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Tissue-type plasminogen activator (tPA)
is found in the intravascular space and in
the central nervous system. The low-
density lipoprotein receptor–related pro-
tein (LRP) is expressed in neurons and in
perivascular astrocytes. During cerebral
ischemia, tPA induces the shedding of
LRP’s extracellular domain from perivas-
cular astrocytes, and this is followed by
the development of cerebral edema. Pro-
tein kinase B (Akt) is a serine/threonine

kinase that plays a critical role not only in
cell survival but also in the regulation of
the permeability of the blood-brain bar-
rier. We found that, in the early phases of
the ischemic insult, the interaction be-
tween tPA and LRP induces Akt phosphor-
ylation (pAkt) in perivascular astrocytes
and inhibits pAkt in neurons. Coimmuno-
precipitation studies indicate that pAkt
and LRP’s intracellular domain interact in
perivascular astrocytes and that this inter-

action is dependent on the presence of
tPA and results in the development of
edema. Together, these results indicate
that, in the early stages of cerebral is-
chemia, the interaction between tPA and
LRP in perivascular astrocytes induces
the activation of a cell signaling event
mediated by pAkt that leads to increase in
the permeability of the blood-brain bar-
rier. (Blood. 2008;112:2787-2794)

Introduction

Tissue-type plasminogen activator (tPA) is a highly specific
serine proteinase and one of the 2 main plasminogen activators.1

In the intravascular space, tPA is primarily a thrombolytic
enzyme; and based on this property, tPA is the only FDA-
approved medication for the treatment of patients with acute
ischemic stroke.2 Unfortunately, treatment with tPA has been
associated not only with a complete or nearly complete recovery
in 30% of patients with acute ischemic stroke, but also with a
10-fold increase in the incidence of hemorrhagic complica-
tions.2 A deleterious role for tPA in the ischemic brain has also
been indicated by animal studies demonstrating that, after
middle cerebral artery occlusion (MCAO), there is an increase
in endogenous tPA activity within the ischemic tissue3-5 and that
either genetic deficiency of tPA3,6 or its inhibition with neuroser-
pin4,7 is associated with neuronal survival, decrease in the
volume of the ischemic lesion, and preservation of the barrier
function of the blood-brain barrier (BBB).8,9

The neurovascular unit (NVU) is assembled by endothelial
cells, the basement membrane neurons, and perivascular astro-
cytes.10 One of the main functions of the NVU is the regulation
of the passage of substances from the intravascular space into
the brain. During cerebral ischemia, there is a progressive
increase in tPA activity in the NVU that has been associated with
the development of cerebral edema.5 The low-density lipopro-
tein (LDL) receptor–related protein (LRP) is a member of the
LDL receptor gene family that interacts with multiple ligands,
including tPA.11 In the central nervous system (CNS), LRP is
found in neurons and in perivascular astrocytes. In neurons,
LRP has been implicated in cellular signal transduction

pathways.12 In perivascular astrocytes, the interaction between
tPA and LRP has been demonstrated to increase the permeability
of the BBB.5,8,13

Protein kinase B (PKB), also known as Akt, is a serine/
threonine protein kinase with oncogenic and antiapoptotic
properties.14 The expression of Akt in the CNS increases in
response to cellular stress or injury, suggesting a role for Akt in
cell survival.15 During cerebral ischemia, there is a rapid and
transient induction of Akt phosphorylation (serine 473) in
neurons16,17 that has been considered to be a neuroprotective
response.16,18-20 However, it has been recently suggested that Akt
phosphorylation also has a direct effect on the permeability of
the BBB.21-23

In previous work, we demonstrated that, during cerebral
ischemia, the interaction between tPA and LRP in perivascular
astrocytes induces shedding of LRP’s ectodomain into the
basement membrane in those areas of the NVU with early signs
of developing edema.5 Here we show that the interaction
between tPA and LRP in perivascular astrocytes induces phos-
phorylation of Akt- and pAkt-dependent increase in the perme-
ability of the BBB. Together, our results indicate that the
interaction between tPA and LRP in the NVU under ischemic
conditions induces the activation of a cell signaling event
mediated by phosphorylation of Akt that leads to increase in the
permeability of the BBB. Moreover, our results indicate that
LRP phosphorylates Akt in perivascular astrocytes subjected to
hypoxic/ischemic conditions. Finally, our data suggest that,
during cerebral ischemia, phosphorylation of Akt has a dual
function: a deleterious role in perivascular astrocytes and a
neuroprotective effect in neurons.
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Methods

Animal model of cerebral ischemia and quantification of Evans
blue dye extravasation

Transient occlusion of the middle cerebral artery (tMCAO) was induced in
wild-type (WT) C57BL/6J, tPA-deficient (tPA�/�), and plasminogen defi-
cient (Plg�/�) mice24 with a 6-0 silk suture advanced from the common
carotid artery into the middle cerebral artery as described elsewhere.25

Plg�/� mice lack plasminogen in both the intravascular and extravascular
compartments, including the brain parenchyma. After 60 minutes of
ischemia, the suture was withdrawn and animals were reperfused. Cerebral
perfusion in the distribution of the middle cerebral artery was monitored
throughout the surgical procedure and after reperfusion with a laser Doppler
(Perimed, North Royalton, OH), and only animals with a more than 70%
decrease in cerebral perfusion after occlusion and complete recovery after
suture withdrawal were included in this study. The rectal and masseter
muscle temperatures were controlled at 37°C with a homoeothermic
blanket. Immediately after tMCAO, a subgroup of tPA�/� mice was placed
on a stereotactic frame and intracortically injected at bregma: �1 mm,
mediolateral 3 mm, and dorsoventral 3 mm, with 2 �L of either phosphate-
buffered saline (PBS) or murine tPA (1 �M, estimated final concentration
0.01 �M; Molecular Innovations, Southfield, MI), or a combination of
murine tPA and the receptor associated protein (RAP; 9 �M, estimated final
concentration 0.09 �M), an antagonist of LRP. RAP was kindly provided
by Dr Dudley K. Strickland from the University of Maryland (Baltimore,
MD). For the vascular permeability studies, immediately after MCAO, WT
mice were injected into the third ventricle with 2 �L of either wortmannin
(0.1 mM; Sigma-Aldrich, St Louis, MO) or vehicle (control) at bregma
�2 mm, mediolateral 0 mm, and dorsoventral 2 mm,26 followed by the
intravenous injection of 0.2 mL/100 g body weight of 2% Evans blue dye.
With this dose of wortmannin, the estimated final concentration in the
cerebrospinal fluid is 1 �M. The intracortical and intraventricular injections
were performed more than 15 minutes with a microsyringe pump controller
(World Precision Instruments, Sarasota, FL) attached to a syringe holder
(World Precision Instruments). After the end of the infusion, the needle was
left in place for 5 minutes to avoid reflow. Six hours after reperfusion and
the intravenous injection of Evans blue dye, animals were transcardially
perfused and the extravasation of Evans blue dye was quantified from the
absorbance at 620 nm each supernatant minus the background calculated
from the baseline absorbance between 500 and 740 nm and divided by the
wet weight of each hemisphere.5 Animal studies were approved by the
Emory Institutional Animal Care and Use Committee.

Definition of areas of interest, immunohistochemistry, and
TUNEL staining

Three areas of interest (AOIs) were previously defined in the zone of
ischemic penumbra by magnetic resonance imaging parameters as de-
scribed elsewhere.8,13 In brief, each coronal section was divided into
16 square areas (150 mm2 each) that involved the necrotic core and the area
of ischemic penumbra, and comparable areas in the nonischemic hemi-
sphere.8,13 AOI-1 and -3 were localized in the fronto- and temporo-parietal
lobes, whereas AOI-2 corresponded to the necrotic zone in the parietal lobe.
For the immunohistochemistry studies, 20 frozen brain sections 10 �m
each were obtained 1 hour after reperfusion in WT and tPA�/� mice and
costained with the nuclear marker 4�,6-diamidino-2-phenylindole (Invitro-
gen, Carlsbad, CA) and antibodies against NeuN (1:1000 dilution; Chemi-
con International, Temecula, CA) and Akt phosphorylated at serine 473
(Cell Signaling Technology, Danvers, MA). TdT-mediated dUTP nick end
labeling (TUNEL) staining was performed with the ApopTag Plus Fluores-
cein In Situ Apoptosis Detection Kit S7111 (Millipore, Billerica, MA)
following instructions provided by the manufacturer. To determine the
number of TUNEL-positive cells, images were digitized in a Zeiss Axioplan
2 microscope (20-fold objective) with a Zeiss AxioCam and imported into
AxioVision. Images were then viewed at 150% of the original 20� images
with an Image MetaMorph Software. The number of TUNEL-positive cells
was expressed as a percentage of the total number of cells in each field.

Each experiment was repeated 8 times. Statistical analysis was performed
with a 1-way analysis of variance test.

Cell cultures

Astrocytes and neurons were cultured from 1-day-old (astrocytes) and E17
(neurons) WTC57BL/6J mice as described elsewhere.9 For astrocytic
cultures, cells were dissociated into a single-cell suspension by trituration
through a Pasteur pipette and plated onto either 12-mm glass coverslips or
6-well plates coated with 0.05 mg/mL poly-D-lysine and grown in Dul-
becco modified Eagle medium (Invitrogen) supplemented with 25 mM
glucose, 10% heat-inactivated horse serum, 10% heat-inactivated fetal
bovine serum, 2 �M glutamine, 10 U/mL penicillin, and 10 �g/mL strepto-
mycin. To prepare neuronal cultures, cortical tissue was dissected, trans-
ferred into Hanks balanced salt solution containing 5% penicillin/
streptomycin and 10 �M N-2-hydroxyethylpiperazine-N�-2-ethanesulfonic
acid, and incubated in trypsin containing 0.02% DNase at 37°C for
15 minutes. Tissue was then triturated and the supernatant resuspended in
Neurobasal media containing 2 �M L-glutamine, 2% B27, and 5% fetal
bovine serum. Cells were plated onto poly-L-lysine-coated coverslips and
after 3 days received serum-free media. Cultures were treated with serum
free media for 24 hours, washed with PBS 3 times, and then incubated
under oxygen-glucose deprivation (OGD) conditions for 1 hour. To induce
OGD conditions, the culture medium was replaced by glucose-free Earle
balanced salt solution previously saturated with 95% N2/5% CO2 at 37°C.
Cultures were then placed in an anaerobic chamber (Billups-Rothenberg,
Del Mar, CA) equipped with inlet and outlet valves, and equilibrated for
15 minutes with a continuous flux of gas (5% CO2/95% N2). With this
setting, the concentration of oxygen in the media drops to less than 1%. The
chamber was then sealed and placed in an incubator at 37°C. A less than 5%
oxygen concentration was confirmed with an oxymeter before starting the
experiments. In preliminary studies, we used a colorimetric assay to
quantify the release of lactate dehydrogenase in the media of cultured
astrocytes and neurons (Oxford Biomedical Research, Oxford, MI). We
found that exposure to astrocytes and neurons to OGD conditions for 1 hour
results in less than 1% (astrocytes) and 29% (� 3%; neurons) release of
lactate dehydrogenase into the media compared with cultures treated with
the cell-lysing reagent provided by the manufacturer (data not shown). As
control, a similar group of cells was kept under normoxic conditions. To
study the effect of the interaction between tPA and LRP on Akt phosphory-
lation, a subset of astrocytes and neurons cultured from WT mice
were incubated with 5 �L either murine tPA (1 �M; final concentration
0.01 �M), or a combination of murine tPA and RAP (9 �M; final
concentration 0.09 �M).

Immunogold electron microscopy

Immunogold electron microscopy for phosphorylated Akt was performed as
previously described.27 Wild-type and tPA�/� mice underwent MCAO. One
hour later, animals were anesthetized with chloral hydrate (400 mg/kg) and
perfused transcardially with 150 mL 3% freshly depolymerized paraformal-
dehyde and 0.15% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2-7.4) at
a flow rate of 8 mL/minute. Brains were removed and further fixed in the
same fixative for 1 hour at 4°C and sectioned coronally at 50 �m using a
Vibratome (Technical Products International, St Louis, MO). The sections
were then collected and washed thoroughly with phosphate buffer. To
improve reagent penetration, the sections were treated with phosphate
buffer containing 0.05% Triton X-100 followed by incubation in a blocking
solution containing 5% normal goat serum, 5% bovine serum albumin, and
0.1% coldwater fish skin gelatin followed by incubation with an antibody
that detects Akt phosphorylated at serine 473. Thin sections were counter-
stained with saturated uranyl acetate and lead citrate and examined with a
Hitachi H-7500 transmission electron microscope.

Western blot analysis

The whole ischemic hemisphere, as well as astrocytes and neuronal
cultures, were homogenized as described elsewhere8,9,28,29 and separated on
a 4% to 12% acrylamide gel before transfer to a nitrocellulose membrane.
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Phosphorylated Akt (serine 473) and total Akt were detected with poly-
clonal antibodies purchased from Cell Signaling Technology (1:1000
dilution). A subset of brain extracts from WT and tPA�/� mice was probed
6 and 24 hours after MCAO with a monoclonal antibody directed against
poly(ADP-ribose)polymerase (BD Biosciences PharMingen, San Diego,
CA). For the loading control, membranes were probed with an anti-�-actin
antibody (Sigma-Aldrich). Each observation was repeated 6 times. The
mean density of the band in the media was quantified with the National
Institutes of Health Image Analyzer System, and results were presented as a
mean density of the band. Statistical analysis was performed with the
Student t test.

Immunoprecipitation studies

For immunoprecipitation studies, we followed a previously described
protocol.30 Briefly, brain extracts were homogenized in ristocetin-induced
platelet aggregation lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl,
50 mM sodium fluoride, 5 mM ethylenediaminetetraacetic acid, 1% Non-
idet P-40, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS])
containing a protease and phosphatase inhibitor mixture (Roche Diagnos-
tics, Mannheim, Germany), followed by centrifugation at 13 000g and
determination of the protein concentration. Samples containing the same
amount of total protein were incubated with 11H4 anti-LRP antibody
(detects the last 11 amino acid of LRP’s intracellular domain; kindly
provided by Dr Dudley K. Strickland), followed by incubation with protein
A/G plus agarose beads (Santa Cruz Biotechnology, Santa Cruz, CA). The
beads were collected by centrifugation and washed 5 times with ice-cold
buffer (50 mM Tris, 50 mM N-2-hydroxyethylpiperazine-N�-2-ethanesulfonic
acid, pH 7.4, 100 mM sodium pyrophosphate, 100 mM sodium fluoride,
10 mM ethylenediaminetetraacetic acid, 10 mM sodium vanadate, 2 mM
phenylmethylsulfonyl fluoride, 0.1 mg aprotinin/mL, and 0.1 mg leupeptin/
mL) and boiled with 1.5� reducing SDS sample buffer for 5 minutes,
separated on 10% SDS polyacrylamide gel, and analyzed by Western
blotting using the anti-pAkt and anti-LRP 11H4 antibodies described above.

Results

tPA induces Akt phorphorylation in the ischemic brain

To study the role of endogenous tPA on Akt phosphorylation, we
performed Western blot analysis with an antibody that detects Akt
phosphorylated at serine 473 in brain extracts of WT and tPA-
deficient (tPA�/�) mice 1 to 24 hours after MCAO. Our results
indicate that the onset of the ischemic insult induces a rapid and
transient increase in Akt phosphorylation in WT mice 1 hour after
MCAO that is not observed in tPA�/� animals. Six hours after
MCAO, pAkt expression in WT mice is virtually absent in glial
cells and significantly decreased in neurons. In contrast, at the same
time point in tPA�/� mice, there is a significant increase in the
expression of neuronal pAkt (Figure 1A,B).

Akt phosphorylation is observed in AOI-1 and -2, which
correspond to the border zone between the necrotic core and the
area of ischemic penumbra (defined as diffusion-perfusion mis-
match); although decreased, there is still energy supply. The
expression of neuronal pAkt is observed mainly in the area of
ischemic penumbra, with few pAkt-positive neurons in the necrotic
core. In contrast, the expression of glial pAkt is almost exclusively
seen in the area of penumbra, where the leading edge of vasogenic
edema is observed. Likewise, the intracerebral injection of murine
tPA into the ischemic hemisphere of tPA�/� mice after MCAO
increased the expression of phosphorylated Akt to levels similar to
those found in WT mice (Figure 1A,C).

Six hours after MCAO, pAkt expression in WT mice is virtually
absent in glial cells and significantly decreased in neurons. In

contrast, at the same time point in tPA�/� mice, there is a significant
increase in the expression of neuronal pAkt.

Effect of tPA deficiency on Akt phosphorylation in neurons

To study the effect of tPA deficiency on neuronal Akt phosphoryla-
tion, we performed immunohistochemical analysis for neuronal
pAkt in WT and tPA�/� mice 24 hours after MCAO. Our results
demonstrate that, 24 hours after the onset of the ischemic insult,
there is a significant increase in neuronal pAkt in each AOI that is
not observed in WT mice (Figure 2A-D). In addition, at that time
point, we did not observe Akt phosphorylation in glial cells.
Because pAkt has been considered as a neuroprotective response in
the ischemic brain,16,19 we decided to study whether the increase in
the expression of neuronal pAkt observed in tPA�/� mice 24 hours
after MCAO had an effect on ischemic cell death. Poly(ADP-
ribose) polymerase-1 (PARP-1) is a key mediator of ischemic cell
death.31 Indeed, the ischemic insult induces not only an increase in
the expression of PARP-1 but also its cleavage by caspases.32-34

Therefore, the cleavage of PARP-1 is considered as a marker of
apoptotic cell death.35 We performed Western blot analysis in brain
extracts from WT and tPA-deficient (tPA�/�) mice 6 and 24 hours
after MCAO with an antibody that detects PARP-1. Our results
indicate that the onset of the ischemic insult is followed by an
increase in the expression of PARP-1 in WT mice (116-kDa band)
that is significantly attenuated in tPA�/� animals (Figure 2E). More

Figure 1. Effect of tPA deficiency on Akt phosphorylation in the ischemic brain.
(A) Representative Western blot analysis for Akt phosphorylated at serine 473 (pAkt)
and total Akt in brain extracts from wild-type (WT) and tPA-deficient (tPA�/�) mice 1 to
24 hours after middle cerebral artery occlusion (MCAO). S denotes sham-operated
mice. (B) Mean density of the band of 6 immunoblots for pAkt in wild-type (�) and
tPA�/� mice (f) 1 to 24 hours after MCAO. n � 6. Lines depict SD. *P � .001 relative
to either WT or tPA�/� sham-operated mice. †P � .001 compared with tPA�/� mice
1 hour after MCAO. ‡P � .001 relative to WT mice 24 hours after MCAO. (C) Repre-
sentative Western blot analysis for pAkt in brain extracts from tPA�/� mice 1 hour
after middle cerebral artery occlusion (MCAO) and either no treatment (NT) or the
intracerebral injection of tPA (tPA).
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importantly, 24 hours after MCAO, we observed an 89-kDa band in
WT but not in tPA�/� mice corresponding to the size of PARP-1–
cleaved automodification and catalytic domains. To better charac-
terize our results, we counted the number of TUNEL-positive
neurons in each one of the 3 AOIs defined as described in
“Definition of areas of interest, immunohistochemistry, and TUNEL
staining” in WT and tPA�/� mice 24 hours after MCAO. We found
that the number of TUNEL-positive neurons decreased from 62%
(� 2.6%) in WT mice to 21.5% (� 1.63%) in tPA�/� mice
(Figure 2F, n � 8; P � .005).

Effect of tPA deficiency on Akt phosphorylation in astrocytes

To study the role of tPA on Akt phosphorylation in glial cells, we
performed immunohistochemical analysis for pAkt and GFAP 1 hour
after MCAO. Our results demonstrated a significant increase in pAkt
expression in glial cells surrounding the blood vessels in each AOI in

WT but not in tPA�/� mice (data not shown). To further characterize this
observation, we performed immunogold electron microscopy analysis
for pAkt in brain sections from WT and tPA�/� mice 1 hour after
MCAO. We found that cerebral ischemia induces a rapid increase in
pAkt in perivascular astrocytes in WT mice (Figure 3Ai) that is not
observed in tPA�/� mice (Figure 3Aii). Because one of the main
functions of perivascular astrocytes is the regulation of the permeability
of the NVU, we decided to study the effect of Akt inhibition on the
permeability of the BBB. Wild-type mice underwent the intraventricular
injection of either wortmannin (0.1 mM) or vehicle control (100%
dimethyl sulfoxide) followed by the intravenous injection of Evans blue
dye and MCAO as described in “Animal model of cerebral ischemia
and quantification of Evans blue dye extravasation.” We found that,
compared with vehicle-treated WT mice (Figure 3B filled bar), treat-
ment with wortmannin resulted in a 57% (� 18%) decrease in the
extravasation of Evans blue dye (Figure 3B open bar; n � 6; P � .005).

Figure 2. Effect of tPA deficiency on ischemic cell
death. (A-D) Immunohistochemical analysis of neuronal
pAkt in the area of interest-2 (AOI-2) 1 (A,B) and 24 (C,D)
hours after middle cerebral artery occlusion (MCAO) in
wild-type (A,C) and tPA�/� (B,D) mice. Blue indicates
4�,6-diamidino-2-phenylindole and red indicates pAkt in
panels A and B and NeuN in panels C and D. Green
indicates GFAP in panels A and B and pAkt in panels C
and D. Original magnification, A-D, 40�. Images were
visualized using a Leica DMRBE microscope (Leica,
Houston, TX) equipped with a 100�/1.30 numeric aper-
ture (NA) and a LeicaDC500 camera. Images were
processed using software provided by the camera manu-
facturer. (E) Representative Western blot analysis of
PARP-1 cleavage in brain extracts from wild-type (WT)
and tPA�/� mice 6 and 24 hours after MCAO. C denotes
a control WT animal. The arrow indicates an approxi-
mately 89-kDa PARP-1 cleavage product. Each observa-
tion was repeated 4 times. (F) Mean percentage of
TUNEL-positive cells in the area of ischemic penumbra in
WT and tPA�/� mice 24 hours after MCAO; n � 7.
*P � .005 compared with WT mice.

Figure 3. tPA induces Akt phosphorylation in perivas-
cular astrocytes. (A) Representative micrographs of
immunogold electron microscopy analysis for pAkt in
perivascular astrocytes in the area of interest-2 (AOI-2) of
wild-type (i) and tPA�/� mice (ii) 1 hour after MCAO. Bv
indicates blood vessel; and bm, basement membrane.
Each observation was repeated 4 times. (B) Mean Evans
blue dye extravasation in wild-type mice 6 hours after
reperfusion and the intraventricular injection of either
vehicle (control, f) or wortmannin (�). Results are given
as a percentage compared with control-treated mice.
Lines depict SD; n � 8. *P � .005 compared with control-
treated mice.
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tPA mediates cerebral ischemia-induced Akt phosphorylation
via a plasminogen-independent mechanism

To study whether the effect of tPA on Akt phosphorylation in the
early phases of cerebral ischemia is mediated by plasminogen, we
performed Western blot analysis for pAkt and total Akt in brain
extracts from plasminogen-deficient (Plg�/�) mice 1 hour after
MCAO. Our results indicate that MCAO induces an increase in Akt
phosphorylation in Plg�/� mice comparable with that found in WT
animals (Figure 4A). Because we have previously described that
the LRP mediates the effect of tPA on perivascular astrocytes,8 we
decided to study whether whether LRP mediates the effect of tPA
on Akt phosphorylation. We performed Western blot analysis for
Akt phosphorylated at serine 473 in brain extracts of tPA�/� mice
1 hour after MCAO and either the injection of murine tPA (1 �M)
alone or a combination of murine tPA and the RAP (9 �M), an LRP
antagonist. We found that treatment with tPA induced a significant
increase in the expression of pAkt that was attenuated when tPA
was coadministered with RAP (Figure 4B).

The effect of tPA of Akt phosphorylation is cell type–specific

Because Akt is found in neurons and astrocytes, we decided to
study the effect of tPA on Akt phosphorylation in each cell type. To
accomplish this goal, we performed a Western blot analysis in
extracts from WT astrocytes and neurons exposed to OGD
conditions for 1 hour either without treatment or after incubation
with either tPA alone or a combination of tPA and RAP. We found
that incubation with tPA induced a significant increase in pAkt in
astrocytes exposed to OGD conditions and that this effect was
attenuated on cotreatment with tPA and RAP (Figure 5A). In
contrast, incubation with tPA decreased pAkt in neurons, and this
effect was inhibited by cotreatment with RAP (Figure 5B).

tPA induces the interaction between LRP’s intracellular domain
and pAkt after MCAO

In earlier studies, we demonstrated that, during cerebral ischemia,
tPA induces a rapid increase in the expression of LRP in perivascu-
lar astrocytes followed by an increase in the permeability of the
BBB.8 Because tPA also mediates the expression of pAkt in
perivascular astrocytes in the early phases of the ischemic insult
(Figure 3A), we decided to study whether LRP’s intracellular
domain (LRP-ICD) and Akt interact during cerebral ischemia. We
performed coimmunoprecipitation studies using antibodies against
LRP-ICD and pAKt in brain extracts from WT and tPA�/� mice
1 hour after MCAO. A subset of tPA�/� mice was either left
untreated (� tPA in Figure 6A) or injected directly into the
ischemic tissue with tPA (	 tPA). Our results indicate that MCAO
induces the interaction of LRP-ICD and pAkt and that this
interaction is prevented either by genetic deficiency of tPA
(Figure 6A) or by treatment with RAP (Figure 6B).

Discussion

The NVU is a dynamic structure assembled by endothelial cells,
neurons, the basal lamina, and astrocytic end-feet processes.36 The
main function of the NVU is the regulation of the passage of
substances from the intravascular space into the brain.37 One of the
most important regulators of this barrier function of the NVU, also
known as the BBB, is the interaction between astrocytic end-feet
processes and the perivascular basal lamina.38-40 Indeed, approxi-
mately 95% of the NVU is embraced by astrocytic end-feet
processes,41 and detachment of astrocytes from the basal lamina
results in changes in the composition of the basement membrane,38

redistribution of interendothelial tight junctions proteins, and
increase in the permeability of the BBB.42 Cerebral ischemia has a
profound impact on the composition and permeability of the
BBB.37,43 Indeed, as early as 1 to 2 hours after the onset of the
ischemic insult, there is detachment of astrocytic end-feet pro-
cesses from the basal lamina with development of edema.44-46 Our
work indicates that the increase in the permeability of the BBB
observed during cerebral ischemia is not the consequence of a
disorganized “breakdown” of the BBB but instead is the result of a
carefully regulated cell signaling event activated on the interaction
between tPA and the LRP in perivascular astrocytes.

LRP is a member of the LDL receptor gene family assembled by
a 515-kDa heavy chain noncovalently bound to an 85-kDa light
chain containing a transmembrane and a cytoplasmic domain.11

LRP has been implicated not only in the internalization of multiple
ligands,11,47-49 but also in cellular signal transduction pathways12

and neurotransmission.50 In addition, recent work has suggested
that LRP also plays a role in cell death.28,51 LRP is found in the
human and murine CNS in neurons and in perivascular astrocytic
end-feet processes.52 In neurons, LRP has been found to mediate
events, such as long-term potentiation50 and calcium influx via
N-methyl-D-aspartate receptors.53 LRP is also expressed in smooth
muscle cells (SMCs), and specific deletion of the LRP gene from
vascular SMCs on a background of LDL receptor deficiency causes
SMC proliferation, increased susceptibility to cholesterol-induced
atherosclerosis, and aneurysm formation.54 The role of LRP in
perivascular astrocytic end-feet processes is less well understood.
Our earlier studies indicate that the onset of the ischemic insult is
followed by an increase in the expression of LRP in perivascular
astrocytes and that treatment with either the RAP or anti-LRP

Figure 5. The effect of the interaction between tPA and LRP on pAkt is cell type–
specific. (A,B) Representative Western blot analysis of pAkt and total Akt in extracts
from astrocytic (A) and neuronal (B) cultures after 1 hour of exposure to oxygen-
glucose deprivation (OGD) conditions and incubation with either tPA or a combination
of tPA and the receptor-associated protein (RAP). RAP is a molecular chaperone that
inhibits the binding of LRP to its ligands. NT indicates no treatment. Each observation
was repeated 4 times.

Figure 4. tPA induces Akt phosphorylation via a plasminogen-independent
mechanism. (A,B) Representative Western blot analysis of pAkt and total Akt in
brain extracts from Plg�/� mice (A) and tPA�/� animals (B) 1 hour after MCAO. A
subset of tPA�/� mice was either left untreated (NT) or injected directly into the
ischemic tissue with murine tPA (tPA) or a combination of tPA and RAP (tPA 	 RAP).
S denotes sham-operated animal. Each observation was repeated 3 times.
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antibodies after MCAO decreases the magnitude of the ischemic
edema.8

tPA is a serine proteinase that is found in both the intravascular
space and in the CNS. In the intravascular space, tPA’s substrate is
plasminogen24 and its main function is as a thrombolytic enzyme.
In contrast, the substrate of tPA in the CNS has not yet been well
defined,55,56 and its presence in the brain has been linked with
modulation of cerebrovascular tone57 and regulation of the barrier
function of the NVU.5,8,13,58 We have previously demonstrated,
using in vivo zymography assay studies, that early after the onset of
the ischemic insult there is an increase in tPA activity in the NVU5

in the same areas where we observed an increase in LRP
expression.8 There is a growing body of evidence indicating that
tPA increases in the permeability of the BBB5,59,60 and that
intravenously administered tPA may cross from the intravascular
space into the ischemic brain.61,62 Therefore, it is plausible to
postulate that both blood-borne and astrocytic-derived tPA interact
with LRP in astrocytic end-feet processes. Indeed, our earlier
studies indicate that tPA induces shedding of LRP’s ectodomain
from perivascular astrocytes into the vascular basement membrane
in areas of the NVU with detachment of astrocytic end-feet
processes from the underlying glia limitans and development of
cerebral edema.8

Akt (PKB) is the cellular homolog of the viral oncogene
v-Akt.63 Activation of Akt occurs through its phosphorylation
(pAkt), which is dependent of phosphoinositide 3 kinase (PI3K).63

The critical step for the activation of Akt is its transition from the
cytosol to the plasma membrane, which is accomplished by the
binding of Akt to phosphatidylinositol 3,4,5 triphosphate and
phosphatidylinositol 3,4 biphosphate.63-65 A relation between tPA
and pAkt has been previously suggested. However, whereas some
studies indicate that treatment with tPA induces a rapid increase in
pAkt expression,66 other reports demonstrate that the intravenous
administration of tPA in an animal model of embolic stroke
decreases the expression of pAkt.19 Here we demonstrate that the
effect of tPA on pAkt is cell type–specific and varies according to
the stage of the ischemic insult. A relation between LRP and pAkt
has been demonstrated in mouse embryonic fibroblasts and Schwann
cells.51 Our data indicate that tPA induces Akt phosphorylation in
perivascular astrocytes and that this effect is inhibited by the RAP.
This suggests that the effect of tPA on Akt phosphorylation is
mediated by LRP.

MCAO is followed by a rapid and transient increase in the
expression of pAkt in neurons and perivascular astrocytes in the
ischemic hemisphere. However, whereas the increase in neuronal
pAkt is considered a neuroprotective response to the ischemic
insult,16,19,20,67 the role of pAkt in perivascular astrocytes is
unknown. Our results indicate that, in response to the ischemic
insult, tPA�/� mice have not only a significant decrease in the early
expression of pAkt in perivascular astrocytes (1 hour after MCAO)
but also a sustained increase in neuronal pAkt at later time points
(6 and 24 hours after MCAO). We acknowledge that the use of
wortmannin, a specific inhibitor of the phosphoinositide 3-kinase/
Akt pathway, may have multiple effects in this pathway. However,

the fact that treatment with wortmannin resulted in a significant
decrease in the permeability of the BBB in the early phases of the
ischemic insult suggests that Akt in perivascular astrocytes plays a
role in the regulation of the permeability of the BBB during
ischemic conditions. Nevertheless, because small molecules in-
jected into the cerebrospinal fluid may cross through the basement
membrane of the NVU, we cannot rule out at this moment an effect
of wortmannin on Akt phosphorylation in endothelial cells. Taken
together, our data indicate that the interaction between tPA and LRP
in perivascular astrocytes activates a cell signaling event that
results in phosphorylation of Akt and leads to an increase in the
permeability of the BBB.

Because we found an increase in neuronal pAkt in tPA�/� mice at
6 and 24 hours after MCAO that was not detected in WT animals, we
decided to study whether this difference had an impact on cell death. We
found that, compared with WT animals, tPA�/� mice had a 41%
decrease in ischemic cell death. This could be explained not only by an
increase in neuronal pAkt 6 and 24 hours after MCAO but also by
attenuation of an early increase in pAkt in perivascular astrocytes, which
has a deleterious effect on BBB permeability. These observations are
supported by our in vitro studies indicating that the effect of the
interaction between tPA and LRP increases the expression of pAkt in
astrocytes and decreases pAkt in neurons.

The role of pAkt in astrocytes is not well understood. However, there
is evidence indicating thatAkt phosphorylation in astrocytes is followed
by NF-
B activation and increase in the expression of matrix metallopro-
teinase-9,68 which is known to have a deleterious effect on the
permeability of the NVU.69,70 In addition, in previous studies, we
demonstrated that the interaction between tPA and LRP in perivascular
astrocytes induces NF-
B activation with increase in the expression of
inducible nitric oxide synthetase,13 which also has a deleterious effect on
the permeability of the NVU.71-73 Taken together with the results
reported here, we postulate that, in the early phases of the ischemic
insult, the interaction between tPA and LRP induces Akt phosphoryla-
tion in perivascular astrocytes, with NF-
B activation and activation of
NF-
B–regulated genes known to have a deleterious effect on the
permeability of the NVU. This possibility is supported by data from
other laboratories using in vitro systems indicating that phosphorylation
of Akt under hypoxic conditions mediates the deleterious effect of
reactive oxygen species on the integrity and permeability of tight
junctions proteins.21,23

Based on these observations, we hypothesize that the beneficial
effect of tPA deficiency during cerebral ischemia is the combined
result of inhibition of Akt phosphorylation in perivascular astro-
cytes (where it has a deleterious effect on the permeability of the
BBB) and increase in pAkt in neurons (where it has a neuroprotec-
tive role).

In conclusion, based on our previous results5,8,13,28 and the data
reported herein, we propose a model where in response to the ischemic
insult there is an increase in blood-borne and astrocyte-derived tPA
around the NVU. The interaction between this tPAand LRPin astrocytic
end-feet processes results in cleavage of LRP’s ectodomain, which is
shed into the basement membrane. This results in phosphorylation of
Akt by LRP’s intracellular domain, pAkt-induced NF-
B activation,

Figure 6. LRP’s intracellular domain and pAkt interact
in perivascular astrocytes. (A) Coimmunoprecipitation
studies in brain extracts from Wt and tPA�/� mice 1 hour
after MCAO. tPA�/� were either left untreated (�tPA) or
injected directly into the ischemic tissue with tPA (1 �M;
	tPA). (B) Coimmunoprecipitation studies in brain ex-
tracts from Wt mice 1 hour after MCAO. Animals were
either left untreated (MCAO) or injected into the ischemic
tissue with RAP (9 �M; MCAO 	 RAP).
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detachment of astrocytic end-feet processes from the glia limitans, and
increase in the permeability of the NVU.
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