnight,
and DNA was extracted using a Qiagen (Valencia, CA) kit.

Liposome-mediated Myc-tagged pPRAS cDNA transfection. We used the
Myc-tagged plasmid of pPRAS, which was generated by Dr. Richard A.
Roth (Stanford University School of Medicine), for liposomal gene trans-
fection (Kovacina et al., 2003). We used the cationic liposome prepara-
tion DOTAP (Roche Diagnostics, Mannheim, Germany) for intraven-
tricular cDNA transfection (Porteous et al., 1997; Dokka et al., 2000; Cao
etal,, 2002). Both the DOTAP liposome and the plasmid or control DNA
were allowed to complex at room temperature for 15 min before the
injection (Cao etal., 2002). On the basis of previous studies of liposome-
mediated intraventricular gene transfection, we initially used four differ-
ent ratios of pPRAS cDNA to DOTAP liposomes [1:2, 1:4, 1:8, and 1:16,
c¢DNA (micrograms) to liposome (microliters)] for the transfection (Zou
et al., 1999; Cao et al., 2002). After the formation of cDNA-liposome
complexes, we stereotactically injected these complexes (4 ul, bregma;
1.0 mm lateral, 0.2 mm posterior, 3.1 mm deep) after withdrawal of 2 ul
of CSF using a 10 ul Hamilton (Reno, NV) microsyringe. After 0, 12, 24,
and 48 hr of incubation, the brains were removed, and Myc expression
was immunohistochemically traced for evaluation of gene transfection.

Drug treatment. We administered a PI3-K inhibitor, 2-(4-
morpholinyl)-8-phenyl-4H-1-benzopyran-4-one  (LY294002), after
tFCI to examine the role of PRAS in the PI3-K signaling pathway.
LY294002 was purchased from Cell Signaling Technology (Beverly, MA)
and dissolved in dimethylsulfoxide and PBS (LY294002, 50 nmol in 25%
dimethylsulfoxide in PBS; vehicle, 25% dimethylsulfoxide in PBS) as
described previously (Noshita et al., 2001). To clarify the role of PRAS in
NGF-mediated neuroprotection, we administered NGF and the tyrosine
kinase receptor inhibitor K-252a after tFCI. NGF was purchased from
Harlan Bioproducts for Science (Madison, WI), and K-252a was pur-
chased from Calbiochem (La Jolla, CA). NGF was dissolved in PBS to
prepare 0.5 ug/ul as described previously (Kent et al., 1999). K-252a was
dissolved in 1 um PBS as described previously (Guilhem et al., 1996). We
injected PBS as the vehicle for both NGF and K-252a. The scalp was
incised on the midline, and the skull was exposed. These drugs and the
vehicle were injected intracerebroventricularly (2 ul, bregma; 1.0 mm
lateral, 0.2 mm posterior, 3.1 mm deep). All drugs and the vehicle were
injected 1 hr before MCA occlusion.
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Immunohistochemistry. Anesthetized animals, as well as normal con-
trols (n = 4 each), were perfused with 10 U/ml heparin and subsequently
with 4% paraformaldehyde in 0.1 M PBS, pH 7.4, at 1, 2, 4, 8, and 24 hr of
reperfusion. The brains were removed, postfixed for 12 hr, sectioned at
50 wm on a vibratome, and processed for immunohistochemistry. The
sections were incubated with blocking solution and reacted with anti-
pPRAS antibody (BioSource International, Hopkinton, MA) at a dilu-
tion of 1:400 or anti-Myc antibody (Covance Inc., Berkeley, CA) at a
dilution of 1:400. Immunohistochemistry was performed using the avi-
din—biotin technique, and then the nuclei were counterstained with
methyl green solution for 2 min. Alternate slices from each brain section
were stained with cresyl violet for histological assessment.

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick
end-labeling staining. To clarify the spatial distribution of DNA fragmen-
tation, we performed terminal deoxynucleotidyl transferase-mediated
biotinylated UTP nick end labeling (TUNEL). The sections fixed by 4%
paraformaldehyde were prepared as described above and were incubated
with NeuroPore (Trevigen, Gaithersburg, MD) for 30 min. They were
placed in 1X terminal deoxynucleotidyl transferase (TdT) buffer (In-
vitrogen) for 30 min, followed by reaction with a TdT enzyme (Invitro-
gen) and biotinylated 16-dUTP (Roche Diagnostics) at 37°C for 90 min.
The sections were washed two times in saline-sodium citrate (150 mmol/l
sodium chloride and 15 mmol/l sodium citrate, pH 7.4) for 15 min,
followed by washing in PBS two times for 15 min. The avidin—biotin
technique was applied, and then the nuclei were counterstained with
methyl green solution for 2 min.

Immunofluorescent double-labeling staining. To evaluate colocalization
of pPRAS and neuron-specific nuclear protein (NeuN) and activated
caspase-3, we performed double immunofluorescent staining for these
proteins. The sections fixed by 4% paraformaldehyde were immuno-
stained with anti-pPRAS antibody (BioSource International) or anti-
Myc antibody (Covance), with biotinylated goat anti-rabbit IgG (Vector
Laboratories, Burlingame, CA) followed by fluorescein—avidin DCS (a
cell sorter grade of fluorescein avidin D) (Vector Laboratories). The sec-
tions were then incubated with a blocking solution and reacted with
anti-NeuN antibody (Chemicon, Temecula, CA) or the anticleaved
caspase-3 antibody (Cell Signaling Technology), followed by Texas Red-
conjugated donkey anti-mouse IgG antibody (Jackson ImmunoRe-
search, West Grove, PA) at a dilution of 1:400. The sections were placed
on slides, which were then covered with Vectashield mounting medium
with 4’,6-diamidino-2-phenylindole (DAPI; Vector Laboratories). Flu-
orescence of fluorescein was observed at excitation (Ex) of 495 nm and
emission (Em) of >515 nm, and fluorescence of Texas Red was observed
at Ex of 510 nm and Em of >580 nm. Fluorescence of DAPI was observed
at Ex of 360 nm and Em of >460 nm.

Immunofluorescent double labeling with pPRAS immunohistochemistry
and TUNEL. We performed double staining for pPRAS and TUNEL
using a fluorescent method to clarify the spatial relationship between
pPRAS expression and DNA fragmentation. The sections fixed by 4%
paraformaldehyde were immunostained with the pPRAS antibody as
described above, with biotinylated goat anti-rabbit IgG (Vector Labora-
tories) followed by fluorescein—avidin DCS (Vector Laboratories). Then
the sections were incubated with NeuroPore (Trevigen) for 30 min and
placed in 1X TdT buffer (Invitrogen) for 30 min, followed by reaction
with a TdT enzyme (Invitrogen) and biotinylated 16-dUTP (Roche Di-
agnostics) at 37°C for 90 min. The sections were washed two times in
saline-sodium citrate (150 mmol/l sodium chloride and 15 mmol/l so-
dium citrate, pH 7.4) for 15 min, followed by washing in PBS two times
for 15 min. Texas Red—avidin DCS (Vector Laboratories) was applied to
the sections for 30 min. Subsequently, the slides were covered with
Vectashield mounting medium with DAPI (Vector Laboratories). Fluo-
rescence was assessed as described previously.

Western blot analysis. Protein extraction of the cytosolic fraction was
performed as described previously with some modification (Fujimura et
al., 1999). Samples were obtained from the MCA territory brain tissue on
the ischemic sides and from nonischemic controls (n = 4 each). Fresh
brain tissue was removed after 1, 2, 4, 8, and 24 hr (n = 4 each) of
reperfusion and homogenized by gently douncing 35 times in a glass
tissue grinder (Wheaton, Millville, NJ) in 7 volumes of cold suspension
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buffer [in mm: 20 HEPES-KOH, pH 7.5, 250 sucrose, 10 KCI, 1.5 MgCL,,
1 EDTA, and 1 EGTA plus 0.7% protease and phosphatase inhibitor
mixtures (Sigma, St. Louis, MO)]. The homogenate was centrifuged at
750 X g for 10 min at 4°C and then at 8000 X g for 20 min at 4°C. The
8000 X g pellets were used to obtain the mitochondrial fraction. The
supernatant was further centrifuged at 100,000 X g for 60 min at 4°C.
This supernatant was used for the cytosolic analysis. After adding the
same volume of Tris-glycine SDS sample buffer (Invitrogen) to the su-
pernatant, we loaded equal amounts of the samples per lane. The primary
antibodies were 1:2000 dilution of rabbit polyclonal antibody against
pPRAS (BioSource International), 1:1000 dilution of rabbit polyclonal
antibody against Akt (Cell Signaling Technology), 1:800 dilution of rab-
bit polyclonal antibody against phosphorylated Akt (pAkt; Cell Signaling
Technology), 1:1000 dilution of mouse polyclonal antibody against 14-
3-3 (Cell Signaling Technology), and 1:10000 dilution of anti-B-actin
monoclonal antibody (Sigma). Western blots were performed with
horseradish peroxidase-conjugated anti-rabbit IgG (Cell Signaling Tech-
nology) or anti-mouse IgG (Chemicon) using enhanced chemilumines-
cence Western blot detection reagents (Amersham Biosciences, Bucking-
hamshire, UK). The film was scanned with a GS-700 imaging
densitometer (Bio-Rad, Hercules, CA), and the results were quantified
using Multi-Analyst software (Bio-Rad).

Coimmunoprecipitation. Protein extraction of both the cytosolic and
mitochondrial fractions was performed as described previously with
some modification (Fujimura et al., 1999). The procedure for precipita-
tion was performed as described previously (Saito et al., 2003). Samples
were obtained from the MCA territory brain tissue on the ischemic side
and from nonischemic controls (n = 4 each). Fresh brain tissue was
removed after 1, 2, 4, 8, and 24 hr (n = 4 each) of reperfusion and was
prepared for collection of the cytosolic and mitochondrial fractions in
the same manner as for Western blotting. Protein concentrations were
determined by the Bradford method (Bio-Rad). Three hundred micro-
grams of protein from the cytosolic fraction were used for coimmuno-
precipitation. Whole-brain extract was included as a positive control.
The protein sample was incubated with a 50% slurry of protein
G-Sepharose (Amersham Biosciences, Uppsala, Sweden) for 1 hr at 4°C,
and this mixed sample was centrifuged at 12,000 X g for 1 min. The
supernatant was incubated with 2 ug of polyclonal mouse anti-14-3-3
antibody (Cell Signaling Technology) and 15 ul of protein G-Sepharose
(50% slurry) for 1 hr at 4°C. The negative control was prepared with
protein G-Sepharose without an antibody. The 14,000 X g pellets were
washed three times and used as the samples bound to each antibody.
After adding the same volume of Tris-glycine SDS sample buffer (In-
vitrogen) to the samples, we boiled these samples to remove the Sepha-
rose beads. After centrifugation at 14,000 X g for 1 min, the supernatant
was immunoblotted with a 1:600 dilution of anti-Bad antibody (Cell
Signaling Technology) or a 1:600 dilution of the anti-pPRAS antibody
(BioSource International) as described for the Western blot method.

Cell death assay. For quantification of apoptosis-related DNA frag-
mentation, we used a commercial enzyme immunoassay to determine
cytoplasmic histone-associated DNA fragments (Roche Diagnostics),
which detect apoptotic but not necrotic cell death (Bonfoco et al., 1995).
Samples were obtained from the entire MCA territory on the ischemic
side and from nonischemic controls (n = 4 each). Fresh brain tissue was
cut into pieces after 1, 2, 4, 8, and 24 hr of reperfusion and homogenized
with a Teflon homogenizer in 5 volumes of ice-cold buffer (50 mm
KH,PO, and 0.1 mm EDTA, pH 7.8) and spun for 10 min at 750 X g. The
supernatant was collected and spun for 20 min at 10,000 X g and was
centrifuged further at 100,000 X g for 60 min at 4°C. The resulting
supernatant was collected, and the protein concentration was deter-
mined. A cytosolic volume containing 20 ug of protein was used for the
ELISA, following the manufacturer’s protocol.

Caspase-3 activity assay. For quantification of caspase-3 activation, we
used a commercial enzyme immunoassay (Chemicon) to specifically de-
termine by active caspase-3, the cleaved bioluminescent substrate con-
taining the cleavage site DEVD (Gill et al., 2002). The cytosolic samples
were prepared as described for the Western blot method (n = 4 each).
Cytosolic samples (20 ug of protein) were used for the ELISA, following
the manufacturer’s protocol.
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Quantification and statistical analysis. The data are expressed as
mean = SD. Comparisons among multiple groups were performed with
a one-way ANOVA with appropriate post hoc tests (SigmaStat software;
Jandel Corp., San Rafael, CA). Comparisons between two groups were
achieved with Student’s ¢ test. Significance was accepted at p < 0.05.

Results

Physiological data and cerebral infarction

Physiological data demonstrated no significant differences in
body temperature, mean arterial blood pressure, or arterial blood
gas analysis between the groups. The preischemic physiological
values were as follows (in mmHg): 36.4 = 0.3°C body tempera-
ture, 83 = 3.1 mmHg mean arterial blood pressure, 7.3 = 0.1 pH,
164.9 = 19 mmHg Pag, and 30 = 10 mmHg Pac, (values are
mean *+ SD; n = 4). There was no deviation from these values
over the period of assessment. An ischemic lesion of the core of
the caudate putamen was visible as a pale, slightly stained area in
the ischemic hemisphere as early as 1 hr after reperfusion and
extended to the entire MCA territory at 4 hr by cresyl violet
staining (data not shown). The time-dependent increase in in-
farction in the mouse brains with the intraluminal suture block-
ade is consistent with previous reports that used the same FCI
model in mice (Yang et al., 1994).

Specificity of anti-pPRAS and transient decrease in neuronal
PPRAS expression after tFCI

To examine the phosphospecificity of the reaction of the anti-
pPRAS antibody, we observed this reaction with the pPRAS pep-
tide or anon-pPRAS peptide (BioSource International). Western
blot analysis demonstrated that a single band of 40 kDa was
shown in the lane of the phospho-specific PRAS peptide but not
in that of the non-pPRAS peptide (n = 3; Fig. 1A). We confirmed
that pPRAS expression occurred in the cytosolic samples of
mouse brains and was observed as a 40 kDa band (n = 3; Fig. 1 A).
Double immunofluorescent staining for pPRAS and NeuN dem-
onstrated that pPRAS protein expression colocalized with neu-
rons in the ischemic cortex 24 hr after reperfusion (n = 4; Fig.
1B). pPRAS was transiently reduced at 2 hr and began to recover
to the control level 4 hr after tFCI (n = 4; p < 0.05; Fig. 1C). These
results suggest that pPRAS was in neurons after tFCI and that
PPRAS expression was transiently reduced during the early pe-
riod of reperfusion injury.

Direct binding of pPRAS to phosphorylated Akt and the
14-3-3 protein after tFCI

The 14-3-3 protein is known as an anchor protein for some Akt
substrates in inactivated states. In our model, pAkt transiently
increased 2 and 4 hr after tFCI, and 14-3-3 expression was not
different among any of the time points after tFCI (Noshita et al.,
2001; Saito et al., 2003). 14-3-3 protein-immunopositive cells
were seen in neurons of the cortex and the caudate putamen in
both the nonischemic and ischemic hemispheres (data not
shown). Coimmunoprecipitation showed the direct binding of
pPRAS to pAkt (pPRAS/pAkt) and to 14-3-3 (pPRAS/14-3-3)
after tFCI (n = 4; Fig. 2A,B). Interestingly, expression of both
pPRAS/pAkt and pPRAS/14-3-3 was transiently reduced 2 hr af-
ter reperfusion (n = 4; p < 0.05; Fig. 2 A, B). These results suggest
that both pPRAS expression and pPRAS/14-3-3 were transiently
reduced during the early period of reperfusion injury. In an in
vitro study, phosphorylation of PRAS and formation of the
pPRAS/14-3-3 complex required a direct reaction with pAkt (Ko-
vacina et al., 2003). Our results did not conflict with these previ-
ous findings.
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Figure1. A, Western blot analysis demonstrates that the anti-pPRAS antibody reacted with

the phospho-specific PRAS peptide, and it showed a single band of 40 kDa (n = 3; pPRAS, left
lane). No band was shown in the lane of the nonphosphorylated PRAS peptide (n = 3; PRAS,
middle lane). The single 40 kDa band was observed in the cytosolic samples of the mouse brains
(n = 3; mouse brain cytosolic sample, right lane). B, Representative photomicrographs show
double immunofluorescent staining for pPRAS and NeuN 24 hr after tFCl. Expression of pPRAS
(green, left panel) was observed in the ischemic cortical penumbra. NeuN immunoreactivity
(red, middle panel) showed the distribution of neurons in the same view. An overlapped image
of pPRAS and NeuN immunoreactivity (yellow, right panel) demonstrated that pPRAS expres-
sion colocalized with neurons in the same view. Scale bar, 20 um. C, pPRAS (40 kDa, antibody
pPRAS) was expressed constitutively in the sham-operated brains (sham, top) and showed a
significant transient decrease after ischemia by Western blot analysis (2 hr; n = 4;*p << 00.05;
top). The results of the B-actin analysis are shown as an internal control (bottom). 0D, Optical
density.

PI3-K inhibition reduced pPRAS and pPRAS/14-3-3
expression after tFCI

Western blot analysis revealed that expression of pPRAS, pPRAS/
pAkt, and pPRAS/14-3-3 was reduced in the LY294002-treated
mice compared with the vehicle-treated mice 2 hr after tFCI (n =
4; p < 0.05; Fig. 3A,B). In our model, pAkt was reduced by
LY294002 treatment, and phosphorylation of Akt was affected by
a reaction downstream of PI3-K (Noshita et al., 2001). 14-3-3
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Figure 2. A, Coimmunoprecipitation analysis for pPRAS immunoreactivity precipitated by
pAktin the cytosolic fraction (pPRAS/pAkt) transiently decreased 2 hr after tFCl (top row, graph;
n = 4;*p < 0.05). Expression of precipitated pAkt was constant at any time point (bottom
row). B, Coimmunoprecipitation analysis for pPRAS immunoreactivity precipitated by 14-3-3in
the cytosolic fraction (pPRAS/14-3-3) transiently decreased 2 hr after tFCI (top row, graph; n =
4; *p <0 0.05). Expression of precipitated 14-3-3 protein was constant at any time point
(bottom row). p.c., Positive control; n.c., negative control; sham, sham-operated sample; OD,
optical density.

expression did not change in the LY294002-treated or the
vehicle-treated mice (data not shown). These results suggest that
a pPRAS reaction may be involved in the PI3-K pathway as a
downstream target of PI3-K as well as Akt after tFCI.

Liposome-mediated pPRAS gene transfer led to induction of
PPRAS in mouse brains after tFCI

We intraventricularly injected the complex of Myc-tagged
pPRAS ¢cDNA and DOTAP liposomes or the DOTAP liposome
only as a control and examined Myc expression as a trace marker
in the ischemic lesion after tFCI. Immunohistochemical analysis
revealed that only a 1:2 [pPRAS cDNA (micrograms) to DOTAP
liposome (microliters)] transfer ratio led to remarkable Myc ex-
pression in neuronal cells located in the cortical surface of the
MCA territory and around the ventricular regions, and other
transfer ratios did little to induce Myc expression (n = 6; Fig.
4A). Myc expression was not observed in the control samples,
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Figure 3. A, Western blot analysis for pPRAS and B-actin in the cytosolic fraction in the

1Y294002- and vehicle-treated mice 2 hr after tFCl. pPRAS expression was significantly stronger
in the vehicle-treated mice compared with the LY294002-treated mice at the same time point
(n = 4;*p < 0.05; top row). B-Actin was used as an internal control for the cytosolic fraction
and no difference was seen between the samples (second row). Coimmunoprecipitation
showed that both pPRAS/pAkt expression (n = 4; *p << 0.05; third row) and pPRAS/14-3-3
expression (n = 4; *p << 0.05; fifth row) were significantly stronger in the vehicle-treated mice
compared with the LY294002-treated mice at the same time point. The expression of both
precipitated pAkt (fourth row) and precipitated 14-3-3 protein (bottom row) was constant
between the vehicle- and LY294002-treated mice. B, Optical density (OD) of these expressions
was quantified.

and the double immunofluorescent study demonstrated that
Myc-immunopositive cells colocalized with NeuN immunoreac-
tivity (n = 6; Fig. 4A). Western blot analysis showed that 24 hr of
incubation after injection of a 1:2 cDNA-to-liposome ratio led to
a prominent increase in pPRAS expression in the cytosolic frac-

Saito etal. » Role of PRAS after Stroke

cDNA(-)  cDNA(+)  myc/NeuN

B incubation time
Ohr 12hr 24hr 48hr

— —— —

beta-actin

Ohr 12hr 24hr 48hr

C .
o,

myc(-)/pPRAS myc(+)/pPRAS

Figure 4. A, Representative photomicrographs show immunohistochemical staining for
Myc 24 hr after injection of the complex Myc-tagged pPRAS cDNA and DOTAP liposomes ata 1:2
transfer ratio [pPRAS cDNA (micrograms) to DOTAP liposome (microliters)] or DOTAP liposome
only as a control and 2 hr after tFCl. Mycimmunopositivity was shown in the cortical penumbra
of the MCA territory in the pPRAS cDNA-injected mice (n = 6; middle panel). No clear staining
was observed in the control (n = 6; left panel). Scale bar, 100 wm. A representative photomi-
crograph shows double immunofluorescent staining for Myc (green) and NeuN (red) and dem-
onstrates that colocalization of Myc and NeuN (yellow) was observed in the cortical penumbra
of the MCA territory in the pPRAS (DNA-injected mice (n = 6; right panel). Scale bar, 15 um. B,
Western blot analysis shows that pPRAS expression began toincrease 12 hr after injection of the
complex Myc-tagged pPRAS <cDNA and DOTAP liposomes, and it significantly increased 24 hr
afterinjection (n = 4; *p << 0.05; top). 3-Actin was used as an internal control for the cytosolic
fraction, and no difference was seen between the samples (bottom). G, Representative pho-
tomicrographs show double immunofluorescent staining for Myc (red) and pPRAS (green) and
demonstrates that pPRAS expression was stronger in the colocalized cells of Myc and pPRAS
(right panel) compared with the Myc-negative cells (left panel) in the same view of the cortical
penumbra in the pPRAS cDNA-injected mice (n = 4). Scale bar, 10 m. 0D, Optical density.

tion of the mouse brains after tFCI (n = 4; p < 0.05; Fig. 4 B). The
Myc-positive cells showed stronger expression of pPRAS com-
pared with the Myc-negative cells in the same cortical ischemic
lesion (n = 4; Fig. 4C). The prominent increase in pPRAS expres-
sion was induced by the gene transfection and was observed until
48 hr after injection (data not shown). These results suggest that
liposome-mediated pPRAS gene transfer led to induction of
PPRAS in neurons in the ischemic lesion after tFCI.
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PPRAS gene transfer overexpressed pPRAS and promoted
PPRAS/14-3-3 after tFCI

We used the 1:2 transfer ratio [pPRAS cDNA (micrograms) to
DOTAP liposome (microliters)] and 24 hr of incubation for gene
transfection and used the liposome-injected sample only as a
c¢DNA-negative control. Reperfusion injury occurred after 24 hr
of incubation with the cDNA-liposome complex. Immunohisto-
chemistry demonstrated that pPRAS expression was stronger in
the cortex of the pPRAS cDNA-transfected mice compared with
the control mice 2 hr after tFCI (n = 4; Fig. 5A). Western blot
analysis demonstrated that pPRAS expression increased in the
pPRAS cDNA-transfected mice compared with the control mice
2 hrafter tFCI (n = 4; p < 0.05; Fig. 5B). Coimmunoprecipitation
demonstrated that pPRAS/pAkt expression did not significantly
differ between the pPRAS cDNA-transfected mice and the con-
trol mice (data not shown). The expression of pPRAS/14-3-3
significantly increased in the pPRAS cDNA-transfected mice
compared with the control mice 2 hr after tFCI (n = 4; p < 0.05;
Fig. 5C). These results suggest that liposome-mediated pPRAS
cDNA transfer overexpresses pPRAS and promotes pPRAS/14-
3-3 after tFCI.

Overexpression of pPRAS attenuated apoptotic neuronal cell
death after tFCI

DNA fragmentation was significantly increased 24 hr after reper-
fusion in the same model (data not shown) (Saito et al., 2003).
We used the cytosolic fraction sample of the cortical surface of the
MCA territory in the ischemic hemisphere as an ischemic pen-
umbra lesion. DNA fragmentation was significantly reduced in
the pPRAS ¢cDNA-transfected mice compared with the control
mice 24 hr after tFCI (n = 4; p < 0.05; Fig. 6 A). TUNEL-positive
cells were seen in the ischemic penumbra of the MCA territory
and were observed most obviously 24 hr after reperfusion (Saito
et al., 2003). TUNEL-positive cells were reduced in the pPRAS
cDNA-transfected mice compared with the control mice 24 hr
after tFCI (n = 4; Fig. 6 B). We examined the infarction size and
looked for hemiparesis, hemihypesthesia, and change in pupils
after tFCI. Quantitative and histochemical assessment showed
that overexpression of pPRAS improved the DNA damage after
tFCI, but there was no significant difference in the infarction size
or neurological deficits between the samples (data not shown).
These results suggest that overexpression of pPRAS attenuates
apoptotic cell death after tFCI.

PPRAS positivity did not colocalize with activated caspase-3
reactivity or TUNEL reactivity

We examined the immunoreactive localization of pPRAS and
activated caspase-3 and TUNEL reactivity to ascertain the rela-
tionship between PRAS phosphorylation and apoptotic cell death
after tFCI. Caspase-3 is one of the well known executors of the
apoptotic cascade. When caspase-3 is activated by apoptotic
stimuli, it is cleaved at aspartate 175 to the large fragment (17 and
19 kDa), resulting in the caspase chain reaction in apoptotic cell
death (Namura etal., 1998). First, we examined cleaved caspase-3
activity using the specific substrate from a commercial assay kit
(Chemicon). Quantitative assay revealed that caspase-3 activity
began to increase 4 hr after tFCI and significantly increased 8 and
24 hr after tFCI (n = 4; p < 0.05; Fig. 7A). Double immunoflu-
orescent staining for pPRAS and cleaved caspase-3 demonstrated
that the most pPRAS-reactive cells did not colocalize with cleaved
caspase-3 reactivity in the ischemic penumbra 24 hr after reper-
fusion (n = 4; Fig. 7B). Double immunofluorescent staining for
PPRAS and TUNEL reactivity revealed that the strong pPRAS
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Figure 5. A, Representative photomicrographs show immunohistochemical staining for
pPRAS in the cortical penumbra of the MCA territory in the pPRAS ¢DNA-transfected mice and
the control mice 2 hr after tFCl (n = 4). pPRAS immunoreactivity was stronger in the pPRAS
(DNA-transfected mice (right panel) than in the control mice (left panel). Scale bar, 50 m. B,
Western blot analysis for pPRAS and B-actin in the cytosolic fraction in the pPRAS (DNA-
transfected and control mice 2 hr after tFCl. pPRAS expression was significantly stronger in the
pPRAS (DNA-transfected mice compared with the control mice 2 hrafter tFCl (n = 4;*p << 0.05;
top). B-Actin was used as an internal control for the cytosolic fraction, and no difference was
seen between the samples (bottom). (, Coimmunoprecipitation showed that pPRAS/14-3-3
expression was significantly stronger in the pPRAS cDNA-transfected mice compared with the
control mice at the same time point (n = 4; *p < 0.05; top). Expression of the precipitated
14-3-3 protein was constant between the pPRAS cDNA-transfected mice and the control mice
(bottom). OD, Optical density.

immunoreactivity was barely observed in TUNEL-positive cells
24 hr after tFCI (n = 4; Fig. 7C). These results suggest that pPRAS
expression was reduced in cells that were progressing toward
apoptosis or had progressed to apoptosis after reperfusion.
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Figure 6. A, Apoptotic-related DNA fragmentation significantly decreased in the pPRAS
(DNA-transfected mice compared with the control mice 24 hr after tFCl. B, TUNEL reactivity
decreased in the pPRAS (DNA-transfected mice compared with the control mice 24 hr after tFCl
(n = 4). Scale bar, 50 m.

NGF administration attenuated and NGF/trkA inhibition
promoted apoptotic neuronal cell death after tFCI

DNA fragmentation was significantly reduced in the NGF-
treated mice compared with the vehicle-treated mice 24 hr after
tFCI but was significantly increased in the K-252a-treated mice
compared with the vehicle-treated mice at the same time point
(n = 4; p <0.05; Fig. 8A). We performed intraventricular injec-
tion of K-252a as previously reported (Guilhem et al., 1996) and
confirmed that it effectively reduced NGF receptor activity.
TUNEL-positive cells were reduced in the NGF-treated mice
compared with the vehicle-treated mice 24 hr after tFCI, but they
were increased in the K-252a-treated mice compared with the
vehicle-treated animals at the same time point (n = 4; Fig. 8 B).
Quantitative and histochemical assessment showed that NGF
treatment improved the DNA damage after tFCI, but there was
no significant difference in the infarction size or neurological
deficits between the samples (data not shown). These results sug-
gest that NGF administration attenuates but inhibition of NGF/
trkA activity aggravates apoptotic cell death after tFCI.

NGF administration promoted but tyrosine kinase receptor
inhibition reduced pAkt and pPRAS expression and binding
of pPRAS to 14-3-3 after tFCI

Western blot analysis revealed that Akt expression was constantly
present in the NGF-treated mice, the K-252a-treated mice, and
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Figure7. A, Caspase-3activity assay demonstrated that activation gradually increased from
4 hr after tFCl, and it significantly increased 8 and 24 hr after tFCl (n = 4; *p << 0.05). B,
Representative photomicrographs show double immunofluorescent staining for pPRAS and
cleaved caspase-3 24 hr after tFCl. Expression of cleaved caspase-3 immunoreactivity (red, left
panel) was observed in the ischemic cortical penumbra. pPRAS (green, middle panel) showed
the distribution of neurons in the same view. An overlapped image of pPRAS and cleaved
caspase-3 immunoreactivity (red, green, right panel) demonstrated that pPRAS expression did
not colocalize with cleaved caspase-3-positive cells. Scale bar, 15 wm. (, Representative pho-
tomicrographs show double immunofluorescent staining for pPRAS and TUNEL reactivity 24 hr
after tFCI. Expression of TUNEL immunoreactivity (red, left panel) was observed in the ischemic
cortical penumbra. pPRAS (green, middle panel) showed the distribution of neuronsin the same
view. Overlapped image of pPRAS and TUNEL immunoreactivity (red, green, right panel) dem-
onstrated that pPRAS expression was hardly seen in the TUNEL-positive cells. Scale bar, 25 um.
cont, Control.

the vehicle-treated mice 2 hr after reperfusion (n = 4; Fig. 9A,B).
pAkt expression increased in the NGF-treated mice and de-
creased in the K-252a-treated mice compared with the vehicle-
treated mice 2 hr after reperfusion (n = 4; p < 0.05; Fig. 94,B).
pPRAS, pPRAS/pAkt, and pPRAS/14-3-3 also increased in the
NGF-treated mice and decreased in the K-252a-treated mice
compared with the vehicle-treated mice 2 hr after reperfusion
(n = 4; p < 0.05; Fig. 9A,B). These results suggest that NGF
administration promoted but NGF/trkA inhibition reduced Akt
activation, pPRAS, pPRAS/pAkt, and pPRAS/14-3-3 after tFCI.

Discussion
The serine-threonine protein kinase Akt is a multifunctional reg-
ulator of cell survival, growth, and glucose metabolism (Datta et
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Figure 8. A, Apoptotic-related DNA fragmentation significantly decreased in the NGF-
treated mice (n = 4;*p < 0.05) and significantly increased in the K-252a-treated mice (n = 4;
#p < 0.05), as a tyrosine kinase inhibitor sample, compared with the vehicle-treated mice 24 hr
after tFCl. B, TUNEL reactivity decreased in the NGF-treated mice (middle) and increased in the
K-252a-treated mice (right) compared with the vehicle-treated mice (left) 24 hrafter tFCl (n =
4). Scale bar, 50 wm.

al., 1999). Akt contains an N-terminal pleckstrin homology do-
main, which binds phosphorylated lipids at the membrane in
response to PI3-K activation (Franke et al., 1995). Akt is activated
by phospholipid binding and activation loop phosphorylation at
threonine 308 by phosphatidylinositol-triphosphate-dinase 1
and also within the C terminus at serine 473 by integrin-linked
kinase (Alessi et al., 1996). Several substrates of Akt, including
Bad, DAF-16 homologs, and the tuberous sclerosis complex 2
tumor suppressor gene tuberin, bind to 14-3-3 after their phos-
phorylation (Cahill et al., 2001; Masters et al., 2002; Nellist et al.,
2002). In apoptotic neuronal cell death after in vivo cerebral isch-
emia, Akt is regulated downstream of the PI3-K pathway and
regulates substrates, such as phosphorylated Bad at serine 136,
and a Forkhead transcription factor, FKHR (Friguls et al., 2001;
Noshita et al., 2001, 2003; Kawano et al., 2002).

PRAS is a novel Akt substrate that was purified, sequenced,
and identified by Kovacina et al. (2003) as a proline-rich mole-
cule. They demonstrated that PRAS can be phosphorylated by
purified Akt, that the activation of an inducible Akt/mer-Akt is
alone sufficient to induce PRAS phosphorylation, that PRAS
phosphorylation decreases in cells lacking Aktl and Akt2, and
that phosphorylation of this protein leads to its binding to 14-3-3
(Kovacina et al., 2003). In the present study, we have demon-
strated the following for the first time: (1) pPRAS was detected in
neurons in the ischemic penumbra after tFCI, and its expression
was transiently reduced during the early period of reperfusion
injury; (2) direct binding of pPRAS to 14-3-3 was detected after
tFCI and was transiently reduced concomitant with the decrease
in pPRAS expression; (3) PI3-K inhibition reduced pPRAS and
pPRAS/14-3-3 expression after tFCI; (4) liposome-mediated
PPRAS ¢cDNA transfection led to overexpression of pPRAS in
neurons in the cortical ischemic penumbral lesion after tFCI; (5)
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overexpression of pPRAS also promoted pPRAS/14-3-3 expres-
sion after tFCI; (6) overexpression of pPRAS attenuated apopto-
tic neuronal cell death after tFCI; (7) pPRAS did not colocalize
with activated caspase-3 or TUNEL immunoreactivity in the
ischemic penumbral lesion after tFCI; (8) intraventricular NGF
administration attenuated apoptotic neuronal cell death, and in-
hibition of its receptor aggravated apoptotic cell death after tFCI;
and (9) NGF treatment promoted pPRAS and pPRAS/14-3-3
expression, and inhibition of its receptor reduced it after tFCI.
Akt activation transiently increased during the early period of
cerebral ischemia as observed in previous studies (Friguls et al.,
2001; Noshita etal., 2001). However, both phosphorylated Bad at
serine 136 and phosphorylated FKHR at serine 256 were remark-
ably reduced during the early ischemic period (Friguls et al., 2001;
Kawano et al., 2002). pAkt transiently increased 4 hr after tFCI in
the model used by Noshita et al. (2001). This discrepancy in
time-dependent expression between pAkt and pPRAS was also
observed after tFCI in our study. There is a possibility that the
decrease in pPRAS might be involved in irreversible proapoptotic
progression, which cannot be inhibited by survival factors, in-
cluding activated Akt, after cerebral ischemia. PI3-K inhibition
reduced not only pAkt expression but also pPRAS expression
after tFCI. These results suggest that pPRAS might be regulated
by the PI3-K/Akt pathway after tFCI in the same manner as
PPRAS regulation in the in vitro study by Kovacina et al. (2003).
Neuronal cell damage after tFCI includes processes involving
both necrotic neuronal cell death in the ischemic core and apo-
ptotic neuronal cell death in the peri-infarct area. We cannot
completely exclude the Akt or PRAS pathways from playing roles
in other cell death mechanisms after tFCI. TUNEL-positive neu-
ronal cells, which showed postischemic apoptotic cell death, oc-
cupied <10% of the cortex in the MCA territory, and these apo-
ptotic cells may not be enough to affect the total ischemic injury
volume and neurological deficits after tFCI. Activation of the Akt
cell survival pathway by pPRAS overexpression and NGF treat-
ment did not extensively affect brain damage to a degree that
improves neurological deficits. There is a possibility that these
regulators may partially affect the cell survival pathway, but the
neuroprotective role of these interventions remains unclear. In
our study, we could not demonstrate the precise proapoptotic
reaction after the transient decrease in pPRAS or overexpression
of PRAS; however, the phosphorylation of PRAS might induce
the anchoring to 14-3-3 to prevent progression to apoptosis, and
the decrease in its phosphorylation might indicate the shift to
apoptosis. There is a possibility that PRAS is phosphorylated by
pAkt to inhibit proapoptotic progression after reperfusion injury
following cerebral ischemia, in a manner similar to other Akt
substrates, such as Bad and FKHR.

Cationic liposome-mediated gene transfection, which can
condense DNA and increase transfection efficiency both in vitro
and in vivo, is a potential therapeutic strategy for CNS disorders
(Karpati et al., 1996; Zou et al., 1999; Cao et al., 2002). One of the
most attractive features of this method for the treatment of CNS
disorders is that DNA carriers can effectively transfect postmi-
totic, nondividing cells, such as neurons, by intrathecal injection
(Zou et al., 1999; Cao et al., 2002). Another is that cationic lipo-
somes can be used to deliver multiple genes of any type, such as
linear or supercoiled nucleic acids, and a simply prepared liposo-
mal complex can be administered in multiple ways (Yang et al.,
1997; Zou et al., 1999).

Intraventricular liposomal transfection of the NGF gene was
reported to be effective in traumatic brain injury, and hepatocyte
growth factor, vascular endothelial growth factor, and bcl-2 genes
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Figure9. A, There wasnosignificant difference in Akt expression among the NGF-, K-252a-,
and vehicle-treated mice 2 hr after tFCl (n = 4; top row). pAkt expression was significantly
increased in the NGF-treated mice (*p << 0.05) and was significantly reduced in the K-252a-
treated mice compared with the vehicle-treated mice (p < 0.05) at the same time point (n =
4; second row). pPRAS expression was significantly increased in the NGF-treated mice (*p <
0.05) and was significantly reduced in the K-252a-treated mice (p < 0.05) compared with the
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have also been effective in neuronal cell damage after cerebral
ischemia by liposome-mediated gene transfection (Zou et al.,
1999; Wang et al., 2000; Cao et al., 2002; Yoshimura et al., 2002).
There is a possibility that many other genes of neurotrophins or
neuroprotective factors may effectively be induced in neurons to
prevent neuronal cell damage after cerebral ischemia by
liposome-mediated gene transfection. In this study, we found
that a ratio of 1 g of pPRAS cDNA to 2 ul of liposomes, with 24
hr of incubation after injection, produced high transfection effi-
ciency in neurons by intrathecal injection. Overexpression of
pPRAS in the cortical penumbral lesion of the MCA territory
effectively inhibited apoptotic neuronal cell death after tFCI.
However, a prominent increase in the target proteins was ob-
served in localized areas, such as the periventricular regions and
cortical surface, but this expression was not seen in the deep
cortical region or the ischemic core. Further studies are required
to improve the efficiency of the transfection into brains and to
find the therapeutic possibility against neuronal cell death after
cerebral ischemia.

Akt positively mediates survival in skeletal muscles and in
neurons subjected to NGF withdrawal (Eves et al., 1998; Fujio et
al., 1999). Akt is activated by several growth factors, including
NGEF, platelet-derived growth factor, basic fibroblast growth fac-
tor, insulin, and insulin-like growth factor-1, which results in the
phosphorylation of the tyrosine kinase receptor (Franke et al.,
1997). The cell survival role of NGF is thought to be involved in
the Akt signaling pathway via the tyrosine kinase receptor (Eves et
al., 1998; Fujio et al., 1999). However, the relationship between
tyrosine kinase activation downstream and the complicated Akt
signaling pathway remains unknown. Furthermore, the mecha-
nism of NGF-mediated neuroprotection in apoptotic cell death
models in vivo is also little understood. In our study, we quanti-
tatively demonstrated for the first time the neuroprotective effect
of NGF administration against apoptotic neuronal cell death and
the proapoptotic effect of tyrosine receptor inhibition in mouse
brains after tFCI. NGF treatment and inhibition of its receptor
were much involved in Akt activation, pPRAS expression, and the
interaction of pPRAS with pAkt and the 14-3-3 protein after tFCI.
These results suggest that the neuroprotective machinery of
pPRAS might play a critical role in neuronal cell survival path-
ways mediated by NGF after cerebral ischemia. However, little is
known about the mechanisms of this link after apoptosis, and
further studies are needed for clarification.

In summary, our results imply that overexpression of pPRAS
has a neuroprotective role in apoptotic neuronal cell death after
tFCI and that the pPRAS reaction with pAkt and 14-3-3 might be
involved in its neuroprotective pathway downstream of PI3-K.
Neuronal cell protection mediated by NGF may affect pPRAS
reactions after cerebral ischemia. We suggest that pPRAS may
play a critical role in the NGF cell survival pathway and should be
considered as a therapeutic target for stroke.

<«

vehicle-treated mice at the same time point (n = 4; third row). B-Actin was used as an internal
control for the cytosolic fraction, and no difference was seen between the samples (n = 4;
fourth row). Coimmunoprecipitation revealed that both pPRAS/pAkt (n = 4; fifth row) and
pPRAS/14-3-3 (n = 4; seventh row) expression was significantly increased in the NGF-treated
mice (*p < 0.05) and was significantly reduced in the K-252a-treated mice (*p < 0.05) com-
pared with the vehicle-treated mice 2 hr after tFCl. The expression of precipitated pAkt (n = 4;
sixth row) and precipitated 14-3-3 (n = 4; bottom row) was constant between the samples. 8,
Optical density (OD) of these expressions was quantified.
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