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Prion diseases are induced by pathologically misfolded prion protein (PrP Sc), which recruit normal sialoglycoprotein PrP C by a template-
directed process. In this study, we investigated the expression of PrP C in a rat model of cerebral ischemia to more fully understand its
physiological role. Immunohistochemical analysis demonstrated that PrP C-immunoreactive cells increased significantly in the penum-
bra of ischemic rat brain compared with the untreated brain. Western blot analysis showed that PrP C protein expression increased in
ischemic brain tissue in a time-dependent manner. In addition, PrP C protein expression was seen to colocalize with neuron, glial, and
vascular endothelial cells in the penumbric region of the ischemic brain. Overexpression of PrP C by injection of rAd (replication-defective
recombinant adenoviral)-PGK (phosphoglycerate kinase)-PrP C-Flag into ischemic rat brain improved neurological behavior and re-
duced the volume of cerebral infarction, which is supportive of a role for PrP C in the neuroprotective adaptive cellular response to
ischemic lesions. Concomitant upregulation of PrP C and activated extracellular signal-regulated kinase (ERK1/2) under hypoxia–reoxy-
genation in primary cortical cultures was shown to be dependent on ERK1/2 phosphorylation. During hypoxia–reoxygenation, mouse
neuroblastoma cell line N18 cells transfected with luciferase rat PrP C promoter reporter constructs, containing the heat shock element
(HSE), expressed higher luciferase activities (3- to 10-fold) than those cells transfected with constructs not containing HSE. We propose
that HSTF-1 (hypoxia-activated transcription factor), phosphorylated by ERK1/2, may in turn interact with HSE in the promoter of PrP C

resulting in gene expression of the prion gene. In summary, we conclude that upregulation of PrP C expression after cerebral ischemia and
hypoxia exerts a neuroprotective effect on injured neural tissue. This study suggests that PrP C has physiological relevance to cerebral
ischemic injury and could be useful as a therapeutic target for the treatment of cerebral ischemia.
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Introduction
Prion protein (PrP C) is a cell-surface copper-binding glycopro-
tein expressed by neurons (Kretzschmar et al., 1986), glial (Moser
et al., 1995; Brown et al., 1998c), and other cells (Brown et al.,
1998a). An abnormal isoform of this protein (PrP Sc) (Bolton et
al., 1982), which is proteinase resistant, is involved in prion dis-
eases such as Creutzfeldt-Jakob (White et al., 2003). The main
features of prion disease are neurodegeneration, gliosis, and ac-
cumulation of PrP Sc in the CNS (Prusiner, 1991). Although ac-
cumulation of PrP Sc may damage cells in the CNS (Bueler et al.,
1993), it is clear that the generation of spongiform encephalopa-
thy requires the presence of both PrP C and PrP SC (Bueler et al.,

1993). PrP Sc is thought to recruit PrP C through a transconfor-
mation process causing the accumulation of PrP Sc in brain in the
form of plaques and fibrils (Prusiner et al., 1998; Caughey and
Chesebro, 2001). Thus, studying differences in conformation be-
tween these two protein isoforms is essential for understanding
how prion diseases occur. Moreover, it is also necessary to study
the biological function of PrP C to understand why alteration of
PrP C leads to disease occurrence.

PrP C is encoded by a single gene corresponding to �250
amino acids and is widely expressed in the CNS and the lym-
phoreticular system. Although PrP C is a highly conserved protein
in vertebrates, its actual physiological role remains elusive. Re-
cent work has shown that PrP C plays pleiotrophic roles in neu-
ronal and non-neuronal cells, such as cellular trafficking, and also
participates in copper uptake (Lee et al., 2001; Negro et al., 2001;
Perera and Hooper, 2001), cell adhesion/differentiation
(Luckenbill-Edds, 1997), cell signaling (Martins et al., 1997), and
neuronal survival (Bounhar et al., 2001). Interestingly, some re-
ports have shown that PrP C also has the ability to protect neural
tissue against oxidative stress (Brown et al., 1999, 2002).

Some stress proteins, such as heat shock protein 70 (Hsp70)
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(Chen et al., 1996), are expressed in both neurons and glial cells
after ischemia. In vivo chronic hypoxic injury also enhances the
expression of Hsp70 (Rafiee et al., 2003). Previously, a close cor-
relation between PrP C and Hsp70 was demonstrated (Jung et al.,
2000, 2002). We recently found two heat shock elements located
in the promoter of the PrP C gene that result in the upregulation
of of PrP C expression under heat shock conditions in neuronal
culture (Shyu et al., 2000, 2002; Hung et al., 2001). Therefore,
PrP C expression may be regulated by ischemia/hypoxia, as is the
case with Hsp70. However, the molecular mechanism and cell
distribution of PrP C expression after ischemia/hypoxia has not
been studied to date.

Ischemia/hypoxia has been shown to activate some mitogen-
related protein kinases, including extracellular signal-related ki-
nase (ERK1/2) and c-Jun N-terminal kinase (JNK), which di-
rectly respond to stress (Mishra et al., 2004). In a recent study,
ERK-mediated phosphorylation of heat shock transcriptional
factor 1 (HSTF-1) was shown to regulate molecular chaperone
gene transcription (Wang et al., 2003). Thus, a central role for
ERK regulation in heat shock protein expression in response to
cells under stress is generally accepted (Mishra et al., 2004). Be-
cause of the similarity in regulatory patterns between Hsp70 and
PrP C (Shyu et al., 2000, 2002; Hung et al., 2001), we hypothesized
that ischemia/hypoxia treatment might induce the expression of
PrP C through the activation of the ERK signaling pathway.

In this study, we investigated whether ischemia/hypoxia could
upregulate the expression of PrP C. It was found that PrP C had a
neuroprotective effect on primary cortical neurons. In addition,
overexpression of PrP C transduced by adenovirus-mediated gene
transfer could reduce ischemic injury and improve neurological
dysfunction after cerebral ischemia in rats. Subsequently, we ex-
amined the molecular mechanism governing the regulation of
PrP C expression by ischemia/hypoxia.

Materials and Methods
In vivo ischemia/reperfusion brain model. Adult male Sprague Dawley rats
(weight, �300 g) were used in this study. All surgical procedures were
performed using sterile/aseptic techniques in accordance with institu-
tional guidelines. Rats were anesthetized with chloral hydrate (0.4 g/kg,
i.p.) and subjected to cerebral ischemia. Ligation of the right middle
cerebral artery (MCA) and bilateral common carotid arteries (CCAs) was
performed by methods described previously (Chen et al., 1986). The
CCAs were clamped with nontraumatic arterial clips. The right MCA was
ligated with a l0-0 nylone suture. After 90 min of ischemia, the suture on
the MCA and arterial clips on CCAs were removed to allow reperfusion.
Core body temperature was monitored with a thermistor probe and
maintained at 37°C with a heating pad during anesthesia. After recovery
from anesthesia, rat body temperature was maintained at 37°C with a
heat lamp.

Total protein extraction of brain tissue and Western blotting. Experi-
mental animals were decapitated at 4 h, 12 h, 3 d, and 7 d after reperfu-
sion with 90 min MCA ligation. Three rats without MCA ligation were
used as normal controls. Samples of ischemic cerebral cortex were taken
from the peripheral region of infarcted brains (penumbra area). Western
blot analysis of PrP C was performed on these samples. Briefly, ischemic
brain tissue was homogenized and lysed in a buffer containing 320 mM

sucrose, 5 mM HEPES, 1 �g/ml leupeptin, and 1 �g/ml aprotinin. Lysates
were centrifuged at 13,000 � g for 15 min. The resulting pellet was
resuspended in sample buffer (62.5 mM Tris-HCl, 10% glycerol, 2% SDS,
0.1% bromophenol blue, and 50 mM DTT) and subjected to SDS-PAGE
(4 –12%). Then, the gel was transferred to a Hybond-P nylon membrane.
This was followed by incubation with appropriately diluted antibodies of
PrP C (dilution, 1:200; M-20; Santa Cruz Biotechnology, Santa Cruz, CA)
and �-actin (dilution, 1:2000; Santa Cruz Biotechnology). Membrane
blocking, primary and secondary antibody incubations, and chemilumi-

nescence reactions were conducted individually for each antibody ac-
cording to the manufacturer’s protocol. The intensity of each band was
measured using a Kodak Digital Science 1D Image Analysis System (East-
man Kodak, Rochester, NY). The ratio of band intensity of PrP C in
Western blots compared with the internal control was calculated. Results
were expressed as the mean value of the ratio � SEM for n preparations.

Immunohistochemical analysis of rat brain. Experimental rats were re-
anesthetized with chloral hydrate (0.4 g/kg, i.p.) and were decapitated at
4 h, 12 h, 3 d, and 7 d after cerebral ischemia. Three rats without MCA
ligation were used as normal controls. Rat brains were fixed by transcar-
dial perfusion with saline, followed by perfusion and immersion in 4%
paraformaldehyde, and embedded in paraffin. A series of adjacent 6-�m-
thick sections were cut from each tissue block in the coronal plane,
stained with hematoxylin and eosin (H&E), and analyzed by light mi-
croscopy [Nikon (Tokyo, Japan) E600]. Immunostaining was performed
using the labeled streptavidin– biotin (LSAB) method (Dako LASB-2 kit,
peroxidase; DakoCytomation, Carpinteria, CA). Briefly, tissue on a
saline-coated slide was placed twice in boiling citrate buffer, pH 6 (Ch-
emMate; DakoCytomation), for 5 min in a microwave oven at 750 W
after depariffinization and rehydration, as described previously (Shyu et
al., 1996). This was followed by incubation with appropriate diluted
antibodies to PrP C (dilution, 1:200; M-20; Santa Cruz Biotechnology) at
room temperature for 1 h. After washing with Tris-buffered saline con-
taining 0.1% Tween 20 (TBS-T), the specimens were sequentially incu-
bated for 10 –30 min with biotinylated anti-rabbit and anti-mouse Igs
and peroxidase-labeled streptavidine. Staining was performed after a 10
min incubation with a freshly prepared substrate-chromogen solution
containing 3% 3-amino-9-ethylcarbazole and hydrogen peroxide. Fi-
nally, the slides were lightly counterstained with hematoxylin, washed
with water, and then mounted. The extent of PrP C cell immunoreactivity
was measured as the number of cells per square minimeter.

Laser-scanning confocal microscopy with double immunofluorescence.
To identify the expression of cell type-specific markers in PrP C� cells,
double immunofluorescence was performed. Expression of glial fibril-
lary acidic protein (GFAP), von Willebrand factor (vWF), microtubule-
associated protein 2 (MAP-2) and neuronal nuclei (Neu-N) were tested
for using PrP C-GFAP, PrP C-vWF, PrP C-MAP-2, and PrP C-Neu-N dou-
ble immunofluorescence under the manufacturer’s instructions (Boehr-
inger Mannheim, Mannheim, Germany). Each coronal section was first
stained with primary PrP C antibody conjugated with cyanine 3 (Cy3;
1:500; Jackson ImmunoResearch, West Grove, PA), followed by treat-
ment with cell-specific antibodies conjugated with FITC (1:500; Jackson
ImmunoResearch): GFAP for astrocyte (1:400; Sigma, St. Louis, MO),
vWF for endothelial cell (1:400; Sigma), Neu-N for neuronal nuclei (1:
200; Chemicon, Temecula, CA), MAP-2 for neuronal dendrites (1:200;
Boehringer Mannheim). The tissue sections were analyzed with a Zeiss
(Oberkochen, Germany) LSM 510 laser-scanning confocal microscope.
For immunofluorescence-labeled slides, green (FITC) and red (Cy3)
fluorochromes on the slides were excited by laser beam at 488 and 543
nm, respectively. The PrP C (labeled by red-Cy3 fluorochromes) and
cell-type-specific markers, including Neu-N, MAP-2, vWF, and GFAP
(labeled by green-FITC fluorochromes) were double immunostained to
demonstrate their colocalization in one cell under laser-scanning confo-
cal microscopy.

Construction of adenoviral vector carrying PrPC. The procedure was
described previously (Zoldhelyi et al., 1996; Shyue et al., 2001). We con-
structed, in a replication-defective recombinant adenoviral (rAd) vector,
a human phosphoglycerate kinase (PGK) promoter to drive human
PrP C-Flag expression (rAd-PGK-PrP C-Flag) and a PGK-enhanced
green fluorescent protein (eGFP) to serve as a control (rAd-PGK-eGFP).
Replication-defective rAd vectors were generated by homologous re-
combination and amplified in 293 cells. A large-scale production of high-
titer rAd was performed as described previously (Zoldhelyi et al., 1996;
Shyue et al., 2001). The rAd stocks were prepared by CsCl gradient cen-
trifugation, aliquoted, and stored at �80°C. Viral titers were determined
by a plaque assay (Shyue et al., 2001).

Cerebral ischemic animal model treated with recombinant Ad-PGK-
PrPC-Flag. The cerebral ischemic animal model was established as de-
scribed above. Experimental rats were injected intracerebrally with 1 �
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10 10 virus particles of rAd-PGK-PrP C-Flag or rAd-PGK-eGFP (5 �l) 30
min after MCA ligation through a 26 gauge Hamilton (Reno, NV) sy-
ringe into three cortical areas adjacent to the right MCA, 3.0 –5.0 mm
below the dura. The approximate coordinates for these sites were l.0 –2.0
mm anterior to the bregma and 2.5–3.0 mm lateral to the midline, 0.5-l.5
mm posterior to the bregma and 3.5– 4.0 mm lateral to the midline, and
3.0 – 4.0 mm posterior to the bregma and 4.5–5.0 mm lateral to the mid-
line. The needle was retained in place for 5 min after each injection, and
a piece of bone wax was applied to the skull defects to prevent leakage of
the injected solution. The CCAs were ligated with nontraumatic arterial
clips, and the right MCA was ligated with a l0-0 nylon suture. After 90
min of ischemia, the suture on the MCA and arterial clips on CCAs were
removed to allow reperfusion. Core body temperature was monitored
with a thermistor probe and maintained at 37°C with a heating pad
during anesthesia.

Triphenyltetrazolium chloride staining, immunofluorescent colocalized
study, and Western blot. Three days after cerebral ischemia, animals re-
ceiving intracrebral administration of rAd-PGK-PrP C-Flag or rAd-
PGK-eGFP were intracardially perfused with saline. The brain tissue was
removed, immersed in cold saline for 5 min, and sliced into 2.0-mm-
thick sections (seven slices per rat). The brain slices were incubated in 20
g/L triphenyltetrazolium chloride (TTC; Research Organics, Cleveland,
OH), dissolved in saline for 30 min at 37°C, and then transferred into a
5% formaldehyde solution for fixation. The area of infarction in each
slice was measured with a digital scanner, as described previously (Wang
et al., 1997). The volume of infarction was obtained from the product of
average slice thickness (2 mm) and by examining infarcted areas in all brain
slices. To minimize any artifacts induced by postischemic edema in the in-
farcted tissue, the area of infarction was also calculated as described previ-
ously (Lin et al., 1993). To measure the infarcted area in the right cortex, we
subtracted the noninfarcted area in the right cortex from the total cortical
area of the left hemisphere.

Immunofluorescent colocalization analysis, using the same method as
described above with a specific antibody against Flag (1:200; Sigma) con-
jugated to FITC (1:300; Jackson ImmunoResearch), was performed to
demonstrate successful expression of PrP C at either cell type of ischemic

brain after intracerebral injection of rAd-PGK-
PrP C-Flag. Furthermore, the time course of
PrP C-Flag expression after intracerebral injec-
tion of rAd-PGK-PrP C-Flag in the ipsilateral
ischemic brain was examined by Western blot
using Flag (1:400; Sigma) antibody as described
in the procedure above.

To demonstrate that the addition of 2-(2-
amino-3-methyoxyphenyl)-4 H-1-
benzopyran-4-one (PD98059) (20 �M) to the
ischemic brain would inhibit the protective ef-
fect of rAd-PGK-PrP C-Flag, experimental rats
receiving either rAd-PGK-PrP C-Flag plus
PD98059 or rAd-PGK-eGFP 90 min after cere-
bral ischemia were evaluated for infract size us-
ing TTC and H&E staining.

Neurological behavioral measurements. Be-
havioral assessments were performed 3 d before
cerebral ischemia and 72 h after cerebral isch-
emia. The tests measured (1) body asymmetry
and (2) locomotor activity. The baseline test
scores were recorded to normalize those taken
after cerebral ischemia. (1) The elevated body
swing test was used to assess body asymmetry
after MCA ligation and evaluated quantitatively
as described previously (Borlongan et al., 1998).
Initially, animals were examined for lateral
movement on their bodies while being sus-
pended by their tails. The frequency of initial
head swing contralateral to the ischemic side
was counted in 20 continuous tests and was
normalized as follows: % recovery � [1 � (lat-
eral swings in 20 tests � 10)/10 � 100%]. (2)
Locomotor activity: rats were subjected to Ver-

saMax animal activity monitoring (Accuscan Instruments, Columbus, OH)
for�2 h for behavioral recording. The VersaMax animal activity monitoring
contained 16 horizontal and 8 vertical infrared sensors spaced 87 cm apart.
The vertical sensors were situated 10 cm from the floor of the chamber.
Motor activity was counted as the number of beams broken by a rat’s move-
ment in the chamber. Three vertical parameters defined in the menu option
of the manufacturer were calculated over 2 h at night: (1) vertical activity, (2)
vertical time, and (3) number of vertical movements.

Blood pressure, heart rate, blood glucose, and blood gas measurement.
Physiological parameters were measured in 14 rats after adenoviral de-
livery, by a procedure described previously (Lin et al., 1999).

In vitro primary cortical culture preparation and hypoxia-reoxygenation
treatment. Primary cortical cells were prepared from the cerebral cortex
of gestation day 17 embryos from Sprague Dawley rats as described pre-
viously (Murphy et al., 1990). Four days after isolation, the cultures were
replenished with minimum essential medium (Invitrogen, Carlsbad,
CA) containing 0.5 g/L BSA plus N-2 supplement, 0.5 � 10 �3 mol/L
pyruvate and antibiotics. Finally, the culture medium was changed to
serum-free minimum essential medium containing 1 � 10 �3 mol/L
pyruvate, 1 � 10 �3 mol/L glutamate, 0.5 g/L BSA, 0.3 � 10 �3 mol/L
KCl, and antibiotics on the seventh day. For hypoxia-reoxygenation
treatment, the cells were placed for 12 h within a hypoxic chamber (Bug
Box; Ruskinn Technology, London, UK), continuously flushed with 95%
N2 and 5% CO2 at 37°C to maintain a gas phase PO2 of �1 mmHg
(OM-14 oxygen monitor; SensorMedics, Yorba Linda, CA). After each
hypoxic treatment, the cells were returned to a 37°C normoxic incubator
(95% air and 5% CO2) for different time periods (1, 3, 10, and 24 h) of
reoxygenation. The cells were then collected at each time point and
stored at �80°C for protein extraction.

Immunocytochemical analysis of primary cortical cultures. For hypoxia-
reoxygenation treatment, primary cortical cultures were placed within a
hypoxic chamber for 12 h, as described previously. After each hypoxic
treatment, the cells were returned to a 37°C normoxic incubator (95% air
and 5% CO2) at different time periods (1, 3, 10, and 24 h) for reoxygen-
ation. For PrP C immunostaining at each time point, cell cultures were

Figure 1. Cerebral ischemia induces an increase in PrP C immunoreactivity. A, The square-mark (white square) in the repre-
sentative figure of cerebral ischemia (black area) was selected to show the immunoreactivity of PrP C at different time points after
cerebral ischemia. B, Rats not receiving cerebral ischemia are indicated as controls. C–F, Experimental rats received cerebral
ischemia and were killed at different time points (4 h, 12 h, 3 d, and 7 d) for PrP C immunostaining. Scale bar, 40 �m. G, Results of
quantitative analysis of PrP C-immunoreactive cells. The pattern of increased immunoreactivity of PrP C was time dependent and
reached its peak level 3 d after cerebral ischemia compared with nonischemic rats, which are indicated as “C.” The mean � SEM
is shown. *p � 0.05 versus control.
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washed with PBS and fixed for 30 min at room temperature in 4% para-
formaldehyde. After being washed with PBS, the fixed cultured cells were
treated for 30 min with blocking solution (10 g/L BSA, 0.03% Triton
X-100, and 4% serum in PBS). Cells were incubated overnight at 4°C with
an antibody against PrP C (1:200; M-20; Santa Cruz Biotechnology) and
then rinsed three times in PBS. After washing with TBS-T, the cells were
sequentially incubated for 10 –30 min with biotinylated anti-rabbit and
anti-mouse Igs and peroxidase-labeled streptavidine. Staining was per-
formed after a 10 min incubation with a freshly prepared substrate-
chromogen solution containing 3% 3-amino-9-ethylcarbazole and hy-
drogen peroxide. Finally, the slides were lightly counterstained with
hematoxylin, washed with water, and then mounted. The extent of PrP C

cell immunoreactivity was measured as the number of cells per square
minimeter.

Total protein extraction and Western blotting assay. Western blot anal-
yses of PrP C, ERK1/2, p38, and JNK expression from primary cortical
culture were performed after hypoxic-reoxygenation treatment. Briefly,
primary cortical cells were lysed in a buffer containing 320 mM sucrose, 5
mM HEPES, 1 �g/ml leupeptin, and 1 �g/ml aprotinin. Lysates were
centrifuged at 13,000 � g for 15 min. The resulting pellet was resus-
pended in sample buffer (62.5 mM Tris-HCl, 10% glycerol, 2% SDS, 0.1%
bromophenol blue, and 50 mM DTT) and subjected to SDS-PAGE (4 –
12%). The gel was then transferred to a Hybond-P nylon membrane.
This was followed by incubation with appropriately diluted antibodies to
PrP C (dilution, 1:200; Santa Cruz Biotechnology), activated ERK1/2 (di-
lution, 1:200; Santa Cruz Biotechnology), activated p38 (dilution, 1:200;
Santa Cruz Biotechnology), activated JNK (dilution, 1:200; Santa Cruz
Biotechnology), and �-actin (dilution, 1:2000, Santa Cruz Biotechnol-
ogy). Specific ERK1/2 pathway inhibitor PD98059 (10 �M) (Cell Signal-
ing Technology, Beverly, MA), which was used to pretreat cells, was
applied to the primary cortical culture to suppress enzyme binding to
block the transcriptional signal of ERK1/2. Membrane blocking, primary
and secondary antibody incubations, and chemiluminescence reactions
were conducted individually for each antibody according to the protocol
of the manufacturer. The intensity of each band was measured using a
Kodak Digital Science 1D Image Analysis System.

Measurement of caspase-3 activity and lactate dehydrogenase activity
analysis. To evaluate the antiapoptotic effect of PrP C, the adenoviral
constructs of rAd-PGK-PrPC-Flag and rAd-PGK-eGFP were used to in-
fect mouse neuroblastoma cell line (N18), after which the cells were
subjected to hypoxia–reoxygenation. Fluorometric assays of caspase-3
activity were performed on the infected cells that received 12 h hypoxia
incubation using commercial kits (Bio-Rad, Hercules, CA) following the
instructions of the manufacturer. In addition, infected cells were sub-
jected to hypoxia for up to 12 or 24 h and then assayed for lactate dehy-
drogenase (LDH) activity using the commercial kit CytoTox 96 (Pro-
mega, Madison, WI) according to the instructions of the manufacturer,
as described previously (Chu and Ng, 2003).

Construction of reporter plasmids for heat shock element functional anal-
ysis. RaPrP promoter-luciferase reporter plasmids were constructed as
described previously (Saeki et al., 1996), including praPrP(-2831)-luc,
praPrP(-1026)-luc, praPrP(-514)-luc, and pGL2-control (Promega).
The other plasmid, praPrP(-2831M)-luc, was constructed by site-
directed mutagenesis of the heat shock element 1 (HSE1) in the rat prion
promoter of praPrP(-2831)-luc, as described previously (Shyu et al.,
2002). These previous reports show that praPrP(-2831)-luc contains
HSE1 and HSE2 and that praPrP(-1026)-luc and praPrP(-2831M)-luc
contain HSE1 and HSE2, respectively. These constructs were used to
transfect N18 cells to evaluate the bioactivity of HSE in regulating the
expression of PrP C. Cells were plated at a density of 1 � 10 6 in 60 mm
plates and grown overnight in a 37°C incubator. They were then rinsed
with serum-free medium and transiently transfected with 6 �g of super-
coiled construct DNA (including 4 �g of promoter-luciferase plasmid
and 2 �g of pCMV�-gal) using lipofectamine (Invitrogen). Briefly, the
lipofectamine-DNA solution was left at room temperature for 30 min,
mixed with serum-free medium and added to cells. The cells were incu-
bated for 5 h at 37°C and 5% CO2, after which the medium was aspirated
and replaced with serum-containing medium. After transfection, cells
were placed in a hypoxic chamber for 12 h and allowed to reoxygenate for

up to 24 h. They were then harvested and lysed, and luciferase activity was
determined using a luminometer (Lumat LB 9501; Berthold, Bad Wild-
bad, Germany). Luciferase activity was measured in triplicate after nor-
malization by �-gal assay.

Statistical analysis. All measurements in this study were performed
blindly. Results are expressed as mean � SEM. The behavioral scores
have been evaluated for normality. Student’s t tests were used to evaluate
mean differences between the control and the treated group.

Results
Cerebral ischemia increases the immunoreactivity of PrP C

To determine whether cerebral ischemia increases the immuno-
reactivity of PrP C, experimental rats (n � 16) receiving cerebral
ischemia were killed at different time points for PrP C immuno-
staining. Four hours (n � 4) after cerebral ischemia, greater
numbers of PrP C-immunoreactive cells were detected, mainly in
the ipsilateral cortex near the infarcted boundary and subven-
tricular region of the ischemic rat brains (Fig. 1A) when com-
pared with nonischemic rats (n � 4). Furthermore, increased
numbers of PrP C-immunoreactive cells were found around the
lumen of varying calibers in the perivascular portion of the blood
vessels (and also in the vessel wall of endothelial cells; data not
shown) when compared with nonischemic rats. The increase in
PrP C expression was time dependent (Fig. 1B–F) and reached its
peak level 3 d (n � 4) after cerebral ischemia compared with the
nonischemic rats (Fig. 1G).

Figure 2. Cerebral ischemia induces expression of PrP C in vivo. A, Experimental rats receiv-
ing cerebral ischemia for 90 min were killed at different time points (4 h, 12 h, 3 d, and 7 d) for
protein extraction of ischemic brain tissue. Samples of ischemic cerebral cortex were taken from
the peripheral region of the infarcted brains of test rats (penumbric area) for Western blot
analysis. B, Result of densitometric analysis of Western blots; the ratio of PrP C/actin was taken
as 1 for nonischemic rats, which represents the control (C). The mean � SEM is shown. *p �
0.05 versus control. Time-dependent changes in PrP C expression are depicted.
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Cerebral ischemia induced expression of PrP C in vivo
To determine the expression level of PrP C around the penumbra,
experimental rats receiving cerebral ischemia (n � 8) for 90 min
were killed at different time points for protein extraction of isch-
emic brain tissue. Three rats without MCA ligation were used as
normal controls. Samples of ischemic cerebral cortex were taken
from the peripheral region of the infarcted brains of test rats
(penumbra area) for Western blot analysis. It was found that
cerebral ischemia caused an increase in the expression of PrP C

(Fig. 2A), which was compatible with our immunohistochemical
findings. The ratio of PrP C/actin reached a peak level of approx-
imately a twofold increase in ischemic rats compared with non-
ischemic rats 3 d after cerebral ischemia (Fig. 2B).

Imunoreactivity of PrP C colocalized to neuron, glial, and
endothelial cells
To identify which type of cerebral cells expressed PrP C after ce-
rebral ischemia, double immunofluorescence with laser scanning
confocal microscopy was performed on brain specimens of isch-
emic rats. The ischemic cortical areas of the rats revealed an in-
crease in PrP C� cells coexpressing the neuronal phenotype of
Neu-N� cells (Fig. 3A–D) and the glial phenotype GFAP� (Fig.
3E–H). Some PrP C � cells showing vascular phenotypes (vWF�

cells) were also found around the perivascular and endothelial
regions (Fig. 3I–L) of the ischemic hemispheres.

Intracerebral rAd-PGK-PrP C-Flag administration improves
neurological behavior after cerebral ischemia
To evaluate the neuroprotective effect of intracerebral adminis-
tration of rAd-PGK-PrP C-Flag in rats receiving cerebral isch-
emia, body asymmetry trials and locomotor activity tests were
used to assess neurological deficits in rAd-PGK-PrP C-Flag-
treated (n � 8) and control (rAd-PGK-eGFP) rats (n � 8). Rats
intracerebrally treated with rAd-PGK-PrP C-Flag exhibited sig-
nificantly reduced body asymmetry 3 d after cerebral ischemia
compared with that of controls (Fig. 4A). The measured locomo-
tor activities (i.e., vertical activity, vertical movement time, and
number of vertical movements) increased significantly in rats
receiving rAd-PGK-PrP C-Flag treatment compared with control
animals 3 d after cerebral ischemia (Fig. 4B–D).

Intracerebral administration of rAd-
PGK-PrP C-Flag reduces infarct volume
after cerebral infarction
To investigate whether there was any effect
from rAd-PGK-PrP C-Flag on infarct vol-
umes, rats (n � 16) were killed for TTC
staining 3 d after cerebral ischemia. Rats
(n � 8) receiving rAd-PGK-PrP C-Flag
treatment showed significantly decreased
infarct volumes 3 d after cerebral ischemia
compared with controls (rAd-PGK-eGFP)
(Fig. 4E). Quantitative measurement of
the infarct volume showed that it was sig-
nificantly reduced from an average of
169 � 15 mm 3 in rAd-PGK-eGFP-treated
controls (n � 8) to 70 � 16 mm 3 in rAd-
PGK-PrP C-Flag-treated animals (n � 8)
(Fig. 4G). The area of the largest infarct
decreased significantly from 18.6 � 2.5
mm 2 in the controls (rAd-PGK-eGFP) to
8.9 � 3.5 mm 2 in the treated rats (Fig.
4H), and infarcted slices were also signifi-
cantly reduced from 6.4 � 0.5 slices/rat in

the control animals to 3.0 � 0.2 slices/rat in the rAd-PGK-PrP C-
Flag-treated rats (Fig. 4 I).

Intracerebral administration of rAd-PGK-PrP C-Flag could
induce PrP C expression in neuron, glia, and endothelial cells
To demonstrate the successful induction of PrP C expression at
which type of brain cells, immunofluorescent cololcalization
analysis was performed after intracerebral injection of rAd-PGK-
PrP C-Flag. For fluorescent microscopy, the results of spatial dis-
tribution of rAd-PGK-PrP C-Flag-infected cells were shown to be
widely spread among the peri-infarcted region, striatum, and
periventricular areas (Fig. 4 J), etc. As shown by the laser-
scanning confocal microscope, the PrP C-Flag� cells coexpressed
with the neuronal phenotype of MAP-2�, nestin�, and the glial
phenotype of GFAP� cells (Fig. 5A–C). In addition, PrP C-Flag
expression was also colocalized with the endothelial phenotype of
vWF expression (Fig. 5D). After semiquantitative measurement
of specific cell phenotypes over the total PrP C-Flag� cells in the
colocalization study, the results showed that percentages of total
PrP C-Flag� cells colocalizing with specific markers of MAP-2
(neurons), GFAP (glial cells), and vWF (endothelial cells) were
	19, 	48, and 	33%, respectively.

Intracerebral administration of rAd-PGK-PrP C-Flag
increases PrP C-Flag expression in the ischemic brain
To confirm the neuroprotective effect of rAd-PGK-PrP C-Flag via
the overexpression of PrPC in the ischemic brain, the time course (6
h, 12 h, 24 h, 2 d, and 5 d; n � 4 each) of PrPC-Flag expression in the
ischemic brain after intracerebral injection of either adenoviral con-
structs was examined using Western blot analysis with a specific
antibody against Flag (Fig. 5E). The results indicated a greater in-
crease in expression of PrPC-Flag peaking 2 d after intracerebral
injection of rAd-PGK-PrPC-Flag compared with rAd-PGK-eGFP
(Fig. 5F).

Intracerebral addition of PD98059 exerts the reverse effect of
rAd-PGK-PrP C-Flag
To clarify that addition of PD98059 (20 �M) to the ischemic brain
would inhibit the protective effect of rAd-PGK-PrP C-Flag, in-
farct size was evaluated by H&E staining in three test groups of

Figure 3. PrP C immunoreactivity is colocalized with neuronal, glial, and endothelial cells. To identify which type of cerebral
cells expressed PrP C after cerebral ischemia, double immunofluorescence with laser-scanning confocal microscopy was per-
formed on rat brain slices. A–H, Ischemic cortical areas of rats revealed an increase in PrP C� coexpression with the neuronal
phenotypes of Neu-N � (A–D) and with the glial phenotype of GFAP � cells (E–H ). I–L, Some PrP C � cells showing vascular
phenotypes (vWF � cells) were also found around the perivascular and endothelial regions of the ischemic hemispheres. Scale bar,
50 �m. DAPI, 4
,6
-Diamidino-2-phenylindole dihydrochloride.
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rAd-PGK-eGFP (n � 4), rAd-PGK-PrP C-
Flag (n � 4), and PD98059 plus rAd-PGK-
PrP C-Flag (n � 4) (Fig. 5G). The results
revealed a significantly increased infarct
size in PD98059 plus rAd-PGK-PrP C-
Flag-treated rats compared with rAd-
PGK-PrP C-Flag-treated rats. The infarct
size of PD98059 plus rAd-PGK-PrP C-
Flag-treated rats was similar to that found
in rAd-PGK-eGFP-treated rats (Fig. 5H).

Intracerebral administration of rAd-
PGK-PrP C-Flag does not influence the
physiological properity of rats
To demonstrate that the neuroprotective
effect of rAd-PGK-PrP C-Flag did not oc-
cur as a result of changes to other physio-
logical parameters, systemic physiological
parameters were analyzed in 14 experi-
mental rats. Compared with rAd-PGK-
eGFP (n � 7), intracerebral administra-
tion of rAd-PGK-PrP C-Flag (n � 7) did
not alter systemic blood pressure, blood
gases, blood glucose, or serum electrolyte
levels (Table 1).

Hypoxia–reoxygenation induces an
increase in PrP C immunoreactivity in
primary cortical cultures
To examine the effect of hypoxia–reoxy-
genation on PrP C immunoreactivity in
primary cortical cultures, cells were placed
in a hypoxic chamber (95% N2 and 5%
CO2, 37°C) for 12 h and then returned to a
normoxic incubator (95% air and 5%
CO2, 37°C) for varying lengths of time (1,
3, 10, and 24 h), after which they were im-
munostained for PrP C. The results re-
vealed an increase in the immunoreactiv-
ity of PrP C after hypoxia-reoxygenation
treatment (Fig. 6A) in a time-dependent
manner compared with the control (Fig.
6B). Compared with control cells,
hypoxia-reoxygenation treatment signifi-
cantly increased PrP C-immunoreactive
cell density 10 h after treatment (Fig. 6C).

Hypoxia–reoxygenation induces
translation of PrP C and ERK1/2 in
primary cortical cultures
To examine the induction of increased
protein expression in PrP C, ERK1/2, p38,
and JNK, primary cortical cultures were
placed in a hypoxic chamber (95% N2 and
5% CO2, 37°C) for 12 h and returned to a
normoxic incubator (95% air and 5% CO2,
37°C) for differing lengths of time (1, 3, 10,
and 24 h), after which total cell protein was
extracted. It was found that there was a time-
dependent increase in the expression of
PrP C after hypoxia-reoxygenation treat-
ment (Fig. 7A). The ratio of PrPC/actin pro-
tein reached a peak level of approximately a

Figure 4. Intracerebral injection of rAd-PGK-PrP C-Flag improves neurological dysfunction and reduces infarcted volume in
stroke rats. A–D, Three days after cerebral ischemia, body asymmetry trials, and locomotor activities, three vertical parameters
were examined in each experimental rat. These showed significant improvement in rAd-PGK-PrP C-Flag-treated rats compared
with rAd-PGK-eGFP-treated control rats. E, Injection of rAd-PGK-PrP C-Flag significantly reduced cortical infarction compared with
rAd-PGK-eGFP-treated rats. The white area represents the infarcted zone in the right cerebral cortex by TTC staining. F, Under
immunofluorescence, rats receiving rAd-PGK-PrP C-Flag showed expression of Flag [red-Cy3 and blue-4
,6
-diamidino-2-
phenylindole dihydrochloride (DAPI)] in the representative square area (▫), compared with rats receiving rAd-PGK-eGFP, show-
ing expression of eGFP (green-eGFP) in the square area. G, The volume of infarction was significantly reduced in rats treated with
rAd-PGK-PrP C-Flag compared with the control (rAd-PGK-eGFP) group. H, The area with the largest infarction in a section from a
given rat was significantly diminished by rAd-PGK-PrP C-Flag treatment. I, Finally, the number of infarcted sections per rat was
also reduced by rAd-PGK-PrP C-Flag treatment. J, The results of fluorescent microscopy of rAd-PGK-PrP C-Flag-infected cells in
ischemic brains were shown to be widely distributed in the peri-infarcted region, striatum, and periventricular area.
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twofold increase over control cells 24 h after hypoxia-reoxygenation
treatment (Fig. 7B).

To examine the expression of activated ERK1/2, p38, and
JNK, primary cortical cultures were treated under the aforemen-
tioned conditions, after which total protein was extracted. We

found an increase in the expression of activated ERK1/2 3 h after
hypoxia-reoxygenation treatment (Fig. 7C). At this time, the ra-
tio of ERK1/2/actin protein reached a peak level of approximately
a twofold increase in treated cells compared with the control cells
(Fig. 7D). The expression levels of p38 and JNK showed no sta-
tistically significant differences between treated and control cells
(Fig. 7D). However, the increased expression of PrP C returned to
the control level after the addition of the specific inhibitor of
activated ERK1/2 (PD98059) to treated cells (Fig. 7E, F).

Overexpression of PrP C transduces antiapoptotic signals
in vitro
To examine whether overexpression of PrP C would be neuropro-
tective under hypoxic conditions, we examined caspase-3 activity
and LDH activity in the neuroblastoma cells line (N18) by
adenovirus-mediated overexpression of PrP C. The results, ob-
tained using a fluorometric method, showed that N18 cells in-
fected with rAd-PGK-PrP C-Flag subjected to 12 h of hypoxic
treatment had increased expression of PrP C and significantly re-
duced caspase-3 activity compared with the cells infected with
rAd-PGK-eGFP (Fig. 7G). In addition, rAd-PGK-PrP C-Flag-
infected cells showed remarkably reduced LDH activity after 24 h

Figure 5. Intracerebral injection of rAd-PGK-PrP C-Flag increases PrP C-Flag expression in the ischemic brain. A–D, The PrP C-Flag � cells coexpressed with the MAP-2 �, nestin �, Neu-N �,
GFAP �, and vWF � cells. E, Western blot analysis of the temporal expression of PrP C-Flag after intracerebral injection of either adenoviral constructs. F, Densitometric results indicate a significant
increase in expression of PrP C-Flag, peaking 2 d after intracerebral injection of rAd-PGK-PrP C-Flag compared with rAd-PGK-eGFP (Cg). G, Representative H&E staining of the ischemic brains of three
test groups of rAd-PGK-eGFP, rAd-PGK-PrP C-Flag, and PD98059 plus rAd-PGK-PrP C-Flag. H, Results of infarct measurement are shown in these three groups. The mean � SEM is shown. *p � 0.05.
Scale bar, 50 �m.

Table 1. Physiological parameters not altered by rAd-PGK-PrPC-Flag treatment

Items
rAd-PGK-PrPC-Flag
(n � 7)

rAd-PGK-eGFP
(n � 7) pa

pH 7.34 � 0.016 7.32 � 0.012 0.911
PaCO2 (mmHg) 47.22 � 1.37 49.33 � 2.6 0.230
PaO2 (mmHg) 93.51 � 3.1 92.47 � 3.4 0.220
HCO3

� (10�3 mol/L) 27.9 � 1.22 26.47 � 1.14 0.414
Hematocrit (%) 43.62 � 2.61 42.8 � 3.78 0.285
Hemoglobin (10 g/L) 13.9 � 0.38 14.69 � 0.86 0.229
Na� (10�3 mol/L) 140.1 � 4.4 144.11 � 2.4 0.642
K� (10�3 mol/L) 4.53 � 0.31 4.36 � 0.16 0.819
Ca� (10�2 g/L) 4.13 � 0.29 3.76 � 1.03 0.577
Glucose (10�2 g/L) 144.9 � 27.2 146.91 � 15.2 0.584
MBP (mmHg) 78.6 � 8.31 81.1 � 6.39 0.568
HR (bpm) 397 � 27 414 � 17 0.667

MBP, Mean blood pressure; HR, heart rate.
at test.
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of hypoxia treatment compared with those injected with rAd-
PGK-eGFP (Fig. 7H).

Hypoxia–reoxygenation induced activation of PrP-luciferase
reporter gene constructs containing HSE
To determine whether the molecular regulation of PrP C expres-
sion took place through activated transcriptional factor binding
to HSE in the promoter region of rat PrP C gene, N18 cells were
transiently transfected with 6 �g of various PrP C reporter con-
structs and pCMV �-gal using lipofectamine, and luciferase ac-
tivity was then analyzed. After transfection, cells were grown
overnight and were either subjected or not subjected to hypoxia
for 12 h, after which they were reoxygenated for up to 24 h.
Luciferase activities of each reporter plasmid were measured in
triplicate and expressed as fold-inductions after normalization by
�-gal assay. We found a significant increase in luciferase activities
between hypoxia-reoxygenation-treated and untreated cells. A
10- to 15-fold increase in the luciferase activity of
praPrP(-2831)-luc and praPrP(-1026)-luc was observed com-
pared with praPrP(-514)-luc and the pGL2 control under condi-
tions of hypoxia (Fig. 8). The luciferase activity of praPrP(-
2831M)-luc showed a threefold increase compared with the
praPrP(-514)-luc and pGL2-control (Fig. 8).

Discussion
Although the biological function of PrP C remains unknown, sev-
eral lines of research have suggested a protective role for PrP C in
the cellular response to oxidative damage (Brown and Sassoon,
2002; McLennan et al., 2004). In this study, ischemic conditions
resulted in a time-dependent increase in PrP C expression over
the penumbric area in cerebral ischemic animals. Immunohisto-
chemical analysis of brain tissue also demonstrated that PrP C-
positive cells significantly increased after cerebral ischemia com-
pared with the nonischemic control. In the cerebral ischemic

animal model, PrP C expression was present in neuronal, glial,
and vascular endothelial cells. The functional importance of
PrP C having a neuroprotective role after neuronal damage has
been further emphasized in studies using ischemic rats. Intrace-
rebral administration of rAd-PGK-PrP C-Flag to cerebral isch-
emic rats improved neurological dysfunction and diminished the
infarct volume, further reinforcing the impression of a neuropro-
tective role for PrP C. We also found increased expression of PrP C

and an increased number of PrP C-immunoreactive cells under
hypoxia-reoxygenation conditions in primary cortical cultures.
In addition, expression of activated ERK increased after hypoxia-
reoxygenation treatment, and the upregulation of PrP C was
blocked by the ERK-specific inhibitor (PD98059). After hypoxia-
reoxygenation treatment, N18 cells transfected with luciferase
reporter constructs of the rat PrP C promoter, which contained
HSE, expressed higher luciferase activities (3- to 10-fold) than
those cells transfected with the constructs containing no HSE. In
conclusion, from these findings, we can propose that HSTF-1
(Shyu et al., 2002), phosphorylated by ERK1/2, could in turn
interact with HSE in the promoter of PrP C resulting in PrP C gene
expression.

In previous studies, it was found that PrP C could cause neu-
ronal cells to respond to many types of environmental stress,
including heat shock (Shyu et al., 2000, 2002) and oxidative stress
(Shyu et al., 2004). Some investigators found that, under isch-
emic conditions, PrP C expression is upregulated (McLennan et
al., 2004; Weise et al., 2004). These previous in vivo results, in
either the human or rodent brain, indicate that PrP C has a pro-
tective role against neurotoxicity. In our study, we have again
demonstrated that expression of PrP C dose protects the neural
tissue from ischemic and hypoxia injury in the rat brain and
primary cortical neuron. Furthermore, we also found increased
expression of PrP C in the penumbric region after cerebral isch-
emia peaking 3 d after 90 min cerebral ischemia was induced in
rats. In contrast, a recent report demonstrated that transient ce-
rebral ischemia (60 min) does not induce any significant increase
in PrP C expression (Weise et al., 2004). Therefore, we can spec-
ulate that more severe neuronal injuries would bring about a
greater change in the extent and temporal profile of PrP C

upregulation.
Many growth factors and neuroprotective substances, such as

transforming growth factor-�1 and glial cell-derived neurotro-
phic factor, show increased expression after brain insult (Humpel
et al., 1994; Knuckey et al., 1996). This indicates that neuropro-
tective signals are transduced immediately after environmentally
stressful conditions. In our investigation, expression of PrP C in-
creased time dependently under ischemia/hypoxia conditions.
We also demonstrate that increased expression of PrP C in the
local ischemic brain region could exert a neuroprotective effect
that improves neurological dysfunction and reduces the volume
of cerebral infarction. As shown in this study, the signaling path-
way of increased expression of PrP C definitely occurs through a
mitogen-activated protein kinase of ERK1/2, because enhanced
expression of PrP C was inhibited by adding ERK1/2 inhibitor
(PD98059) to the primary cortical culture medium. In addition,
according to previous reports, PrP C may transduce neuroprotec-
tive signals through a cell-surface ligand (Chiarini et al., 2002;
Zanata et al., 2002) and is capable of protecting neuronal cell lines
from apoptosis (Kuwahara et al., 1999). Therefore, we suggest
that PrP C may play a neuroprotective role in vivo. Understanding
the physiological role of PrP C may help elucidate the pathological
processes associated with prion diseases. Furthermore, according
to this study, overexpression of PrP C by adenovirus-mediated

Figure 6. Hypoxia–reoxygenation induces an increase in PrP C immunoreactivity in primary
cortical cultures. A, B, Representative microscopic features of primary cortical cultures were
immunoreacted for PrP C in conditions of hypoxia–reoxygenation or control, respectively. C,
Quantitative analysis of PrP C-immunoreactive cells. Increased immunoreactivity of PrP C was
time dependent and reached its peak level 24 h after hypoxia–reoxygenation compared with
non-hypoxia-treated cells, indicated as “C.” The mean � SEM is shown. *p � 0.05 versus
control. Scale bar, 40 �m.
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gene targeting could be adopted in the future as a therapeutic
strategy for the treatment of ischemic stroke patients.

Proliferative glial cells responding to mitogenic factors re-
leased from microglia increase PrP C expression under certain

stresses (Brown et al., 1998b). In addition,
the neuroprotective effect of PrP C in glial
cells in response to stress has been demon-
strated in vivo by transplantation experi-
ments between Prnp 0/0 mice and mice
overexpressing PrP C (Brandner et al.,
1996). These experiments indicated that
PrP C exerts a strong neuroprotective effect
on brain tissue and might be expressed
mainly from glial cells. In this study, we
also demonstrate increased expression of
PrP C in the penumbric region of ischemic
glial cells (GFAP-immunoreactive cells).
In a previous report, PrP C expression in
astroglial cells was suggested to be related
to a regulation in cellular resistance to
free-radical damage by oxidative stress
(Brown et al., 1998b). Similar findings also
suggested that PrP C expression in neurons
can aid resistance to oxidative stress
(Brown et al., 1997). Thus, we speculate
that increased expression of PrP C in glial
cells and neurons of the ischemic brain
might protect neural tissue from neuro-
toxic substances after ischemic injury.

In a previous study, a green fluorescent
protein reporter gene under the control of
bovine PrP C gene regulatory sequences
was expressed in the mucosal capillary en-
dothelial cells of the intestine of transgenic
mice (Lemaire-Vieille et al., 2000). Re-
porter gene expression in endothelial and
epithelial cells strongly suggests that these
cell types normally express the PrP C gene.
Subsequently, some reports have demon-
strated that endothelial cells of both mac-
rovascular and microvascular origin ex-
press high levels of PrP C (Simak et al.,
2002; Starke et al., 2002). Our study has
shown increased expression of PrP C in the
penumbric region of ischemic brain cells
and that this expression is colocalized with
markers for vascular endothelial cells, as
observed by double immunohistochemi-
cal confocal microscopy. Compared with
previous studies (Simak et al., 2002; Starke
et al., 2002), which found only endothelial
cell expressing PrP C outside the CNS, we
found that brain vascular endothelial cells
(vWF-immunoreactive cells) produce
PrP C in the ischemic region. This indicates
that increased expression of PrP C in endo-
thelial cells in the ischemic brain region
may be neuroprotective compared with
normal brains, in which there is no in-
crease in PrP C expression. According to a
previous report, which investigated
caveolin-1 (cav-1) in endothelial cells,
PrP C is bound to cav-1 and, by recruiting

Fyn kinase, can participate in signal transduction events related
to cell survival, differentiation, and even angiogenesis (Mas-
simino et al., 2002). In summary, taking our results in combina-
tion with these investigations (Massimino et al., 2002; Simak et

Figure 7. Hypoxia–reoxygenation induces translation of PrP C and ERK1/2 in primary cortical cultures. A, primary cortical
cultures were placed in a hypoxic chamber (95% N2 and 5% CO2, 37°C) for 12 h and returned to a normoxic incubator (95% air and
5% CO2, 37°C) for different lengths of time (1, 3, 10, and 24 h), after which, total protein was extracted for Western blot analysis
of PrP C. B, Densitometric analysis of the Western blot, the ratio of PrP C/actin was taken as 1 for nonhypoxic cells, which represents the
control(C).Themean�SEMisshown.*p�0.05versuscontrol.Thetime-dependentchangesinPrP C expressionaredepicted.C,Primary
cortical cultures were treated as above, and total protein was then extracted for Western blot analysis of ERK1/2, p38, and JNK expression.
D, Densitometric analysis of the Western blot, the ratio of ERK1/2, p38, and JNK/actin were taken as 1 for nonhypoxic cells, which
represents the control. E, Primary cortical cultures were treated as above and total protein was then extracted for Western blot analysis of
PrP C expression with or without addition of inhibitor of PD98059. F, Densitometric analysis of the Western blot, the ratio of PrP C/Actin
were taken as 1 for nonhypoxic cells, which represents the control. G, The results show that N18 cells infected with rAd-PGK-PrP C-Flag
subjected to hypoxia for 12 h exhibited significantly reduced caspase-3 activity compared with that of rAd-PGK-eGFP. H, The rAd-PGK-
PrP C-Flag-infectedN18cellsshowedmuchreducedLDHactivityafter24hofhypoxictreatmentcomparedwiththatofrAd-PGK-eGFP.The
mean � SEM is shown. *p � 0.05 versus control. C, Control.
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al., 2002; Starke et al., 2002), we speculate that increased expres-
sion of PrP C in neuron, glial, and endothelial cells of the ischemic
brain might be involved in aiding neuroplasticity and angiogen-
esis to attenuate ischemic injury in the stroke rat.
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